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#clear workspace

rm(list = ls())



#set the working directory to the location of these scripts

#setwd(dirname(rstudioapi::getActiveDocumentContext()$path))



BW_scenario <- 69

subject_age = 21

IR_scenario <- 26.67 # L/min inhalation rate

ac_50 = -999

Ndays = 123

dpw = 5

hpd = 8

scenario_number = 35



#Environment####

library(dplyr)

library(tidyr)

library(parallel)

# number of cores avaiable on current machine

tot_cores<-detectCores(all.tests = FALSE, logical = TRUE)  

cores<-tot_cores-1 # leave one core for other tasks 



source("human_pbpk.R") # Loads model and base parameters

source("malathion_human_parameters.R") # male and female specific parameters



# Intial_parameters####

sex = 1						 # 0=male, 1= Female

params<-c(params[!names(params)%in%names(human_parameters[[sex+1]])],

          human_parameters[[sex+1]])



params[["TSTART"]]<-0.0             # START SIMULATION (HR)

params[["TSTOP"]]=Ndays*24      			 # Simulation duration 

params[["BWSW"]] = 1   	 				# Switch for age (set =0) or set (set =1) if bwt provided

params[["BWST"]]= BW_scenario   	 				# kg

params[["AGE0"]]=subject_age

params[["QALV"]] = IR_scenario*60   			# Inhalation rate L/h				

params[["IZONE"]]=1            #Turn inhalation on



params[["W3"]] = Ndays                     #days exposed per year

params[["D3"]] = dpw                         #days exposed per week

params[["P3"]] = hpd                       #hours exposed per day



#conc_mgm3 = interpolated_dose				 # Inhalation concentration, mg/m3  # converted to umol/L below



# combine or replace "base" parameters with case specific human parameters, carring out any calcuated paramters which are function of other specific case parameters 

initial_params <- initial_params_fun(params)



# get blood concentration resulting from dose

# dermal dose based on scenario 35



avgCBLO <-function(air_conc){

  

  # concentration in mg/m^3

  # make sure we change to mg/kg/day for output!!!!!!!!!!!!!!!!!!!!!

  conc_mgm3 = air_conc

  

  # TIMING COMMANDS ####

  MAXT=0.1       #maximum time step

  times<-seq(initial_params[["TSTART"]],initial_params[["TSTOP"]],by=MAXT)#

  

  # max number of points to write out to file

  POINTS_max<-10000  

  # if the more than 10000 timesteps, select evently spaced 10000 of them for reporting

  report_points<-if(length(times)<=POINTS_max) times else 

    times[seq(1,length(times),by=round(length(times)/POINTS_max))]

  table(report_points%in%times)#check all report values are in times.

  

  

  # STATE####

  # Subject specific UPDATES to the initial value of state varibles

  state<-state_fun()

  

  # Dosing ####

  # 8 hours/day, 5 days/week, 3 weeks exposure

  

  All_Dose<-data.frame(time=times)%>%

    mutate(Level=paste(conc_mgm3,"MGM",sep="_"),

           CIM = (conc_mgm3/1000),# mg/L

           pulse1=pulse(t=time,

                        p=initial_params[["YEAR"]]*24,

                        w=initial_params[["W3"]]*24),

           pulse2=pulse(t=time,

                        p=7*24,

                        w=initial_params[["D3"]]*24),

           pulse3=pulse(t=time,

                        p=24,

                        w=initial_params[["P3"]]),

           pulse=pulse1*pulse2*pulse3,

           CIM=CIM*pulse/initial_params[["MWOXON"]]*1000,#inhaled dose concentration (from mg/L to umol/L)

           is.change=c(1,diff(pulse)))%>%

    filter(is.change!=0)

  

  #print(All_Dose$Level)

  #~~~~APPLY MODEL~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~#### 

  # Do parallel for speed

  c1<-makeCluster(min(cores,n_distinct(All_Dose$Level))) # cluster for parallel 

  timestamp()

  modelOutput<-parLapply(c1,split(All_Dose,All_Dose$Level), function (LL,ini_par,st,t){

    #load data into cores

    source("human_pbpk.R")

    # Create dataframe of "events"that describe the dosing, which informs the

    # ODE function, and needs to have columns "var" = the state_variable that needs

    # to be changed,"time"= when the changes occurs,"value"=the value being changed

    # to,& "method"= how the new value interacts with the previous state variable

    # value. See ?deSolve::lsodes and ?deSolve::events.

    eventDat<-rbind(data.frame(var="CI_OXON",time=LL$time,

                               value=LL$CIM,	 

                               method="replace",stringsAsFactors = FALSE)

    )

    

    # DERIVITIVE ####

    # RUN MODEL 

    modelOutput<- ode(y = st, times = t,  #method = "lsodes",

                      func = Human_Model, parms = ini_par,

                      events = list(data = eventDat[order(eventDat$time),]))

    result <- within(as.data.frame(modelOutput),{Level<-LL$Level[[1]]})

    return(result)

  },ini_par=initial_params,st=state,t=times)

  stopCluster(c1)

  timestamp()

  ModelOutput<-do.call(rbind,modelOutput)##make big dataframe for evaluation

  

  return(mean(tail(ModelOutput$CBLO,240)))

}



minBCE <-function(air_conc){

  

  # concentration in mg/m^3

  # make sure we change to mg/kg/day for output!!!!!!!!!!!!!!!!!!!!!

  conc_mgm3 = air_conc

  

  # TIMING COMMANDS ####

  MAXT=0.1       #maximum time step

  times<-seq(initial_params[["TSTART"]],initial_params[["TSTOP"]],by=MAXT)#

  

  # max number of points to write out to file

  POINTS_max<-10000  

  # if the more than 10000 timesteps, select evently spaced 10000 of them for reporting

  report_points<-if(length(times)<=POINTS_max) times else 

    times[seq(1,length(times),by=round(length(times)/POINTS_max))]

  table(report_points%in%times)#check all report values are in times.

  

  

  # STATE####

  # Subject specific UPDATES to the initial value of state varibles

  state<-state_fun()

  

  # Dosing ####

  # 8 hours/day, 5 days/week, 3 weeks exposure

  

  All_Dose<-data.frame(time=times)%>%

    mutate(Level=paste(conc_mgm3,"MGM",sep="_"),

           CIM = (conc_mgm3/1000),# mg/L

           pulse1=pulse(t=time,

                        p=initial_params[["YEAR"]]*24,

                        w=initial_params[["W3"]]*24),

           pulse2=pulse(t=time,

                        p=7*24,

                        w=initial_params[["D3"]]*24),

           pulse3=pulse(t=time,

                        p=24,

                        w=initial_params[["P3"]]),

           pulse=pulse1*pulse2*pulse3,

           CIM=CIM*pulse/initial_params[["MWOXON"]]*1000,#inhaled dose concentration (from mg/L to umol/L)

           is.change=c(1,diff(pulse)))%>%

    filter(is.change!=0)

  

  #print(All_Dose$Level)

  #~~~~APPLY MODEL~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~#### 

  # Do parallel for speed

  c1<-makeCluster(min(cores,n_distinct(All_Dose$Level))) # cluster for parallel 

  timestamp()

  modelOutput<-parLapply(c1,split(All_Dose,All_Dose$Level), function (LL,ini_par,st,t){

    #load data into cores

    source("human_pbpk.R")

    # Create dataframe of "events"that describe the dosing, which informs the

    # ODE function, and needs to have columns "var" = the state_variable that needs

    # to be changed,"time"= when the changes occurs,"value"=the value being changed

    # to,& "method"= how the new value interacts with the previous state variable

    # value. See ?deSolve::lsodes and ?deSolve::events.

    eventDat<-rbind(data.frame(var="CI_OXON",time=LL$time,

                               value=LL$CIM,	 

                               method="replace",stringsAsFactors = FALSE)

    )

    

    # DERIVITIVE ####

    # RUN MODEL 

    modelOutput<- ode(y = st, times = t,  #method = "lsodes",

                      func = Human_Model, parms = ini_par,

                      events = list(data = eventDat[order(eventDat$time),]))

    result <- within(as.data.frame(modelOutput),{Level<-LL$Level[[1]]})

    return(result)

  },ini_par=initial_params,st=state,t=times)

  stopCluster(c1)

  timestamp()

  ModelOutput<-do.call(rbind,modelOutput)##make big dataframe for evaluation

  

  return(min(ModelOutput$BCE))

}



just_run_model <-function(air_conc){

  

  # concentration in mg/m^3

  # make sure we change to mg/kg/day for output!!!!!!!!!!!!!!!!!!!!!

  conc_mgm3 = air_conc

  

  # TIMING COMMANDS ####

  MAXT=0.1       #maximum time step

  times<-seq(initial_params[["TSTART"]],initial_params[["TSTOP"]],by=MAXT)#

  

  # max number of points to write out to file

  POINTS_max<-10000  

  # if the more than 10000 timesteps, select evently spaced 10000 of them for reporting

  report_points<-if(length(times)<=POINTS_max) times else 

    times[seq(1,length(times),by=round(length(times)/POINTS_max))]

  table(report_points%in%times)#check all report values are in times.

  

  

  # STATE####

  # Subject specific UPDATES to the initial value of state varibles

  state<-state_fun()

  

  # Dosing ####

  # 8 hours/day, 5 days/week, 3 weeks exposure

  

  All_Dose<-data.frame(time=times)%>%

    mutate(Level=paste(conc_mgm3,"MGM",sep="_"),

           CIM = (conc_mgm3/1000),# mg/L

           pulse1=pulse(t=time,

                        p=initial_params[["YEAR"]]*24,

                        w=initial_params[["W3"]]*24),

           pulse2=pulse(t=time,

                        p=7*24,

                        w=initial_params[["D3"]]*24),

           pulse3=pulse(t=time,

                        p=24,

                        w=initial_params[["P3"]]),

           pulse=pulse1*pulse2*pulse3,

           CIM=CIM*pulse/initial_params[["MWOXON"]]*1000,#inhaled dose concentration (from mg/L to umol/L)

           is.change=c(1,diff(pulse)))%>%

    filter(is.change!=0)

  

  #print(All_Dose$Level)

  #~~~~APPLY MODEL~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~#### 

  # Do parallel for speed

  c1<-makeCluster(min(cores,n_distinct(All_Dose$Level))) # cluster for parallel 

  timestamp()

  modelOutput<-parLapply(c1,split(All_Dose,All_Dose$Level), function (LL,ini_par,st,t){

    #load data into cores

    source("human_pbpk.R")

    # Create dataframe of "events"that describe the dosing, which informs the

    # ODE function, and needs to have columns "var" = the state_variable that needs

    # to be changed,"time"= when the changes occurs,"value"=the value being changed

    # to,& "method"= how the new value interacts with the previous state variable

    # value. See ?deSolve::lsodes and ?deSolve::events.

    eventDat<-rbind(data.frame(var="CI_OXON",time=LL$time,

                               value=LL$CIM,	 

                               method="replace",stringsAsFactors = FALSE)

    )

    

    # DERIVITIVE ####

    # RUN MODEL 

    modelOutput<- ode(y = st, times = t,  #method = "lsodes",

                      func = Human_Model, parms = ini_par,

                      events = list(data = eventDat[order(eventDat$time),]))

    result <- within(as.data.frame(modelOutput),{Level<-LL$Level[[1]]})

    return(result)

  },ini_par=initial_params,st=state,t=times)

  stopCluster(c1)

  timestamp()

  ModelOutput<-do.call(rbind,modelOutput)##make big dataframe for evaluation

  

  return(ModelOutput)

}







PODcost <- function(test_air_conc){

  

  # POD calculation

  test_result <- minBCE(test_air_conc)

  test_error <- (test_result - 90.0)

  

  # convert vapor conc to dose

  test_dose <- test_air_conc*IR_scenario*(60/1000)*params[["P3"]]/params[["BWST"]] 

  

  print(sprintf("%f  %f  %f",test_air_conc,test_dose,test_result))

  

  return(test_error*test_error)

}



AEDcost <- function(test_air_conc){

  

  # AED calculation

  test_result <- avgCBLO(test_air_conc)

  test_error <- (test_result - ac_50)

  

  # convert vapor conc to dose

  test_dose <- test_air_conc*IR_scenario*(60/1000)*params[["P3"]]/params[["BWST"]] 

  

  print(sprintf("%f  %f  %f",test_air_conc,test_dose,test_result))

  

  return(test_error*test_error)

}



# get the vapor-phase concentration required to reproduce 90% brain AChE

vapor_conc <- optim(par = 719.5, PODcost, method = "Brent",lower = 1, upper = 1e6) # POD limits/bounds



# convert the vapor conc. to a dose (mg/m^3 to mg/kg/day)

final_dose <- vapor_conc$par*IR_scenario*(60/1000)*params[["P3"]]/params[["BWST"]]



# finally run the model for this concentration

ModelOutput <- just_run_model(vapor_conc$par)



final_dose #mkd

vapor_conc$par #mg/m3

min(ModelOutput$RBCCE)


#clear workspace

rm(list = ls())



#set the working directory to the location of these scripts

#setwd(dirname(rstudioapi::getActiveDocumentContext()$path))



BW_scenario <- 69

subject_age = 21

IR_scenario <- 26.67 # L/min inhalation rate

ac_50 = -999

scenario_number = 35

Ndays <- 123

dpw = 5

hpd = 8



#Environment####

library(dplyr)

library(tidyr)

library(parallel)

# number of cores avaiable on current machine

tot_cores<-detectCores(all.tests = FALSE, logical = TRUE)  

cores<-tot_cores-1 # leave one core for other tasks 



source("human_pbpk.R") # Loads model and base parameters

source("malathion_human_parameters.R") # male and female specific parameters



# Intial_parameters####

sex = 1						 # 0=male, 1= Female

params<-c(params[!names(params)%in%names(human_parameters[[sex+1]])],

          human_parameters[[sex+1]])



params[["TSTART"]]<-0.0             # START SIMULATION (HR)

params[["TSTOP"]]=Ndays*24      			 # Simulation duration

params[["BWSW"]] = 1   	 				# Switch for age (set =0) or set (set =1) if bwt provided

params[["BWST"]]= BW_scenario   	 				# kg

params[["AGE0"]]=subject_age

params[["QALV"]] = IR_scenario*60   			# Inhalation rate L/h				

params[["IZONE"]]=1            #Turn inhalation on



params[["W3"]] = Ndays                     #days exposed per year

params[["D3"]] = dpw                         #days exposed per week

params[["P3"]] = hpd                       #hours exposed per day



#conc_mgm3 = interpolated_dose				 # Inhalation concentration, mg/m3  # converted to umol/L below



# combine or replace "base" parameters with case specific human parameters, carring out any calcuated paramters which are function of other specific case parameters 

initial_params <- initial_params_fun(params)



# get blood concentration resulting from dose

# dermal dose based on scenario 35



avgCBL <-function(air_conc){

  

  # concentration in mg/m^3

  # make sure we change to mg/kg/day for output!!!!!!!!!!!!!!!!!!!!!

  conc_mgm3 = air_conc

  

  # TIMING COMMANDS ####

  MAXT=0.1       #maximum time step

  times<-seq(initial_params[["TSTART"]],initial_params[["TSTOP"]],by=MAXT)#

  

  # max number of points to write out to file

  POINTS_max<-10000  

  # if the more than 10000 timesteps, select evently spaced 10000 of them for reporting

  report_points<-if(length(times)<=POINTS_max) times else 

    times[seq(1,length(times),by=round(length(times)/POINTS_max))]

  table(report_points%in%times)#check all report values are in times.

  

  

  # STATE####

  # Subject specific UPDATES to the initial value of state varibles

  state<-state_fun()

  

  # Dosing ####

  # 8 hours/day, 5 days/week, 3 weeks exposure

  

  All_Dose<-data.frame(time=times)%>%

    mutate(Level=paste(conc_mgm3,"MGM",sep="_"),

           CIM = (conc_mgm3/1000),# mg/L

           pulse1=pulse(t=time,

                        p=initial_params[["YEAR"]]*24,

                        w=initial_params[["W3"]]*24),

           pulse2=pulse(t=time,

                        p=7*24,

                        w=initial_params[["D3"]]*24),

           pulse3=pulse(t=time,

                        p=24,

                        w=initial_params[["P3"]]),

           pulse=pulse1*pulse2*pulse3,

           CIM=CIM*pulse/initial_params[["MWPAR"]]*1000,#inhaled dose concentration (from mg/L to umol/L)

           is.change=c(1,diff(pulse)))%>%

    filter(is.change!=0)

  

  #print(All_Dose$Level)

  #~~~~APPLY MODEL~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~#### 

  # Do parallel for speed

  c1<-makeCluster(min(cores,n_distinct(All_Dose$Level))) # cluster for parallel 

  timestamp()

  modelOutput<-parLapply(c1,split(All_Dose,All_Dose$Level), function (LL,ini_par,st,t){

    #load data into cores

    source("human_pbpk.R")

    # Create dataframe of "events"that describe the dosing, which informs the

    # ODE function, and needs to have columns "var" = the state_variable that needs

    # to be changed,"time"= when the changes occurs,"value"=the value being changed

    # to,& "method"= how the new value interacts with the previous state variable

    # value. See ?deSolve::lsodes and ?deSolve::events.

    eventDat<-rbind(data.frame(var="CI",time=LL$time,

                               value=LL$CIM,	 

                               method="replace",stringsAsFactors = FALSE)

    )

    

    # DERIVITIVE ####

    # RUN MODEL 

    modelOutput<- ode(y = st, times = t,  #method = "lsodes",

                      func = Human_Model, parms = ini_par,

                      events = list(data = eventDat[order(eventDat$time),]))

    result <- within(as.data.frame(modelOutput),{Level<-LL$Level[[1]]})

    return(result)

  },ini_par=initial_params,st=state,t=times)

  stopCluster(c1)

  timestamp()

  ModelOutput<-do.call(rbind,modelOutput)##make big dataframe for evaluation

  

  return(mean(tail(ModelOutput$CBL,240)))

}



minRBCCE <-function(air_conc){

  

  # concentration in mg/m^3

  # make sure we change to mg/kg/day for output!!!!!!!!!!!!!!!!!!!!!

  conc_mgm3 = air_conc

  

  # TIMING COMMANDS ####

  MAXT=0.1       #maximum time step

  times<-seq(initial_params[["TSTART"]],initial_params[["TSTOP"]],by=MAXT)#

  

  # max number of points to write out to file

  POINTS_max<-10000  

  # if the more than 10000 timesteps, select evently spaced 10000 of them for reporting

  report_points<-if(length(times)<=POINTS_max) times else 

    times[seq(1,length(times),by=round(length(times)/POINTS_max))]

  table(report_points%in%times)#check all report values are in times.

  

  

  # STATE####

  # Subject specific UPDATES to the initial value of state varibles

  state<-state_fun()

  

  # Dosing ####

  # 8 hours/day, 5 days/week, 3 weeks exposure

  

  All_Dose<-data.frame(time=times)%>%

    mutate(Level=paste(conc_mgm3,"MGM",sep="_"),

           CIM = (conc_mgm3/1000),# mg/L

           pulse1=pulse(t=time,

                        p=initial_params[["YEAR"]]*24,

                        w=initial_params[["W3"]]*24),

           pulse2=pulse(t=time,

                        p=7*24,

                        w=initial_params[["D3"]]*24),

           pulse3=pulse(t=time,

                        p=24,

                        w=initial_params[["P3"]]),

           pulse=pulse1*pulse2*pulse3,

           CIM=CIM*pulse/initial_params[["MWPAR"]]*1000,#inhaled dose concentration (from mg/L to umol/L)

           is.change=c(1,diff(pulse)))%>%

    filter(is.change!=0)

  

  #print(All_Dose$Level)

  #~~~~APPLY MODEL~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~#### 

  # Do parallel for speed

  c1<-makeCluster(min(cores,n_distinct(All_Dose$Level))) # cluster for parallel 

  timestamp()

  modelOutput<-parLapply(c1,split(All_Dose,All_Dose$Level), function (LL,ini_par,st,t){

    #load data into cores

    source("human_pbpk.R")

    # Create dataframe of "events"that describe the dosing, which informs the

    # ODE function, and needs to have columns "var" = the state_variable that needs

    # to be changed,"time"= when the changes occurs,"value"=the value being changed

    # to,& "method"= how the new value interacts with the previous state variable

    # value. See ?deSolve::lsodes and ?deSolve::events.

    eventDat<-rbind(data.frame(var="CI",time=LL$time,

                               value=LL$CIM,	 

                               method="replace",stringsAsFactors = FALSE)

    )

    

    # DERIVITIVE ####

    # RUN MODEL 

    modelOutput<- ode(y = st, times = t,  #method = "lsodes",

                      func = Human_Model, parms = ini_par,

                      events = list(data = eventDat[order(eventDat$time),]))

    result <- within(as.data.frame(modelOutput),{Level<-LL$Level[[1]]})

    return(result)

  },ini_par=initial_params,st=state,t=times)

  stopCluster(c1)

  timestamp()

  ModelOutput<-do.call(rbind,modelOutput)##make big dataframe for evaluation

  

  return(min(ModelOutput$RBCCE))

}



just_run_model <-function(air_conc){

  

  # concentration in mg/m^3

  # make sure we change to mg/kg/day for output!!!!!!!!!!!!!!!!!!!!!

  conc_mgm3 = air_conc

  

  # TIMING COMMANDS ####

  MAXT=0.1       #maximum time step

  times<-seq(initial_params[["TSTART"]],initial_params[["TSTOP"]],by=MAXT)#

  

  # max number of points to write out to file

  POINTS_max<-10000  

  # if the more than 10000 timesteps, select evently spaced 10000 of them for reporting

  report_points<-if(length(times)<=POINTS_max) times else 

    times[seq(1,length(times),by=round(length(times)/POINTS_max))]

  table(report_points%in%times)#check all report values are in times.

  

  

  # STATE####

  # Subject specific UPDATES to the initial value of state varibles

  state<-state_fun()

  

  # Dosing ####

  # 8 hours/day, 5 days/week, 3 weeks exposure

  

  All_Dose<-data.frame(time=times)%>%

    mutate(Level=paste(conc_mgm3,"MGM",sep="_"),

           CIM = (conc_mgm3/1000),# mg/L

           pulse1=pulse(t=time,

                        p=initial_params[["YEAR"]]*24,

                        w=initial_params[["W3"]]*24),

           pulse2=pulse(t=time,

                        p=7*24,

                        w=initial_params[["D3"]]*24),

           pulse3=pulse(t=time,

                        p=24,

                        w=initial_params[["P3"]]),

           pulse=pulse1*pulse2*pulse3,

           CIM=CIM*pulse/initial_params[["MWPAR"]]*1000,#inhaled dose concentration (from mg/L to umol/L)

           is.change=c(1,diff(pulse)))%>%

    filter(is.change!=0)

  

  #print(All_Dose$Level)

  #~~~~APPLY MODEL~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~#### 

  # Do parallel for speed

  c1<-makeCluster(min(cores,n_distinct(All_Dose$Level))) # cluster for parallel 

  timestamp()

  modelOutput<-parLapply(c1,split(All_Dose,All_Dose$Level), function (LL,ini_par,st,t){

    #load data into cores

    source("human_pbpk.R")

    # Create dataframe of "events"that describe the dosing, which informs the

    # ODE function, and needs to have columns "var" = the state_variable that needs

    # to be changed,"time"= when the changes occurs,"value"=the value being changed

    # to,& "method"= how the new value interacts with the previous state variable

    # value. See ?deSolve::lsodes and ?deSolve::events.

    eventDat<-rbind(data.frame(var="CI",time=LL$time,

                               value=LL$CIM,	 

                               method="replace",stringsAsFactors = FALSE)

    )

    

    # DERIVITIVE ####

    # RUN MODEL 

    modelOutput<- ode(y = st, times = t,  #method = "lsodes",

                      func = Human_Model, parms = ini_par,

                      events = list(data = eventDat[order(eventDat$time),]))

    result <- within(as.data.frame(modelOutput),{Level<-LL$Level[[1]]})

    return(result)

  },ini_par=initial_params,st=state,t=times)

  stopCluster(c1)

  timestamp()

  ModelOutput<-do.call(rbind,modelOutput)##make big dataframe for evaluation

  

  return(ModelOutput)

}







PODcost <- function(test_air_conc){

  

  # POD calculation

  test_result <- minRBCCE(test_air_conc)

  test_error <- (test_result - 90.0)

  

  # convert vapor conc to dose

  test_dose <- test_air_conc*IR_scenario*(60/1000)*params[["P3"]]/params[["BWST"]] 

  

  print(sprintf("%f  %f  %f",test_air_conc,test_dose,test_result))

  flush.console()

  return(test_error*test_error)

}



AEDcost <- function(test_air_conc){

  

  # AED calculation

  test_result <- avgCBL(test_air_conc)

  test_error <- (test_result - ac_50)

  

  # convert vapor conc to dose

  test_dose <- test_air_conc*IR_scenario*(60/1000)*params[["P3"]]/params[["BWST"]] 

  

  print(sprintf("%f  %f  %f",test_air_conc,test_dose,test_result))

  flush.console()

  return(test_error*test_error)

}



# get the vapor-phase concentration required to reproduce 90% brain AChE

vapor_conc <- optim(par = 719.5, PODcost, method = "Brent",lower = 1, upper = 1e6) # POD limits/bounds



# convert the vapor conc. to a dose (mg/m^3 to mg/kg/day)

final_dose <- vapor_conc$par*IR_scenario*(60/1000)*params[["P3"]]/params[["BWST"]]



# finally run the model for this concentration

ModelOutput <- just_run_model(vapor_conc$par)



final_dose #mkd

vapor_conc$par #mg/m3

min(ModelOutput$RBCCE)


#clear workspace

rm(list = ls())



#set the working directory to the location of these scripts

#setwd(dirname(rstudioapi::getActiveDocumentContext()$path))



BW_scenario <- 69

subject_age = 21

IR_scenario <- 28.83 # L/min inhalation rate

ac_50 = -999

Ndays = 123

dpw = 5

hpd = 8

scenario_number = 36



#Environment####

library(dplyr)

library(tidyr)

library(parallel)

# number of cores avaiable on current machine

tot_cores<-detectCores(all.tests = FALSE, logical = TRUE)  

cores<-tot_cores-1 # leave one core for other tasks 



source("human_pbpk.R") # Loads model and base parameters

source("malathion_human_parameters.R") # male and female specific parameters



# Intial_parameters####

sex = 1						 # 0=male, 1= Female

params<-c(params[!names(params)%in%names(human_parameters[[sex+1]])],

          human_parameters[[sex+1]])



params[["TSTART"]]<-0.0             # START SIMULATION (HR)

params[["TSTOP"]]=Ndays*24      			 # Simulation duration

params[["BWSW"]] = 1   	 				# Switch for age (set =0) or set (set =1) if bwt provided

params[["BWST"]]= BW_scenario   	 				# kg

params[["AGE0"]]=subject_age

params[["QALV"]] = IR_scenario*60   			# Inhalation rate L/h				

params[["IZONE"]]=1            #Turn inhalation on



params[["W3"]] = Ndays                     #days exposed per year

params[["D3"]] = dpw                         #days exposed per week

params[["P3"]] = hpd                       #hours exposed per day



#conc_mgm3 = interpolated_dose				 # Inhalation concentration, mg/m3  # converted to umol/L below



# combine or replace "base" parameters with case specific human parameters, carring out any calcuated paramters which are function of other specific case parameters 

initial_params <- initial_params_fun(params)



# get blood concentration resulting from dose

# dermal dose based on scenario 35



avgCBLO <-function(air_conc){

  

  # concentration in mg/m^3

  # make sure we change to mg/kg/day for output!!!!!!!!!!!!!!!!!!!!!

  conc_mgm3 = air_conc

  

  # TIMING COMMANDS ####

  MAXT=0.1       #maximum time step

  times<-seq(initial_params[["TSTART"]],initial_params[["TSTOP"]],by=MAXT)#

  

  # max number of points to write out to file

  POINTS_max<-10000  

  # if the more than 10000 timesteps, select evently spaced 10000 of them for reporting

  report_points<-if(length(times)<=POINTS_max) times else 

    times[seq(1,length(times),by=round(length(times)/POINTS_max))]

  table(report_points%in%times)#check all report values are in times.

  

  

  # STATE####

  # Subject specific UPDATES to the initial value of state varibles

  state<-state_fun()

  

  # Dosing ####

  # 8 hours/day, 5 days/week, 3 weeks exposure

  

  All_Dose<-data.frame(time=times)%>%

    mutate(Level=paste(conc_mgm3,"MGM",sep="_"),

           CIM = (conc_mgm3/1000),# mg/L

           pulse1=pulse(t=time,

                        p=initial_params[["YEAR"]]*24,

                        w=initial_params[["W3"]]*24),

           pulse2=pulse(t=time,

                        p=7*24,

                        w=initial_params[["D3"]]*24),

           pulse3=pulse(t=time,

                        p=24,

                        w=initial_params[["P3"]]),

           pulse=pulse1*pulse2*pulse3,

           CIM=CIM*pulse/initial_params[["MWOXON"]]*1000,#inhaled dose concentration (from mg/L to umol/L)

           is.change=c(1,diff(pulse)))%>%

    filter(is.change!=0)

  

  #print(All_Dose$Level)

  #~~~~APPLY MODEL~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~#### 

  # Do parallel for speed

  c1<-makeCluster(min(cores,n_distinct(All_Dose$Level))) # cluster for parallel 

  timestamp()

  modelOutput<-parLapply(c1,split(All_Dose,All_Dose$Level), function (LL,ini_par,st,t){

    #load data into cores

    source("human_pbpk.R")

    # Create dataframe of "events"that describe the dosing, which informs the

    # ODE function, and needs to have columns "var" = the state_variable that needs

    # to be changed,"time"= when the changes occurs,"value"=the value being changed

    # to,& "method"= how the new value interacts with the previous state variable

    # value. See ?deSolve::lsodes and ?deSolve::events.

    eventDat<-rbind(data.frame(var="CI_OXON",time=LL$time,

                               value=LL$CIM,	 

                               method="replace",stringsAsFactors = FALSE)

    )

    

    # DERIVITIVE ####

    # RUN MODEL 

    modelOutput<- ode(y = st, times = t,  #method = "lsodes",

                      func = Human_Model, parms = ini_par,

                      events = list(data = eventDat[order(eventDat$time),]))

    result <- within(as.data.frame(modelOutput),{Level<-LL$Level[[1]]})

    return(result)

  },ini_par=initial_params,st=state,t=times)

  stopCluster(c1)

  timestamp()

  ModelOutput<-do.call(rbind,modelOutput)##make big dataframe for evaluation

  

  return(mean(tail(ModelOutput$CBLO,240)))

}



minBCE <-function(air_conc){

  

  # concentration in mg/m^3

  # make sure we change to mg/kg/day for output!!!!!!!!!!!!!!!!!!!!!

  conc_mgm3 = air_conc

  

  # TIMING COMMANDS ####

  MAXT=0.1       #maximum time step

  times<-seq(initial_params[["TSTART"]],initial_params[["TSTOP"]],by=MAXT)#

  

  # max number of points to write out to file

  POINTS_max<-10000  

  # if the more than 10000 timesteps, select evently spaced 10000 of them for reporting

  report_points<-if(length(times)<=POINTS_max) times else 

    times[seq(1,length(times),by=round(length(times)/POINTS_max))]

  table(report_points%in%times)#check all report values are in times.

  

  

  # STATE####

  # Subject specific UPDATES to the initial value of state varibles

  state<-state_fun()

  

  # Dosing ####

  # 8 hours/day, 5 days/week, 3 weeks exposure

  

  All_Dose<-data.frame(time=times)%>%

    mutate(Level=paste(conc_mgm3,"MGM",sep="_"),

           CIM = (conc_mgm3/1000),# mg/L

           pulse1=pulse(t=time,

                        p=initial_params[["YEAR"]]*24,

                        w=initial_params[["W3"]]*24),

           pulse2=pulse(t=time,

                        p=7*24,

                        w=initial_params[["D3"]]*24),

           pulse3=pulse(t=time,

                        p=24,

                        w=initial_params[["P3"]]),

           pulse=pulse1*pulse2*pulse3,

           CIM=CIM*pulse/initial_params[["MWOXON"]]*1000,#inhaled dose concentration (from mg/L to umol/L)

           is.change=c(1,diff(pulse)))%>%

    filter(is.change!=0)

  

  #print(All_Dose$Level)

  #~~~~APPLY MODEL~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~#### 

  # Do parallel for speed

  c1<-makeCluster(min(cores,n_distinct(All_Dose$Level))) # cluster for parallel 

  timestamp()

  modelOutput<-parLapply(c1,split(All_Dose,All_Dose$Level), function (LL,ini_par,st,t){

    #load data into cores

    source("human_pbpk.R")

    # Create dataframe of "events"that describe the dosing, which informs the

    # ODE function, and needs to have columns "var" = the state_variable that needs

    # to be changed,"time"= when the changes occurs,"value"=the value being changed

    # to,& "method"= how the new value interacts with the previous state variable

    # value. See ?deSolve::lsodes and ?deSolve::events.

    eventDat<-rbind(data.frame(var="CI_OXON",time=LL$time,

                               value=LL$CIM,	 

                               method="replace",stringsAsFactors = FALSE)

    )

    

    # DERIVITIVE ####

    # RUN MODEL 

    modelOutput<- ode(y = st, times = t,  #method = "lsodes",

                      func = Human_Model, parms = ini_par,

                      events = list(data = eventDat[order(eventDat$time),]))

    result <- within(as.data.frame(modelOutput),{Level<-LL$Level[[1]]})

    return(result)

  },ini_par=initial_params,st=state,t=times)

  stopCluster(c1)

  timestamp()

  ModelOutput<-do.call(rbind,modelOutput)##make big dataframe for evaluation

  

  return(min(ModelOutput$BCE))

}



just_run_model <-function(air_conc){

  

  # concentration in mg/m^3

  # make sure we change to mg/kg/day for output!!!!!!!!!!!!!!!!!!!!!

  conc_mgm3 = air_conc

  

  # TIMING COMMANDS ####

  MAXT=0.1       #maximum time step

  times<-seq(initial_params[["TSTART"]],initial_params[["TSTOP"]],by=MAXT)#

  

  # max number of points to write out to file

  POINTS_max<-10000  

  # if the more than 10000 timesteps, select evently spaced 10000 of them for reporting

  report_points<-if(length(times)<=POINTS_max) times else 

    times[seq(1,length(times),by=round(length(times)/POINTS_max))]

  table(report_points%in%times)#check all report values are in times.

  

  

  # STATE####

  # Subject specific UPDATES to the initial value of state varibles

  state<-state_fun()

  

  # Dosing ####

  # 8 hours/day, 5 days/week, 3 weeks exposure

  

  All_Dose<-data.frame(time=times)%>%

    mutate(Level=paste(conc_mgm3,"MGM",sep="_"),

           CIM = (conc_mgm3/1000),# mg/L

           pulse1=pulse(t=time,

                        p=initial_params[["YEAR"]]*24,

                        w=initial_params[["W3"]]*24),

           pulse2=pulse(t=time,

                        p=7*24,

                        w=initial_params[["D3"]]*24),

           pulse3=pulse(t=time,

                        p=24,

                        w=initial_params[["P3"]]),

           pulse=pulse1*pulse2*pulse3,

           CIM=CIM*pulse/initial_params[["MWOXON"]]*1000,#inhaled dose concentration (from mg/L to umol/L)

           is.change=c(1,diff(pulse)))%>%

    filter(is.change!=0)

  

  #print(All_Dose$Level)

  #~~~~APPLY MODEL~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~#### 

  # Do parallel for speed

  c1<-makeCluster(min(cores,n_distinct(All_Dose$Level))) # cluster for parallel 

  timestamp()

  modelOutput<-parLapply(c1,split(All_Dose,All_Dose$Level), function (LL,ini_par,st,t){

    #load data into cores

    source("human_pbpk.R")

    # Create dataframe of "events"that describe the dosing, which informs the

    # ODE function, and needs to have columns "var" = the state_variable that needs

    # to be changed,"time"= when the changes occurs,"value"=the value being changed

    # to,& "method"= how the new value interacts with the previous state variable

    # value. See ?deSolve::lsodes and ?deSolve::events.

    eventDat<-rbind(data.frame(var="CI_OXON",time=LL$time,

                               value=LL$CIM,	 

                               method="replace",stringsAsFactors = FALSE)

    )

    

    # DERIVITIVE ####

    # RUN MODEL 

    modelOutput<- ode(y = st, times = t,  #method = "lsodes",

                      func = Human_Model, parms = ini_par,

                      events = list(data = eventDat[order(eventDat$time),]))

    result <- within(as.data.frame(modelOutput),{Level<-LL$Level[[1]]})

    return(result)

  },ini_par=initial_params,st=state,t=times)

  stopCluster(c1)

  timestamp()

  ModelOutput<-do.call(rbind,modelOutput)##make big dataframe for evaluation

  

  return(ModelOutput)

}







PODcost <- function(test_air_conc){

  

  # POD calculation

  test_result <- minBCE(test_air_conc)

  test_error <- (test_result - 90.0)

  

  # convert vapor conc to dose

  test_dose <- test_air_conc*IR_scenario*(60/1000)*params[["P3"]]/params[["BWST"]] 

  

  print(sprintf("%f  %f  %f",test_air_conc,test_dose,test_result))

  

  return(test_error*test_error)

}



AEDcost <- function(test_air_conc){

  

  # AED calculation

  test_result <- avgCBLO(test_air_conc)

  test_error <- (test_result - ac_50)

  

  # convert vapor conc to dose

  test_dose <- test_air_conc*IR_scenario*(60/1000)*params[["P3"]]/params[["BWST"]] 

  

  print(sprintf("%f  %f  %f",test_air_conc,test_dose,test_result))

  

  return(test_error*test_error)

}



# get the vapor-phase concentration required to reproduce 90% brain AChE

vapor_conc <- optim(par = 719.5, PODcost, method = "Brent",lower = 1, upper = 1e6) # POD limits/bounds



# convert the vapor conc. to a dose (mg/m^3 to mg/kg/day)

final_dose <- vapor_conc$par*IR_scenario*(60/1000)*params[["P3"]]/params[["BWST"]]



# finally run the model for this concentration

ModelOutput <- just_run_model(vapor_conc$par)



final_dose #mkd

vapor_conc$par #mg/m3

min(ModelOutput$RBCCE)


#clear workspace

rm(list = ls())



#set the working directory to the location of these scripts

#setwd(dirname(rstudioapi::getActiveDocumentContext()$path))



BW_scenario <- 69

subject_age = 21

IR_scenario <- 28.83 # L/min inhalation rate

ac_50 = -999

scenario_number = 36

Ndays <- 123

dpw = 5

hpd = 8



#Environment####

library(dplyr)

library(tidyr)

library(parallel)

# number of cores avaiable on current machine

tot_cores<-detectCores(all.tests = FALSE, logical = TRUE)  

cores<-tot_cores-1 # leave one core for other tasks 



source("human_pbpk.R") # Loads model and base parameters

source("malathion_human_parameters.R") # male and female specific parameters



# Intial_parameters####

sex = 1						 # 0=male, 1= Female

params<-c(params[!names(params)%in%names(human_parameters[[sex+1]])],

          human_parameters[[sex+1]])



params[["TSTART"]]<-0.0             # START SIMULATION (HR)

params[["TSTOP"]]=Ndays*24      			 # Simulation duration 

params[["BWSW"]] = 1   	 				# Switch for age (set =0) or set (set =1) if bwt provided

params[["BWST"]]= BW_scenario   	 				# kg

params[["AGE0"]]=subject_age

params[["QALV"]] = IR_scenario*60   			# Inhalation rate L/h				

params[["IZONE"]]=1            #Turn inhalation on



params[["W3"]] = Ndays                     #days exposed per year

params[["D3"]] = dpw                         #days exposed per week

params[["P3"]] = hpd                       #hours exposed per day



#conc_mgm3 = interpolated_dose				 # Inhalation concentration, mg/m3  # converted to umol/L below



# combine or replace "base" parameters with case specific human parameters, carring out any calcuated paramters which are function of other specific case parameters 

initial_params <- initial_params_fun(params)



# get blood concentration resulting from dose

# dermal dose based on scenario 35



avgCBL <-function(air_conc){

  

  # concentration in mg/m^3

  # make sure we change to mg/kg/day for output!!!!!!!!!!!!!!!!!!!!!

  conc_mgm3 = air_conc

  

  # TIMING COMMANDS ####

  MAXT=0.1       #maximum time step

  times<-seq(initial_params[["TSTART"]],initial_params[["TSTOP"]],by=MAXT)#

  

  # max number of points to write out to file

  POINTS_max<-10000  

  # if the more than 10000 timesteps, select evently spaced 10000 of them for reporting

  report_points<-if(length(times)<=POINTS_max) times else 

    times[seq(1,length(times),by=round(length(times)/POINTS_max))]

  table(report_points%in%times)#check all report values are in times.

  

  

  # STATE####

  # Subject specific UPDATES to the initial value of state varibles

  state<-state_fun()

  

  # Dosing ####

  # 8 hours/day, 5 days/week, 3 weeks exposure

  

  All_Dose<-data.frame(time=times)%>%

    mutate(Level=paste(conc_mgm3,"MGM",sep="_"),

           CIM = (conc_mgm3/1000),# mg/L

           pulse1=pulse(t=time,

                        p=initial_params[["YEAR"]]*24,

                        w=initial_params[["W3"]]*24),

           pulse2=pulse(t=time,

                        p=7*24,

                        w=initial_params[["D3"]]*24),

           pulse3=pulse(t=time,

                        p=24,

                        w=initial_params[["P3"]]),

           pulse=pulse1*pulse2*pulse3,

           CIM=CIM*pulse/initial_params[["MWPAR"]]*1000,#inhaled dose concentration (from mg/L to umol/L)

           is.change=c(1,diff(pulse)))%>%

    filter(is.change!=0)

  

  #print(All_Dose$Level)

  #~~~~APPLY MODEL~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~#### 

  # Do parallel for speed

  c1<-makeCluster(min(cores,n_distinct(All_Dose$Level))) # cluster for parallel 

  timestamp()

  modelOutput<-parLapply(c1,split(All_Dose,All_Dose$Level), function (LL,ini_par,st,t){

    #load data into cores

    source("human_pbpk.R")

    # Create dataframe of "events"that describe the dosing, which informs the

    # ODE function, and needs to have columns "var" = the state_variable that needs

    # to be changed,"time"= when the changes occurs,"value"=the value being changed

    # to,& "method"= how the new value interacts with the previous state variable

    # value. See ?deSolve::lsodes and ?deSolve::events.

    eventDat<-rbind(data.frame(var="CI",time=LL$time,

                               value=LL$CIM,	 

                               method="replace",stringsAsFactors = FALSE)

    )

    

    # DERIVITIVE ####

    # RUN MODEL 

    modelOutput<- ode(y = st, times = t,  #method = "lsodes",

                      func = Human_Model, parms = ini_par,

                      events = list(data = eventDat[order(eventDat$time),]))

    result <- within(as.data.frame(modelOutput),{Level<-LL$Level[[1]]})

    return(result)

  },ini_par=initial_params,st=state,t=times)

  stopCluster(c1)

  timestamp()

  ModelOutput<-do.call(rbind,modelOutput)##make big dataframe for evaluation

  

  return(mean(tail(ModelOutput$CBL,240)))

}



minRBCCE <-function(air_conc){

  

  # concentration in mg/m^3

  # make sure we change to mg/kg/day for output!!!!!!!!!!!!!!!!!!!!!

  conc_mgm3 = air_conc

  

  # TIMING COMMANDS ####

  MAXT=0.1       #maximum time step

  times<-seq(initial_params[["TSTART"]],initial_params[["TSTOP"]],by=MAXT)#

  

  # max number of points to write out to file

  POINTS_max<-10000  

  # if the more than 10000 timesteps, select evently spaced 10000 of them for reporting

  report_points<-if(length(times)<=POINTS_max) times else 

    times[seq(1,length(times),by=round(length(times)/POINTS_max))]

  table(report_points%in%times)#check all report values are in times.

  

  

  # STATE####

  # Subject specific UPDATES to the initial value of state varibles

  state<-state_fun()

  

  # Dosing ####

  # 8 hours/day, 5 days/week, 3 weeks exposure

  

  All_Dose<-data.frame(time=times)%>%

    mutate(Level=paste(conc_mgm3,"MGM",sep="_"),

           CIM = (conc_mgm3/1000),# mg/L

           pulse1=pulse(t=time,

                        p=initial_params[["YEAR"]]*24,

                        w=initial_params[["W3"]]*24),

           pulse2=pulse(t=time,

                        p=7*24,

                        w=initial_params[["D3"]]*24),

           pulse3=pulse(t=time,

                        p=24,

                        w=initial_params[["P3"]]),

           pulse=pulse1*pulse2*pulse3,

           CIM=CIM*pulse/initial_params[["MWPAR"]]*1000,#inhaled dose concentration (from mg/L to umol/L)

           is.change=c(1,diff(pulse)))%>%

    filter(is.change!=0)

  

  #print(All_Dose$Level)

  #~~~~APPLY MODEL~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~#### 

  # Do parallel for speed

  c1<-makeCluster(min(cores,n_distinct(All_Dose$Level))) # cluster for parallel 

  timestamp()

  modelOutput<-parLapply(c1,split(All_Dose,All_Dose$Level), function (LL,ini_par,st,t){

    #load data into cores

    source("human_pbpk.R")

    # Create dataframe of "events"that describe the dosing, which informs the

    # ODE function, and needs to have columns "var" = the state_variable that needs

    # to be changed,"time"= when the changes occurs,"value"=the value being changed

    # to,& "method"= how the new value interacts with the previous state variable

    # value. See ?deSolve::lsodes and ?deSolve::events.

    eventDat<-rbind(data.frame(var="CI",time=LL$time,

                               value=LL$CIM,	 

                               method="replace",stringsAsFactors = FALSE)

    )

    

    # DERIVITIVE ####

    # RUN MODEL 

    modelOutput<- ode(y = st, times = t,  #method = "lsodes",

                      func = Human_Model, parms = ini_par,

                      events = list(data = eventDat[order(eventDat$time),]))

    result <- within(as.data.frame(modelOutput),{Level<-LL$Level[[1]]})

    return(result)

  },ini_par=initial_params,st=state,t=times)

  stopCluster(c1)

  timestamp()

  ModelOutput<-do.call(rbind,modelOutput)##make big dataframe for evaluation

  

  return(min(ModelOutput$RBCCE))

}



just_run_model <-function(air_conc){

  

  # concentration in mg/m^3

  # make sure we change to mg/kg/day for output!!!!!!!!!!!!!!!!!!!!!

  conc_mgm3 = air_conc

  

  # TIMING COMMANDS ####

  MAXT=0.1       #maximum time step

  times<-seq(initial_params[["TSTART"]],initial_params[["TSTOP"]],by=MAXT)#

  

  # max number of points to write out to file

  POINTS_max<-10000  

  # if the more than 10000 timesteps, select evently spaced 10000 of them for reporting

  report_points<-if(length(times)<=POINTS_max) times else 

    times[seq(1,length(times),by=round(length(times)/POINTS_max))]

  table(report_points%in%times)#check all report values are in times.

  

  

  # STATE####

  # Subject specific UPDATES to the initial value of state varibles

  state<-state_fun()

  

  # Dosing ####

  # 8 hours/day, 5 days/week, 3 weeks exposure

  

  All_Dose<-data.frame(time=times)%>%

    mutate(Level=paste(conc_mgm3,"MGM",sep="_"),

           CIM = (conc_mgm3/1000),# mg/L

           pulse1=pulse(t=time,

                        p=initial_params[["YEAR"]]*24,

                        w=initial_params[["W3"]]*24),

           pulse2=pulse(t=time,

                        p=7*24,

                        w=initial_params[["D3"]]*24),

           pulse3=pulse(t=time,

                        p=24,

                        w=initial_params[["P3"]]),

           pulse=pulse1*pulse2*pulse3,

           CIM=CIM*pulse/initial_params[["MWPAR"]]*1000,#inhaled dose concentration (from mg/L to umol/L)

           is.change=c(1,diff(pulse)))%>%

    filter(is.change!=0)

  

  #print(All_Dose$Level)

  #~~~~APPLY MODEL~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~#### 

  # Do parallel for speed

  c1<-makeCluster(min(cores,n_distinct(All_Dose$Level))) # cluster for parallel 

  timestamp()

  modelOutput<-parLapply(c1,split(All_Dose,All_Dose$Level), function (LL,ini_par,st,t){

    #load data into cores

    source("human_pbpk.R")

    # Create dataframe of "events"that describe the dosing, which informs the

    # ODE function, and needs to have columns "var" = the state_variable that needs

    # to be changed,"time"= when the changes occurs,"value"=the value being changed

    # to,& "method"= how the new value interacts with the previous state variable

    # value. See ?deSolve::lsodes and ?deSolve::events.

    eventDat<-rbind(data.frame(var="CI",time=LL$time,

                               value=LL$CIM,	 

                               method="replace",stringsAsFactors = FALSE)

    )

    

    # DERIVITIVE ####

    # RUN MODEL 

    modelOutput<- ode(y = st, times = t,  #method = "lsodes",

                      func = Human_Model, parms = ini_par,

                      events = list(data = eventDat[order(eventDat$time),]))

    result <- within(as.data.frame(modelOutput),{Level<-LL$Level[[1]]})

    return(result)

  },ini_par=initial_params,st=state,t=times)

  stopCluster(c1)

  timestamp()

  ModelOutput<-do.call(rbind,modelOutput)##make big dataframe for evaluation

  

  return(ModelOutput)

}







PODcost <- function(test_air_conc){

  

  # POD calculation

  test_result <- minRBCCE(test_air_conc)

  test_error <- (test_result - 90.0)

  

  # convert vapor conc to dose

  test_dose <- test_air_conc*IR_scenario*(60/1000)*params[["P3"]]/params[["BWST"]] 

  

  print(sprintf("%f  %f  %f",test_air_conc,test_dose,test_result))

  flush.console()

  return(test_error*test_error)

}



AEDcost <- function(test_air_conc){

  

  # AED calculation

  test_result <- avgCBL(test_air_conc)

  test_error <- (test_result - ac_50)

  

  # convert vapor conc to dose

  test_dose <- test_air_conc*IR_scenario*(60/1000)*params[["P3"]]/params[["BWST"]] 

  

  print(sprintf("%f  %f  %f",test_air_conc,test_dose,test_result))

  flush.console()

  return(test_error*test_error)

}



# get the vapor-phase concentration required to reproduce 90% brain AChE

vapor_conc <- optim(par = 719.5, PODcost, method = "Brent",lower = 1, upper = 1e6) # POD limits/bounds



# convert the vapor conc. to a dose (mg/m^3 to mg/kg/day)

final_dose <- vapor_conc$par*IR_scenario*(60/1000)*params[["P3"]]/params[["BWST"]]



# finally run the model for this concentration

ModelOutput <- just_run_model(vapor_conc$par)



final_dose #mkd

vapor_conc$par #mg/m3

min(ModelOutput$RBCCE)


#clear workspace

rm(list = ls())



#set the working directory to the location of these scripts

#setwd(dirname(rstudioapi::getActiveDocumentContext()$path))



BW_scenario <- 69

subject_age = 21

IR_scenario <- 10.67 # L/min inhalation rate

ac_50 = -999

Ndays = 123

dpw = 7

hpd = 1

scenario_number = 37



#Environment####

library(dplyr)

library(tidyr)

library(parallel)

# number of cores avaiable on current machine

tot_cores<-detectCores(all.tests = FALSE, logical = TRUE)  

cores<-tot_cores-1 # leave one core for other tasks 



source("human_pbpk.R") # Loads model and base parameters

source("malathion_human_parameters.R") # male and female specific parameters



# Intial_parameters####

sex = 1						 # 0=male, 1= Female

params<-c(params[!names(params)%in%names(human_parameters[[sex+1]])],

          human_parameters[[sex+1]])



params[["TSTART"]]<-0.0             # START SIMULATION (HR)

params[["TSTOP"]]=Ndays*24      			 # Simulation duration 

params[["BWSW"]] = 1   	 				# Switch for age (set =0) or set (set =1) if bwt provided

params[["BWST"]]= BW_scenario   	 				# kg

params[["AGE0"]]=subject_age

params[["QALV"]] = IR_scenario*60   			# Inhalation rate L/h				

params[["IZONE"]]=1            #Turn inhalation on



params[["W3"]] = Ndays                     #days exposed per year

params[["D3"]] = dpw                         #days exposed per week

params[["P3"]] = hpd                       #hours exposed per day



#conc_mgm3 = interpolated_dose				 # Inhalation concentration, mg/m3  # converted to umol/L below



# combine or replace "base" parameters with case specific human parameters, carring out any calcuated paramters which are function of other specific case parameters 

initial_params <- initial_params_fun(params)



# get blood concentration resulting from dose

# dermal dose based on scenario 35



avgCBLO <-function(air_conc){

  

  # concentration in mg/m^3

  # make sure we change to mg/kg/day for output!!!!!!!!!!!!!!!!!!!!!

  conc_mgm3 = air_conc

  

  # TIMING COMMANDS ####

  MAXT=0.1       #maximum time step

  times<-seq(initial_params[["TSTART"]],initial_params[["TSTOP"]],by=MAXT)#

  

  # max number of points to write out to file

  POINTS_max<-10000  

  # if the more than 10000 timesteps, select evently spaced 10000 of them for reporting

  report_points<-if(length(times)<=POINTS_max) times else 

    times[seq(1,length(times),by=round(length(times)/POINTS_max))]

  table(report_points%in%times)#check all report values are in times.

  

  

  # STATE####

  # Subject specific UPDATES to the initial value of state varibles

  state<-state_fun()

  

  # Dosing ####

  # 8 hours/day, 5 days/week, 3 weeks exposure

  

  All_Dose<-data.frame(time=times)%>%

    mutate(Level=paste(conc_mgm3,"MGM",sep="_"),

           CIM = (conc_mgm3/1000),# mg/L

           pulse1=pulse(t=time,

                        p=initial_params[["YEAR"]]*24,

                        w=initial_params[["W3"]]*24),

           pulse2=pulse(t=time,

                        p=7*24,

                        w=initial_params[["D3"]]*24),

           pulse3=pulse(t=time,

                        p=24,

                        w=initial_params[["P3"]]),

           pulse=pulse1*pulse2*pulse3,

           CIM=CIM*pulse/initial_params[["MWOXON"]]*1000,#inhaled dose concentration (from mg/L to umol/L)

           is.change=c(1,diff(pulse)))%>%

    filter(is.change!=0)

  

  #print(All_Dose$Level)

  #~~~~APPLY MODEL~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~#### 

  # Do parallel for speed

  c1<-makeCluster(min(cores,n_distinct(All_Dose$Level))) # cluster for parallel 

  timestamp()

  modelOutput<-parLapply(c1,split(All_Dose,All_Dose$Level), function (LL,ini_par,st,t){

    #load data into cores

    source("human_pbpk.R")

    # Create dataframe of "events"that describe the dosing, which informs the

    # ODE function, and needs to have columns "var" = the state_variable that needs

    # to be changed,"time"= when the changes occurs,"value"=the value being changed

    # to,& "method"= how the new value interacts with the previous state variable

    # value. See ?deSolve::lsodes and ?deSolve::events.

    eventDat<-rbind(data.frame(var="CI_OXON",time=LL$time,

                               value=LL$CIM,	 

                               method="replace",stringsAsFactors = FALSE)

    )

    

    # DERIVITIVE ####

    # RUN MODEL 

    modelOutput<- ode(y = st, times = t,  #method = "lsodes",

                      func = Human_Model, parms = ini_par,

                      events = list(data = eventDat[order(eventDat$time),]))

    result <- within(as.data.frame(modelOutput),{Level<-LL$Level[[1]]})

    return(result)

  },ini_par=initial_params,st=state,t=times)

  stopCluster(c1)

  timestamp()

  ModelOutput<-do.call(rbind,modelOutput)##make big dataframe for evaluation

  

  return(mean(tail(ModelOutput$CBLO,240)))

}



minBCE <-function(air_conc){

  

  # concentration in mg/m^3

  # make sure we change to mg/kg/day for output!!!!!!!!!!!!!!!!!!!!!

  conc_mgm3 = air_conc

  

  # TIMING COMMANDS ####

  MAXT=0.1       #maximum time step

  times<-seq(initial_params[["TSTART"]],initial_params[["TSTOP"]],by=MAXT)#

  

  # max number of points to write out to file

  POINTS_max<-10000  

  # if the more than 10000 timesteps, select evently spaced 10000 of them for reporting

  report_points<-if(length(times)<=POINTS_max) times else 

    times[seq(1,length(times),by=round(length(times)/POINTS_max))]

  table(report_points%in%times)#check all report values are in times.

  

  

  # STATE####

  # Subject specific UPDATES to the initial value of state varibles

  state<-state_fun()

  

  # Dosing ####

  # 8 hours/day, 5 days/week, 3 weeks exposure

  

  All_Dose<-data.frame(time=times)%>%

    mutate(Level=paste(conc_mgm3,"MGM",sep="_"),

           CIM = (conc_mgm3/1000),# mg/L

           pulse1=pulse(t=time,

                        p=initial_params[["YEAR"]]*24,

                        w=initial_params[["W3"]]*24),

           pulse2=pulse(t=time,

                        p=7*24,

                        w=initial_params[["D3"]]*24),

           pulse3=pulse(t=time,

                        p=24,

                        w=initial_params[["P3"]]),

           pulse=pulse1*pulse2*pulse3,

           CIM=CIM*pulse/initial_params[["MWOXON"]]*1000,#inhaled dose concentration (from mg/L to umol/L)

           is.change=c(1,diff(pulse)))%>%

    filter(is.change!=0)

  

  #print(All_Dose$Level)

  #~~~~APPLY MODEL~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~#### 

  # Do parallel for speed

  c1<-makeCluster(min(cores,n_distinct(All_Dose$Level))) # cluster for parallel 

  timestamp()

  modelOutput<-parLapply(c1,split(All_Dose,All_Dose$Level), function (LL,ini_par,st,t){

    #load data into cores

    source("human_pbpk.R")

    # Create dataframe of "events"that describe the dosing, which informs the

    # ODE function, and needs to have columns "var" = the state_variable that needs

    # to be changed,"time"= when the changes occurs,"value"=the value being changed

    # to,& "method"= how the new value interacts with the previous state variable

    # value. See ?deSolve::lsodes and ?deSolve::events.

    eventDat<-rbind(data.frame(var="CI_OXON",time=LL$time,

                               value=LL$CIM,	 

                               method="replace",stringsAsFactors = FALSE)

    )

    

    # DERIVITIVE ####

    # RUN MODEL 

    modelOutput<- ode(y = st, times = t,  #method = "lsodes",

                      func = Human_Model, parms = ini_par,

                      events = list(data = eventDat[order(eventDat$time),]))

    result <- within(as.data.frame(modelOutput),{Level<-LL$Level[[1]]})

    return(result)

  },ini_par=initial_params,st=state,t=times)

  stopCluster(c1)

  timestamp()

  ModelOutput<-do.call(rbind,modelOutput)##make big dataframe for evaluation

  

  return(min(ModelOutput$BCE))

}



just_run_model <-function(air_conc){

  

  # concentration in mg/m^3

  # make sure we change to mg/kg/day for output!!!!!!!!!!!!!!!!!!!!!

  conc_mgm3 = air_conc

  

  # TIMING COMMANDS ####

  MAXT=0.1       #maximum time step

  times<-seq(initial_params[["TSTART"]],initial_params[["TSTOP"]],by=MAXT)#

  

  # max number of points to write out to file

  POINTS_max<-10000  

  # if the more than 10000 timesteps, select evently spaced 10000 of them for reporting

  report_points<-if(length(times)<=POINTS_max) times else 

    times[seq(1,length(times),by=round(length(times)/POINTS_max))]

  table(report_points%in%times)#check all report values are in times.

  

  

  # STATE####

  # Subject specific UPDATES to the initial value of state varibles

  state<-state_fun()

  

  # Dosing ####

  # 8 hours/day, 5 days/week, 3 weeks exposure

  

  All_Dose<-data.frame(time=times)%>%

    mutate(Level=paste(conc_mgm3,"MGM",sep="_"),

           CIM = (conc_mgm3/1000),# mg/L

           pulse1=pulse(t=time,

                        p=initial_params[["YEAR"]]*24,

                        w=initial_params[["W3"]]*24),

           pulse2=pulse(t=time,

                        p=7*24,

                        w=initial_params[["D3"]]*24),

           pulse3=pulse(t=time,

                        p=24,

                        w=initial_params[["P3"]]),

           pulse=pulse1*pulse2*pulse3,

           CIM=CIM*pulse/initial_params[["MWOXON"]]*1000,#inhaled dose concentration (from mg/L to umol/L)

           is.change=c(1,diff(pulse)))%>%

    filter(is.change!=0)

  

  #print(All_Dose$Level)

  #~~~~APPLY MODEL~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~#### 

  # Do parallel for speed

  c1<-makeCluster(min(cores,n_distinct(All_Dose$Level))) # cluster for parallel 

  timestamp()

  modelOutput<-parLapply(c1,split(All_Dose,All_Dose$Level), function (LL,ini_par,st,t){

    #load data into cores

    source("human_pbpk.R")

    # Create dataframe of "events"that describe the dosing, which informs the

    # ODE function, and needs to have columns "var" = the state_variable that needs

    # to be changed,"time"= when the changes occurs,"value"=the value being changed

    # to,& "method"= how the new value interacts with the previous state variable

    # value. See ?deSolve::lsodes and ?deSolve::events.

    eventDat<-rbind(data.frame(var="CI_OXON",time=LL$time,

                               value=LL$CIM,	 

                               method="replace",stringsAsFactors = FALSE)

    )

    

    # DERIVITIVE ####

    # RUN MODEL 

    modelOutput<- ode(y = st, times = t,  #method = "lsodes",

                      func = Human_Model, parms = ini_par,

                      events = list(data = eventDat[order(eventDat$time),]))

    result <- within(as.data.frame(modelOutput),{Level<-LL$Level[[1]]})

    return(result)

  },ini_par=initial_params,st=state,t=times)

  stopCluster(c1)

  timestamp()

  ModelOutput<-do.call(rbind,modelOutput)##make big dataframe for evaluation

  

  return(ModelOutput)

}







PODcost <- function(test_air_conc){

  

  # POD calculation

  test_result <- minBCE(test_air_conc)

  test_error <- (test_result - 90.0)

  

  # convert vapor conc to dose

  test_dose <- test_air_conc*IR_scenario*(60/1000)*params[["P3"]]/params[["BWST"]] 

  

  print(sprintf("%f  %f  %f",test_air_conc,test_dose,test_result))

  

  return(test_error*test_error)

}



AEDcost <- function(test_air_conc){

  

  # AED calculation

  test_result <- avgCBLO(test_air_conc)

  test_error <- (test_result - ac_50)

  

  # convert vapor conc to dose

  test_dose <- test_air_conc*IR_scenario*(60/1000)*params[["P3"]]/params[["BWST"]] 

  

  print(sprintf("%f  %f  %f",test_air_conc,test_dose,test_result))

  

  return(test_error*test_error)

}



# get the vapor-phase concentration required to reproduce 90% brain AChE

vapor_conc <- optim(par = 719.5, PODcost, method = "Brent",lower = 1, upper = 1e6) # POD limits/bounds



# convert the vapor conc. to a dose (mg/m^3 to mg/kg/day)

final_dose <- vapor_conc$par*IR_scenario*(60/1000)*params[["P3"]]/params[["BWST"]]



# finally run the model for this concentration

ModelOutput <- just_run_model(vapor_conc$par)



final_dose #mkd

vapor_conc$par #mg/m3

min(ModelOutput$RBCCE)


#clear workspace

rm(list = ls())



#set the working directory to the location of these scripts

#setwd(dirname(rstudioapi::getActiveDocumentContext()$path))



BW_scenario <- 69

subject_age = 21

IR_scenario <- 10.67 # L/min inhalation rate

ac_50 = -999

scenario_number = 37

Ndays <- 123

dpw = 7

hpd = 1



#Environment####

library(dplyr)

library(tidyr)

library(parallel)

# number of cores avaiable on current machine

tot_cores<-detectCores(all.tests = FALSE, logical = TRUE)  

cores<-tot_cores-1 # leave one core for other tasks 



source("human_pbpk.R") # Loads model and base parameters

source("malathion_human_parameters.R") # male and female specific parameters



# Intial_parameters####

sex = 1						 # 0=male, 1= Female

params<-c(params[!names(params)%in%names(human_parameters[[sex+1]])],

          human_parameters[[sex+1]])



params[["TSTART"]]<-0.0             # START SIMULATION (HR)

params[["TSTOP"]]=Ndays*24      			 # Simulation duration 

params[["BWSW"]] = 1   	 				# Switch for age (set =0) or set (set =1) if bwt provided

params[["BWST"]]= BW_scenario   	 				# kg

params[["AGE0"]]=subject_age

params[["QALV"]] = IR_scenario*60   			# Inhalation rate L/h				

params[["IZONE"]]=1            #Turn inhalation on



params[["W3"]] = Ndays                     #days exposed per year

params[["D3"]] = dpw                         #days exposed per week

params[["P3"]] = hpd                       #hours exposed per day



#conc_mgm3 = interpolated_dose				 # Inhalation concentration, mg/m3  # converted to umol/L below



# combine or replace "base" parameters with case specific human parameters, carring out any calcuated paramters which are function of other specific case parameters 

initial_params <- initial_params_fun(params)



# get blood concentration resulting from dose

# dermal dose based on scenario 35



avgCBL <-function(air_conc){

  

  # concentration in mg/m^3

  # make sure we change to mg/kg/day for output!!!!!!!!!!!!!!!!!!!!!

  conc_mgm3 = air_conc

  

  # TIMING COMMANDS ####

  MAXT=0.1       #maximum time step

  times<-seq(initial_params[["TSTART"]],initial_params[["TSTOP"]],by=MAXT)#

  

  # max number of points to write out to file

  POINTS_max<-10000  

  # if the more than 10000 timesteps, select evently spaced 10000 of them for reporting

  report_points<-if(length(times)<=POINTS_max) times else 

    times[seq(1,length(times),by=round(length(times)/POINTS_max))]

  table(report_points%in%times)#check all report values are in times.

  

  

  # STATE####

  # Subject specific UPDATES to the initial value of state varibles

  state<-state_fun()

  

  # Dosing ####

  # 8 hours/day, 5 days/week, 3 weeks exposure

  

  All_Dose<-data.frame(time=times)%>%

    mutate(Level=paste(conc_mgm3,"MGM",sep="_"),

           CIM = (conc_mgm3/1000),# mg/L

           pulse1=pulse(t=time,

                        p=initial_params[["YEAR"]]*24,

                        w=initial_params[["W3"]]*24),

           pulse2=pulse(t=time,

                        p=7*24,

                        w=initial_params[["D3"]]*24),

           pulse3=pulse(t=time,

                        p=24,

                        w=initial_params[["P3"]]),

           pulse=pulse1*pulse2*pulse3,

           CIM=CIM*pulse/initial_params[["MWPAR"]]*1000,#inhaled dose concentration (from mg/L to umol/L)

           is.change=c(1,diff(pulse)))%>%

    filter(is.change!=0)

  

  #print(All_Dose$Level)

  #~~~~APPLY MODEL~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~#### 

  # Do parallel for speed

  c1<-makeCluster(min(cores,n_distinct(All_Dose$Level))) # cluster for parallel 

  timestamp()

  modelOutput<-parLapply(c1,split(All_Dose,All_Dose$Level), function (LL,ini_par,st,t){

    #load data into cores

    source("human_pbpk.R")

    # Create dataframe of "events"that describe the dosing, which informs the

    # ODE function, and needs to have columns "var" = the state_variable that needs

    # to be changed,"time"= when the changes occurs,"value"=the value being changed

    # to,& "method"= how the new value interacts with the previous state variable

    # value. See ?deSolve::lsodes and ?deSolve::events.

    eventDat<-rbind(data.frame(var="CI",time=LL$time,

                               value=LL$CIM,	 

                               method="replace",stringsAsFactors = FALSE)

    )

    

    # DERIVITIVE ####

    # RUN MODEL 

    modelOutput<- ode(y = st, times = t,  #method = "lsodes",

                      func = Human_Model, parms = ini_par,

                      events = list(data = eventDat[order(eventDat$time),]))

    result <- within(as.data.frame(modelOutput),{Level<-LL$Level[[1]]})

    return(result)

  },ini_par=initial_params,st=state,t=times)

  stopCluster(c1)

  timestamp()

  ModelOutput<-do.call(rbind,modelOutput)##make big dataframe for evaluation

  

  return(mean(tail(ModelOutput$CBL,240)))

}



minRBCCE <-function(air_conc){

  

  # concentration in mg/m^3

  # make sure we change to mg/kg/day for output!!!!!!!!!!!!!!!!!!!!!

  conc_mgm3 = air_conc

  

  # TIMING COMMANDS ####

  MAXT=0.1       #maximum time step

  times<-seq(initial_params[["TSTART"]],initial_params[["TSTOP"]],by=MAXT)#

  

  # max number of points to write out to file

  POINTS_max<-10000  

  # if the more than 10000 timesteps, select evently spaced 10000 of them for reporting

  report_points<-if(length(times)<=POINTS_max) times else 

    times[seq(1,length(times),by=round(length(times)/POINTS_max))]

  table(report_points%in%times)#check all report values are in times.

  

  

  # STATE####

  # Subject specific UPDATES to the initial value of state varibles

  state<-state_fun()

  

  # Dosing ####

  # 8 hours/day, 5 days/week, 3 weeks exposure

  

  All_Dose<-data.frame(time=times)%>%

    mutate(Level=paste(conc_mgm3,"MGM",sep="_"),

           CIM = (conc_mgm3/1000),# mg/L

           pulse1=pulse(t=time,

                        p=initial_params[["YEAR"]]*24,

                        w=initial_params[["W3"]]*24),

           pulse2=pulse(t=time,

                        p=7*24,

                        w=initial_params[["D3"]]*24),

           pulse3=pulse(t=time,

                        p=24,

                        w=initial_params[["P3"]]),

           pulse=pulse1*pulse2*pulse3,

           CIM=CIM*pulse/initial_params[["MWPAR"]]*1000,#inhaled dose concentration (from mg/L to umol/L)

           is.change=c(1,diff(pulse)))%>%

    filter(is.change!=0)

  

  #print(All_Dose$Level)

  #~~~~APPLY MODEL~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~#### 

  # Do parallel for speed

  c1<-makeCluster(min(cores,n_distinct(All_Dose$Level))) # cluster for parallel 

  timestamp()

  modelOutput<-parLapply(c1,split(All_Dose,All_Dose$Level), function (LL,ini_par,st,t){

    #load data into cores

    source("human_pbpk.R")

    # Create dataframe of "events"that describe the dosing, which informs the

    # ODE function, and needs to have columns "var" = the state_variable that needs

    # to be changed,"time"= when the changes occurs,"value"=the value being changed

    # to,& "method"= how the new value interacts with the previous state variable

    # value. See ?deSolve::lsodes and ?deSolve::events.

    eventDat<-rbind(data.frame(var="CI",time=LL$time,

                               value=LL$CIM,	 

                               method="replace",stringsAsFactors = FALSE)

    )

    

    # DERIVITIVE ####

    # RUN MODEL 

    modelOutput<- ode(y = st, times = t,  #method = "lsodes",

                      func = Human_Model, parms = ini_par,

                      events = list(data = eventDat[order(eventDat$time),]))

    result <- within(as.data.frame(modelOutput),{Level<-LL$Level[[1]]})

    return(result)

  },ini_par=initial_params,st=state,t=times)

  stopCluster(c1)

  timestamp()

  ModelOutput<-do.call(rbind,modelOutput)##make big dataframe for evaluation

  

  return(min(ModelOutput$RBCCE))

}



just_run_model <-function(air_conc){

  

  # concentration in mg/m^3

  # make sure we change to mg/kg/day for output!!!!!!!!!!!!!!!!!!!!!

  conc_mgm3 = air_conc

  

  # TIMING COMMANDS ####

  MAXT=0.1       #maximum time step

  times<-seq(initial_params[["TSTART"]],initial_params[["TSTOP"]],by=MAXT)#

  

  # max number of points to write out to file

  POINTS_max<-10000  

  # if the more than 10000 timesteps, select evently spaced 10000 of them for reporting

  report_points<-if(length(times)<=POINTS_max) times else 

    times[seq(1,length(times),by=round(length(times)/POINTS_max))]

  table(report_points%in%times)#check all report values are in times.

  

  

  # STATE####

  # Subject specific UPDATES to the initial value of state varibles

  state<-state_fun()

  

  # Dosing ####

  # 8 hours/day, 5 days/week, 3 weeks exposure

  

  All_Dose<-data.frame(time=times)%>%

    mutate(Level=paste(conc_mgm3,"MGM",sep="_"),

           CIM = (conc_mgm3/1000),# mg/L

           pulse1=pulse(t=time,

                        p=initial_params[["YEAR"]]*24,

                        w=initial_params[["W3"]]*24),

           pulse2=pulse(t=time,

                        p=7*24,

                        w=initial_params[["D3"]]*24),

           pulse3=pulse(t=time,

                        p=24,

                        w=initial_params[["P3"]]),

           pulse=pulse1*pulse2*pulse3,

           CIM=CIM*pulse/initial_params[["MWPAR"]]*1000,#inhaled dose concentration (from mg/L to umol/L)

           is.change=c(1,diff(pulse)))%>%

    filter(is.change!=0)

  

  #print(All_Dose$Level)

  #~~~~APPLY MODEL~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~#### 

  # Do parallel for speed

  c1<-makeCluster(min(cores,n_distinct(All_Dose$Level))) # cluster for parallel 

  timestamp()

  modelOutput<-parLapply(c1,split(All_Dose,All_Dose$Level), function (LL,ini_par,st,t){

    #load data into cores

    source("human_pbpk.R")

    # Create dataframe of "events"that describe the dosing, which informs the

    # ODE function, and needs to have columns "var" = the state_variable that needs

    # to be changed,"time"= when the changes occurs,"value"=the value being changed

    # to,& "method"= how the new value interacts with the previous state variable

    # value. See ?deSolve::lsodes and ?deSolve::events.

    eventDat<-rbind(data.frame(var="CI",time=LL$time,

                               value=LL$CIM,	 

                               method="replace",stringsAsFactors = FALSE)

    )

    

    # DERIVITIVE ####

    # RUN MODEL 

    modelOutput<- ode(y = st, times = t,  #method = "lsodes",

                      func = Human_Model, parms = ini_par,

                      events = list(data = eventDat[order(eventDat$time),]))

    result <- within(as.data.frame(modelOutput),{Level<-LL$Level[[1]]})

    return(result)

  },ini_par=initial_params,st=state,t=times)

  stopCluster(c1)

  timestamp()

  ModelOutput<-do.call(rbind,modelOutput)##make big dataframe for evaluation

  

  return(ModelOutput)

}







PODcost <- function(test_air_conc){

  

  # POD calculation

  test_result <- minRBCCE(test_air_conc)

  test_error <- (test_result - 90.0)

  

  # convert vapor conc to dose

  test_dose <- test_air_conc*IR_scenario*(60/1000)*params[["P3"]]/params[["BWST"]] 

  

  print(sprintf("%f  %f  %f",test_air_conc,test_dose,test_result))

  flush.console()

  return(test_error*test_error)

}



AEDcost <- function(test_air_conc){

  

  # AED calculation

  test_result <- avgCBL(test_air_conc)

  test_error <- (test_result - ac_50)

  

  # convert vapor conc to dose

  test_dose <- test_air_conc*IR_scenario*(60/1000)*params[["P3"]]/params[["BWST"]] 

  

  print(sprintf("%f  %f  %f",test_air_conc,test_dose,test_result))

  flush.console()

  return(test_error*test_error)

}



# get the vapor-phase concentration required to reproduce 90% brain AChE

vapor_conc <- optim(par = 719.5, PODcost, method = "Brent",lower = 1, upper = 1e6) # POD limits/bounds



# convert the vapor conc. to a dose (mg/m^3 to mg/kg/day)

final_dose <- vapor_conc$par*IR_scenario*(60/1000)*params[["P3"]]/params[["BWST"]]



# finally run the model for this concentration

ModelOutput <- just_run_model(vapor_conc$par)



final_dose #mkd

vapor_conc$par #mg/m3

min(ModelOutput$RBCCE)


#clear workspace

rm(list = ls())



#set the working directory to the location of these scripts

#setwd(dirname(rstudioapi::getActiveDocumentContext()$path))



BW_scenario <- 69

subject_age = 21

IR_scenario <- 10.67 # L/min inhalation rate

ac_50 = -999

Ndays = 123

dpw = 7

hpd = 1.5

scenario_number = 38



#Environment####

library(dplyr)

library(tidyr)

library(parallel)

# number of cores avaiable on current machine

tot_cores<-detectCores(all.tests = FALSE, logical = TRUE)  

cores<-tot_cores-1 # leave one core for other tasks 



source("human_pbpk.R") # Loads model and base parameters

source("malathion_human_parameters.R") # male and female specific parameters



# Intial_parameters####

sex = 1						 # 0=male, 1= Female

params<-c(params[!names(params)%in%names(human_parameters[[sex+1]])],

          human_parameters[[sex+1]])



params[["TSTART"]]<-0.0             # START SIMULATION (HR)

params[["TSTOP"]]=Ndays*24      			 # Simulation duration = 25 days (END ON THURSDAY)

params[["BWSW"]] = 1   	 				# Switch for age (set =0) or set (set =1) if bwt provided

params[["BWST"]]= BW_scenario   	 				# kg

params[["AGE0"]]=subject_age

params[["QALV"]] = IR_scenario*60   			# Inhalation rate L/h				

params[["IZONE"]]=1            #Turn inhalation on



params[["W3"]] = Ndays*24                     #days exposed per year

params[["D3"]] = dpw                         #days exposed per week

params[["P3"]] = hpd                       #hours exposed per day



#conc_mgm3 = interpolated_dose				 # Inhalation concentration, mg/m3  # converted to umol/L below



# combine or replace "base" parameters with case specific human parameters, carring out any calcuated paramters which are function of other specific case parameters 

initial_params <- initial_params_fun(params)



# get blood concentration resulting from dose

# dermal dose based on scenario 35



avgCBL <-function(air_conc){

  

  # concentration in mg/m^3

  # make sure we change to mg/kg/day for output!!!!!!!!!!!!!!!!!!!!!

  conc_mgm3 = air_conc

  

  # TIMING COMMANDS ####

  MAXT=0.1       #maximum time step

  times<-seq(initial_params[["TSTART"]],initial_params[["TSTOP"]],by=MAXT)#

  

  # max number of points to write out to file

  POINTS_max<-10000  

  # if the more than 10000 timesteps, select evently spaced 10000 of them for reporting

  report_points<-if(length(times)<=POINTS_max) times else 

    times[seq(1,length(times),by=round(length(times)/POINTS_max))]

  table(report_points%in%times)#check all report values are in times.

  

  

  # STATE####

  # Subject specific UPDATES to the initial value of state varibles

  state<-state_fun()

  

  # Dosing ####

  # 8 hours/day, 5 days/week, 3 weeks exposure

  

  All_Dose<-data.frame(time=times)%>%

    mutate(Level=paste(conc_mgm3,"MGM",sep="_"),

           CIM = (conc_mgm3/1000),# mg/L

           pulse1=pulse(t=time,

                        p=initial_params[["YEAR"]]*24,

                        w=initial_params[["W3"]]*24),

           pulse2=pulse(t=time,

                        p=7*24,

                        w=initial_params[["D3"]]*24),

           pulse3=pulse(t=time,

                        p=24,

                        w=initial_params[["P3"]]),

           pulse=pulse1*pulse2*pulse3,

           CIM=CIM*pulse/initial_params[["MWOXON"]]*1000,#inhaled dose concentration (from mg/L to umol/L)

           is.change=c(1,diff(pulse)))%>%

    filter(is.change!=0)

  

  #print(All_Dose$Level)

  #~~~~APPLY MODEL~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~#### 

  # Do parallel for speed

  c1<-makeCluster(min(cores,n_distinct(All_Dose$Level))) # cluster for parallel 

  timestamp()

  modelOutput<-parLapply(c1,split(All_Dose,All_Dose$Level), function (LL,ini_par,st,t){

    #load data into cores

    source("human_pbpk.R")

    # Create dataframe of "events"that describe the dosing, which informs the

    # ODE function, and needs to have columns "var" = the state_variable that needs

    # to be changed,"time"= when the changes occurs,"value"=the value being changed

    # to,& "method"= how the new value interacts with the previous state variable

    # value. See ?deSolve::lsodes and ?deSolve::events.

    eventDat<-rbind(data.frame(var="CI_OXON",time=LL$time,

                               value=LL$CIM,	 

                               method="replace",stringsAsFactors = FALSE)

    )

    

    # DERIVITIVE ####

    # RUN MODEL 

    modelOutput<- ode(y = st, times = t,  #method = "lsodes",

                      func = Human_Model, parms = ini_par,

                      events = list(data = eventDat[order(eventDat$time),]))

    result <- within(as.data.frame(modelOutput),{Level<-LL$Level[[1]]})

    return(result)

  },ini_par=initial_params,st=state,t=times)

  stopCluster(c1)

  timestamp()

  ModelOutput<-do.call(rbind,modelOutput)##make big dataframe for evaluation

  

  return(mean(tail(ModelOutput$CBL,240)))

}



minBCE <-function(air_conc){

  

  # concentration in mg/m^3

  conc_mgm3 = air_conc

  

  # TIMING COMMANDS ####

  MAXT=0.1       #maximum time step

  times<-seq(initial_params[["TSTART"]],initial_params[["TSTOP"]],by=MAXT)#

  

  # max number of points to write out to file

  POINTS_max<-10000  

  # if the more than 10000 timesteps, select evently spaced 10000 of them for reporting

  report_points<-if(length(times)<=POINTS_max) times else 

    times[seq(1,length(times),by=round(length(times)/POINTS_max))]

  table(report_points%in%times)#check all report values are in times.

  

  

  # STATE####

  # Subject specific UPDATES to the initial value of state varibles

  state<-state_fun()

  

  # Dosing ####

  # 8 hours/day, 5 days/week, 3 weeks exposure

  

  All_Dose<-data.frame(time=times)%>%

    mutate(Level=paste(conc_mgm3,"MGM",sep="_"),

           CIM = (conc_mgm3/1000),# mg/L

           pulse1=pulse(t=time,

                        p=initial_params[["YEAR"]]*24,

                        w=initial_params[["W3"]]*24),

           pulse2=pulse(t=time,

                        p=7*24,

                        w=initial_params[["D3"]]*24),

           pulse3=pulse(t=time,

                        p=24,

                        w=initial_params[["P3"]]),

           pulse=pulse1*pulse2*pulse3,

           CIM=CIM*pulse/initial_params[["MWOXON"]]*1000,#inhaled dose concentration (from mg/L to umol/L)

           is.change=c(1,diff(pulse)))%>%

    filter(is.change!=0)

  

  #print(All_Dose$Level)

  #~~~~APPLY MODEL~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~#### 

  # Do parallel for speed

  c1<-makeCluster(min(cores,n_distinct(All_Dose$Level))) # cluster for parallel 

  timestamp()

  modelOutput<-parLapply(c1,split(All_Dose,All_Dose$Level), function (LL,ini_par,st,t){

    #load data into cores

    source("human_pbpk.R")

    # Create dataframe of "events"that describe the dosing, which informs the

    # ODE function, and needs to have columns "var" = the state_variable that needs

    # to be changed,"time"= when the changes occurs,"value"=the value being changed

    # to,& "method"= how the new value interacts with the previous state variable

    # value. See ?deSolve::lsodes and ?deSolve::events.

    eventDat<-rbind(data.frame(var="CI_OXON",time=LL$time,

                               value=LL$CIM,	 

                               method="replace",stringsAsFactors = FALSE)

    )

    

    # DERIVITIVE ####

    # RUN MODEL 

    modelOutput<- ode(y = st, times = t,  #method = "lsodes",

                      func = Human_Model, parms = ini_par,

                      events = list(data = eventDat[order(eventDat$time),]))

    result <- within(as.data.frame(modelOutput),{Level<-LL$Level[[1]]})

    return(result)

  },ini_par=initial_params,st=state,t=times)

  stopCluster(c1)

  timestamp()

  ModelOutput<-do.call(rbind,modelOutput)##make big dataframe for evaluation

  

  return(min(ModelOutput$BCE))

}



just_run_model <-function(air_conc){

  

  # concentration in mg/m^3

  # make sure we change to mg/kg/day for output!!!!!!!!!!!!!!!!!!!!!

  conc_mgm3 = air_conc

  

  # TIMING COMMANDS ####

  MAXT=0.1       #maximum time step

  times<-seq(initial_params[["TSTART"]],initial_params[["TSTOP"]],by=MAXT)#

  

  # max number of points to write out to file

  POINTS_max<-10000  

  # if the more than 10000 timesteps, select evently spaced 10000 of them for reporting

  report_points<-if(length(times)<=POINTS_max) times else 

    times[seq(1,length(times),by=round(length(times)/POINTS_max))]

  table(report_points%in%times)#check all report values are in times.

  

  

  # STATE####

  # Subject specific UPDATES to the initial value of state varibles

  state<-state_fun()

  

  # Dosing ####

  # 8 hours/day, 5 days/week, 3 weeks exposure

  

  All_Dose<-data.frame(time=times)%>%

    mutate(Level=paste(conc_mgm3,"MGM",sep="_"),

           CIM = (conc_mgm3/1000),# mg/L

           pulse1=pulse(t=time,

                        p=initial_params[["YEAR"]]*24,

                        w=initial_params[["W3"]]*24),

           pulse2=pulse(t=time,

                        p=7*24,

                        w=initial_params[["D3"]]*24),

           pulse3=pulse(t=time,

                        p=24,

                        w=initial_params[["P3"]]),

           pulse=pulse1*pulse2*pulse3,

           CIM=CIM*pulse/initial_params[["MWOXON"]]*1000,#inhaled dose concentration (from mg/L to umol/L)

           is.change=c(1,diff(pulse)))%>%

    filter(is.change!=0)

  

  #print(All_Dose$Level)

  #~~~~APPLY MODEL~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~#### 

  # Do parallel for speed

  c1<-makeCluster(min(cores,n_distinct(All_Dose$Level))) # cluster for parallel 

  timestamp()

  modelOutput<-parLapply(c1,split(All_Dose,All_Dose$Level), function (LL,ini_par,st,t){

    #load data into cores

    source("human_pbpk.R")

    # Create dataframe of "events"that describe the dosing, which informs the

    # ODE function, and needs to have columns "var" = the state_variable that needs

    # to be changed,"time"= when the changes occurs,"value"=the value being changed

    # to,& "method"= how the new value interacts with the previous state variable

    # value. See ?deSolve::lsodes and ?deSolve::events.

    eventDat<-rbind(data.frame(var="CI_OXON",time=LL$time,

                               value=LL$CIM,	 

                               method="replace",stringsAsFactors = FALSE)

    )

    

    # DERIVITIVE ####

    # RUN MODEL 

    modelOutput<- ode(y = st, times = t,  #method = "lsodes",

                      func = Human_Model, parms = ini_par,

                      events = list(data = eventDat[order(eventDat$time),]))

    result <- within(as.data.frame(modelOutput),{Level<-LL$Level[[1]]})

    return(result)

  },ini_par=initial_params,st=state,t=times)

  stopCluster(c1)

  timestamp()

  ModelOutput<-do.call(rbind,modelOutput)##make big dataframe for evaluation

  

  return(ModelOutput)

}







PODcost <- function(test_air_conc){

  

  # POD calculation

  test_result <- minBCE(test_air_conc)

  test_error <- (test_result - 90.0)

  

  # convert vapor conc to dose

  test_dose <- test_air_conc*IR_scenario*(60/1000)*params[["P3"]]/params[["BWST"]] 

  

  print(sprintf("%f  %f  %f",test_air_conc,test_dose,test_result))

  

  return(test_error*test_error)

}



AEDcost <- function(test_air_conc){

  

  # AED calculation

  test_result <- avgCBLO(test_air_conc)

  test_error <- (test_result - ac_50)

  

  # convert vapor conc to dose

  test_dose <- test_air_conc*IR_scenario*(60/1000)*params[["P3"]]/params[["BWST"]] 

  

  print(sprintf("%f  %f  %f",test_air_conc,test_dose,test_result))

  

  return(test_error*test_error)

}



# get the vapor-phase concentration required to reproduce 90% brain AChE

vapor_conc <- optim(par = 719.5, PODcost, method = "Brent",lower = 1, upper = 1e6) # POD limits/bounds



# convert the vapor conc. to a dose (mg/m^3 to mg/kg/day)

final_dose <- vapor_conc$par*IR_scenario*(60/1000)*params[["P3"]]/params[["BWST"]]



# finally run the model for this concentration

ModelOutput <- just_run_model(vapor_conc$par)



final_dose #mkd

vapor_conc$par #mg/m3

min(ModelOutput$RBCCE)


#clear workspace

rm(list = ls())



#set the working directory to the location of these scripts

#setwd(dirname(rstudioapi::getActiveDocumentContext()$path))



BW_scenario <- 69

subject_age = 21

IR_scenario <- 10.67 # L/min inhalation rate

ac_50 = -999

scenario_number = 38

Ndays <- 123

dpw = 7

hpd = 1.5



#Environment####

library(dplyr)

library(tidyr)

library(parallel)

# number of cores avaiable on current machine

tot_cores<-detectCores(all.tests = FALSE, logical = TRUE)  

cores<-tot_cores-1 # leave one core for other tasks 



source("human_pbpk.R") # Loads model and base parameters

source("malathion_human_parameters.R") # male and female specific parameters



# Intial_parameters####

sex = 1						 # 0=male, 1= Female

params<-c(params[!names(params)%in%names(human_parameters[[sex+1]])],

          human_parameters[[sex+1]])



params[["TSTART"]]<-0.0             # START SIMULATION (HR)

params[["TSTOP"]]=Ndays*24      			 # Simulation duration 

params[["BWSW"]] = 1   	 				# Switch for age (set =0) or set (set =1) if bwt provided

params[["BWST"]]= BW_scenario   	 				# kg

params[["AGE0"]]=subject_age

params[["QALV"]] = IR_scenario*60   			# Inhalation rate L/h				

params[["IZONE"]]=1            #Turn inhalation on



params[["W3"]] = Ndays                     #days exposed per year

params[["D3"]] = dpw                         #days exposed per week

params[["P3"]] = hpd                       #hours exposed per day



#conc_mgm3 = interpolated_dose				 # Inhalation concentration, mg/m3  # converted to umol/L below



# combine or replace "base" parameters with case specific human parameters, carring out any calcuated paramters which are function of other specific case parameters 

initial_params <- initial_params_fun(params)



# get blood concentration resulting from dose

# dermal dose based on scenario 35



avgCBL <-function(air_conc){

  

  # concentration in mg/m^3

  # make sure we change to mg/kg/day for output!!!!!!!!!!!!!!!!!!!!!

  conc_mgm3 = air_conc

  

  # TIMING COMMANDS ####

  MAXT=0.1       #maximum time step

  times<-seq(initial_params[["TSTART"]],initial_params[["TSTOP"]],by=MAXT)#

  

  # max number of points to write out to file

  POINTS_max<-10000  

  # if the more than 10000 timesteps, select evently spaced 10000 of them for reporting

  report_points<-if(length(times)<=POINTS_max) times else 

    times[seq(1,length(times),by=round(length(times)/POINTS_max))]

  table(report_points%in%times)#check all report values are in times.

  

  

  # STATE####

  # Subject specific UPDATES to the initial value of state varibles

  state<-state_fun()

  

  # Dosing ####

  # 8 hours/day, 5 days/week, 3 weeks exposure

  

  All_Dose<-data.frame(time=times)%>%

    mutate(Level=paste(conc_mgm3,"MGM",sep="_"),

           CIM = (conc_mgm3/1000),# mg/L

           pulse1=pulse(t=time,

                        p=initial_params[["YEAR"]]*24,

                        w=initial_params[["W3"]]*24),

           pulse2=pulse(t=time,

                        p=7*24,

                        w=initial_params[["D3"]]*24),

           pulse3=pulse(t=time,

                        p=24,

                        w=initial_params[["P3"]]),

           pulse=pulse1*pulse2*pulse3,

           CIM=CIM*pulse/initial_params[["MWPAR"]]*1000,#inhaled dose concentration (from mg/L to umol/L)

           is.change=c(1,diff(pulse)))%>%

    filter(is.change!=0)

  

  #print(All_Dose$Level)

  #~~~~APPLY MODEL~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~#### 

  # Do parallel for speed

  c1<-makeCluster(min(cores,n_distinct(All_Dose$Level))) # cluster for parallel 

  timestamp()

  modelOutput<-parLapply(c1,split(All_Dose,All_Dose$Level), function (LL,ini_par,st,t){

    #load data into cores

    source("human_pbpk.R")

    # Create dataframe of "events"that describe the dosing, which informs the

    # ODE function, and needs to have columns "var" = the state_variable that needs

    # to be changed,"time"= when the changes occurs,"value"=the value being changed

    # to,& "method"= how the new value interacts with the previous state variable

    # value. See ?deSolve::lsodes and ?deSolve::events.

    eventDat<-rbind(data.frame(var="CI",time=LL$time,

                               value=LL$CIM,	 

                               method="replace",stringsAsFactors = FALSE)

    )

    

    # DERIVITIVE ####

    # RUN MODEL 

    modelOutput<- ode(y = st, times = t,  #method = "lsodes",

                      func = Human_Model, parms = ini_par,

                      events = list(data = eventDat[order(eventDat$time),]))

    result <- within(as.data.frame(modelOutput),{Level<-LL$Level[[1]]})

    return(result)

  },ini_par=initial_params,st=state,t=times)

  stopCluster(c1)

  timestamp()

  ModelOutput<-do.call(rbind,modelOutput)##make big dataframe for evaluation

  

  return(mean(tail(ModelOutput$CBL,240)))

}



minRBCCE <-function(air_conc){

  

  # concentration in mg/m^3

  # make sure we change to mg/kg/day for output!!!!!!!!!!!!!!!!!!!!!

  conc_mgm3 = air_conc

  

  # TIMING COMMANDS ####

  MAXT=0.1       #maximum time step

  times<-seq(initial_params[["TSTART"]],initial_params[["TSTOP"]],by=MAXT)#

  

  # max number of points to write out to file

  POINTS_max<-10000  

  # if the more than 10000 timesteps, select evently spaced 10000 of them for reporting

  report_points<-if(length(times)<=POINTS_max) times else 

    times[seq(1,length(times),by=round(length(times)/POINTS_max))]

  table(report_points%in%times)#check all report values are in times.

  

  

  # STATE####

  # Subject specific UPDATES to the initial value of state varibles

  state<-state_fun()

  

  # Dosing ####

  # 8 hours/day, 5 days/week, 3 weeks exposure

  

  All_Dose<-data.frame(time=times)%>%

    mutate(Level=paste(conc_mgm3,"MGM",sep="_"),

           CIM = (conc_mgm3/1000),# mg/L

           pulse1=pulse(t=time,

                        p=initial_params[["YEAR"]]*24,

                        w=initial_params[["W3"]]*24),

           pulse2=pulse(t=time,

                        p=7*24,

                        w=initial_params[["D3"]]*24),

           pulse3=pulse(t=time,

                        p=24,

                        w=initial_params[["P3"]]),

           pulse=pulse1*pulse2*pulse3,

           CIM=CIM*pulse/initial_params[["MWPAR"]]*1000,#inhaled dose concentration (from mg/L to umol/L)

           is.change=c(1,diff(pulse)))%>%

    filter(is.change!=0)

  

  #print(All_Dose$Level)

  #~~~~APPLY MODEL~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~#### 

  # Do parallel for speed

  c1<-makeCluster(min(cores,n_distinct(All_Dose$Level))) # cluster for parallel 

  timestamp()

  modelOutput<-parLapply(c1,split(All_Dose,All_Dose$Level), function (LL,ini_par,st,t){

    #load data into cores

    source("human_pbpk.R")

    # Create dataframe of "events"that describe the dosing, which informs the

    # ODE function, and needs to have columns "var" = the state_variable that needs

    # to be changed,"time"= when the changes occurs,"value"=the value being changed

    # to,& "method"= how the new value interacts with the previous state variable

    # value. See ?deSolve::lsodes and ?deSolve::events.

    eventDat<-rbind(data.frame(var="CI",time=LL$time,

                               value=LL$CIM,	 

                               method="replace",stringsAsFactors = FALSE)

    )

    

    # DERIVITIVE ####

    # RUN MODEL 

    modelOutput<- ode(y = st, times = t,  #method = "lsodes",

                      func = Human_Model, parms = ini_par,

                      events = list(data = eventDat[order(eventDat$time),]))

    result <- within(as.data.frame(modelOutput),{Level<-LL$Level[[1]]})

    return(result)

  },ini_par=initial_params,st=state,t=times)

  stopCluster(c1)

  timestamp()

  ModelOutput<-do.call(rbind,modelOutput)##make big dataframe for evaluation

  

  return(min(ModelOutput$RBCCE))

}



just_run_model <-function(air_conc){

  

  # concentration in mg/m^3

  # make sure we change to mg/kg/day for output!!!!!!!!!!!!!!!!!!!!!

  conc_mgm3 = air_conc

  

  # TIMING COMMANDS ####

  MAXT=0.1       #maximum time step

  times<-seq(initial_params[["TSTART"]],initial_params[["TSTOP"]],by=MAXT)#

  

  # max number of points to write out to file

  POINTS_max<-10000  

  # if the more than 10000 timesteps, select evently spaced 10000 of them for reporting

  report_points<-if(length(times)<=POINTS_max) times else 

    times[seq(1,length(times),by=round(length(times)/POINTS_max))]

  table(report_points%in%times)#check all report values are in times.

  

  

  # STATE####

  # Subject specific UPDATES to the initial value of state varibles

  state<-state_fun()

  

  # Dosing ####

  # 8 hours/day, 5 days/week, 3 weeks exposure

  

  All_Dose<-data.frame(time=times)%>%

    mutate(Level=paste(conc_mgm3,"MGM",sep="_"),

           CIM = (conc_mgm3/1000),# mg/L

           pulse1=pulse(t=time,

                        p=initial_params[["YEAR"]]*24,

                        w=initial_params[["W3"]]*24),

           pulse2=pulse(t=time,

                        p=7*24,

                        w=initial_params[["D3"]]*24),

           pulse3=pulse(t=time,

                        p=24,

                        w=initial_params[["P3"]]),

           pulse=pulse1*pulse2*pulse3,

           CIM=CIM*pulse/initial_params[["MWPAR"]]*1000,#inhaled dose concentration (from mg/L to umol/L)

           is.change=c(1,diff(pulse)))%>%

    filter(is.change!=0)

  

  #print(All_Dose$Level)

  #~~~~APPLY MODEL~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~#### 

  # Do parallel for speed

  c1<-makeCluster(min(cores,n_distinct(All_Dose$Level))) # cluster for parallel 

  timestamp()

  modelOutput<-parLapply(c1,split(All_Dose,All_Dose$Level), function (LL,ini_par,st,t){

    #load data into cores

    source("human_pbpk.R")

    # Create dataframe of "events"that describe the dosing, which informs the

    # ODE function, and needs to have columns "var" = the state_variable that needs

    # to be changed,"time"= when the changes occurs,"value"=the value being changed

    # to,& "method"= how the new value interacts with the previous state variable

    # value. See ?deSolve::lsodes and ?deSolve::events.

    eventDat<-rbind(data.frame(var="CI",time=LL$time,

                               value=LL$CIM,	 

                               method="replace",stringsAsFactors = FALSE)

    )

    

    # DERIVITIVE ####

    # RUN MODEL 

    modelOutput<- ode(y = st, times = t,  #method = "lsodes",

                      func = Human_Model, parms = ini_par,

                      events = list(data = eventDat[order(eventDat$time),]))

    result <- within(as.data.frame(modelOutput),{Level<-LL$Level[[1]]})

    return(result)

  },ini_par=initial_params,st=state,t=times)

  stopCluster(c1)

  timestamp()

  ModelOutput<-do.call(rbind,modelOutput)##make big dataframe for evaluation

  

  return(ModelOutput)

}







PODcost <- function(test_air_conc){

  

  # POD calculation

  test_result <- minRBCCE(test_air_conc)

  test_error <- (test_result - 90.0)

  

  # convert vapor conc to dose

  test_dose <- test_air_conc*IR_scenario*(60/1000)*params[["P3"]]/params[["BWST"]] 

  

  print(sprintf("%f  %f  %f",test_air_conc,test_dose,test_result))

  flush.console()

  return(test_error*test_error)

}



AEDcost <- function(test_air_conc){

  

  # AED calculation

  test_result <- avgCBL(test_air_conc)

  test_error <- (test_result - ac_50)

  

  # convert vapor conc to dose

  test_dose <- test_air_conc*IR_scenario*(60/1000)*params[["P3"]]/params[["BWST"]] 

  

  print(sprintf("%f  %f  %f",test_air_conc,test_dose,test_result))

  flush.console()

  return(test_error*test_error)

}



# get the vapor-phase concentration required to reproduce 90% brain AChE

vapor_conc <- optim(par = 719.5, PODcost, method = "Brent",lower = 1, upper = 1e6) # POD limits/bounds



# convert the vapor conc. to a dose (mg/m^3 to mg/kg/day)

final_dose <- vapor_conc$par*IR_scenario*(60/1000)*params[["P3"]]/params[["BWST"]]



# finally run the model for this concentration

ModelOutput <- just_run_model(vapor_conc$par)



final_dose #mkd

vapor_conc$par #mg/m3

min(ModelOutput$RBCCE)


#clear workspace

rm(list = ls())



#set the working directory to the location of these scripts

#setwd(dirname(rstudioapi::getActiveDocumentContext()$path))



BW_scenario <- 11

subject_age = 1.5

IR_scenario <- 5.5 # L/min inhalation rate

ac_50 = -999

Ndays = 123

dpw = 7

hpd = 1.5

scenario_number = 39



#Environment####

library(dplyr)

library(tidyr)

library(parallel)

# number of cores avaiable on current machine

tot_cores<-detectCores(all.tests = FALSE, logical = TRUE)  

cores<-tot_cores-1 # leave one core for other tasks 



source("human_pbpk.R") # Loads model and base parameters

source("malathion_human_parameters.R") # male and female specific parameters



# Intial_parameters####

sex = 1						 # 0=male, 1= Female

params<-c(params[!names(params)%in%names(human_parameters[[sex+1]])],

          human_parameters[[sex+1]])



params[["TSTART"]]<-0.0             # START SIMULATION (HR)

params[["TSTOP"]]=Ndays*24      			 # Simulation duration

params[["BWSW"]] = 1   	 				# Switch for age (set =0) or set (set =1) if bwt provided

params[["BWST"]]= BW_scenario   	 				# kg

params[["AGE0"]]=subject_age

params[["QALV"]] = IR_scenario*60   			# Inhalation rate L/h				

params[["IZONE"]]=1            #Turn inhalation on



params[["W3"]] = Ndays                     #days exposed per year

params[["D3"]] = dpw                         #days exposed per week

params[["P3"]] = hpd                       #hours exposed per day



#conc_mgm3 = interpolated_dose				 # Inhalation concentration, mg/m3  # converted to umol/L below



# combine or replace "base" parameters with case specific human parameters, carring out any calcuated paramters which are function of other specific case parameters 

initial_params <- initial_params_fun(params)





params[["TSTART"]]<-0.0             # START SIMULATION (HR)

params[["TSTOP"]]=600      			 # Simulation duration = 25 days (END ON THURSDAY)

params[["BWSW"]] = 1   	 				# Switch for age (set =0) or set (set =1) if bwt provided

params[["BWST"]]= BW_scenario   	 				# kg

params[["QALV"]] = IR_scenario*60   			# Inhalation rate L/h				

params[["IZONE"]]=1            #Turn inhalation on



params[["W3"]] = 25                     #days exposed per year

params[["D3"]] = 7                         #days exposed per week

params[["P3"]] = 1.5                       #hours exposed per day









# get blood concentration resulting from dose

# dermal dose based on scenario 35



avgCBLO <-function(air_conc){

  

  # concentration in mg/m^3

  # make sure we change to mg/kg/day for output!!!!!!!!!!!!!!!!!!!!!

  conc_mgm3 = air_conc

  

  # TIMING COMMANDS ####

  MAXT=0.1       #maximum time step

  times<-seq(initial_params[["TSTART"]],initial_params[["TSTOP"]],by=MAXT)#

  

  # max number of points to write out to file

  POINTS_max<-10000  

  # if the more than 10000 timesteps, select evently spaced 10000 of them for reporting

  report_points<-if(length(times)<=POINTS_max) times else 

    times[seq(1,length(times),by=round(length(times)/POINTS_max))]

  table(report_points%in%times)#check all report values are in times.

  

  

  # STATE####

  # Subject specific UPDATES to the initial value of state varibles

  state<-state_fun()

  

  # Dosing ####

  # 8 hours/day, 5 days/week, 3 weeks exposure

  

  All_Dose<-data.frame(time=times)%>%

    mutate(Level=paste(conc_mgm3,"MGM",sep="_"),

           CIM = (conc_mgm3/1000),# mg/L

           pulse1=pulse(t=time,

                        p=initial_params[["YEAR"]]*24,

                        w=initial_params[["W3"]]*24),

           pulse2=pulse(t=time,

                        p=7*24,

                        w=initial_params[["D3"]]*24),

           pulse3=pulse(t=time,

                        p=24,

                        w=initial_params[["P3"]]),

           pulse=pulse1*pulse2*pulse3,

           CIM=CIM*pulse/initial_params[["MWOXON"]]*1000,#inhaled dose concentration (from mg/L to umol/L)

           is.change=c(1,diff(pulse)))%>%

    filter(is.change!=0)

  

  #print(All_Dose$Level)

  #~~~~APPLY MODEL~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~#### 

  # Do parallel for speed

  c1<-makeCluster(min(cores,n_distinct(All_Dose$Level))) # cluster for parallel 

  timestamp()

  modelOutput<-parLapply(c1,split(All_Dose,All_Dose$Level), function (LL,ini_par,st,t){

    #load data into cores

    source("human_pbpk.R")

    # Create dataframe of "events"that describe the dosing, which informs the

    # ODE function, and needs to have columns "var" = the state_variable that needs

    # to be changed,"time"= when the changes occurs,"value"=the value being changed

    # to,& "method"= how the new value interacts with the previous state variable

    # value. See ?deSolve::lsodes and ?deSolve::events.

    eventDat<-rbind(data.frame(var="CI_OXON",time=LL$time,

                               value=LL$CIM,	 

                               method="replace",stringsAsFactors = FALSE)

    )

    

    # DERIVITIVE ####

    # RUN MODEL 

    modelOutput<- ode(y = st, times = t,  #method = "lsodes",

                      func = Human_Model, parms = ini_par,

                      events = list(data = eventDat[order(eventDat$time),]))

    result <- within(as.data.frame(modelOutput),{Level<-LL$Level[[1]]})

    return(result)

  },ini_par=initial_params,st=state,t=times)

  stopCluster(c1)

  timestamp()

  ModelOutput<-do.call(rbind,modelOutput)##make big dataframe for evaluation

  

  return(mean(tail(ModelOutput$CBLO,240)))

}



minBCE <-function(air_conc){

  

  # concentration in mg/m^3

  # make sure we change to mg/kg/day for output!!!!!!!!!!!!!!!!!!!!!

  conc_mgm3 = air_conc

  

  # TIMING COMMANDS ####

  MAXT=0.1       #maximum time step

  times<-seq(initial_params[["TSTART"]],initial_params[["TSTOP"]],by=MAXT)#

  

  # max number of points to write out to file

  POINTS_max<-10000  

  # if the more than 10000 timesteps, select evently spaced 10000 of them for reporting

  report_points<-if(length(times)<=POINTS_max) times else 

    times[seq(1,length(times),by=round(length(times)/POINTS_max))]

  table(report_points%in%times)#check all report values are in times.

  

  

  # STATE####

  # Subject specific UPDATES to the initial value of state varibles

  state<-state_fun()

  

  # Dosing ####

  # 8 hours/day, 5 days/week, 3 weeks exposure

  

  All_Dose<-data.frame(time=times)%>%

    mutate(Level=paste(conc_mgm3,"MGM",sep="_"),

           CIM = (conc_mgm3/1000),# mg/L

           pulse1=pulse(t=time,

                        p=initial_params[["YEAR"]]*24,

                        w=initial_params[["W3"]]*24),

           pulse2=pulse(t=time,

                        p=7*24,

                        w=initial_params[["D3"]]*24),

           pulse3=pulse(t=time,

                        p=24,

                        w=initial_params[["P3"]]),

           pulse=pulse1*pulse2*pulse3,

           CIM=CIM*pulse/initial_params[["MWOXON"]]*1000,#inhaled dose concentration (from mg/L to umol/L)

           is.change=c(1,diff(pulse)))%>%

    filter(is.change!=0)

  

  #print(All_Dose$Level)

  #~~~~APPLY MODEL~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~#### 

  # Do parallel for speed

  c1<-makeCluster(min(cores,n_distinct(All_Dose$Level))) # cluster for parallel 

  timestamp()

  modelOutput<-parLapply(c1,split(All_Dose,All_Dose$Level), function (LL,ini_par,st,t){

    #load data into cores

    source("human_pbpk.R")

    # Create dataframe of "events"that describe the dosing, which informs the

    # ODE function, and needs to have columns "var" = the state_variable that needs

    # to be changed,"time"= when the changes occurs,"value"=the value being changed

    # to,& "method"= how the new value interacts with the previous state variable

    # value. See ?deSolve::lsodes and ?deSolve::events.

    eventDat<-rbind(data.frame(var="CI_OXON",time=LL$time,

                               value=LL$CIM,	 

                               method="replace",stringsAsFactors = FALSE)

    )

    

    # DERIVITIVE ####

    # RUN MODEL 

    modelOutput<- ode(y = st, times = t,  #method = "lsodes",

                      func = Human_Model, parms = ini_par,

                      events = list(data = eventDat[order(eventDat$time),]))

    result <- within(as.data.frame(modelOutput),{Level<-LL$Level[[1]]})

    return(result)

  },ini_par=initial_params,st=state,t=times)

  stopCluster(c1)

  timestamp()

  ModelOutput<-do.call(rbind,modelOutput)##make big dataframe for evaluation

  

  return(min(ModelOutput$BCE))

}



just_run_model <-function(air_conc){

  

  # concentration in mg/m^3

  # make sure we change to mg/kg/day for output!!!!!!!!!!!!!!!!!!!!!

  conc_mgm3 = air_conc

  

  # TIMING COMMANDS ####

  MAXT=0.1       #maximum time step

  times<-seq(initial_params[["TSTART"]],initial_params[["TSTOP"]],by=MAXT)#

  

  # max number of points to write out to file

  POINTS_max<-10000  

  # if the more than 10000 timesteps, select evently spaced 10000 of them for reporting

  report_points<-if(length(times)<=POINTS_max) times else 

    times[seq(1,length(times),by=round(length(times)/POINTS_max))]

  table(report_points%in%times)#check all report values are in times.

  

  

  # STATE####

  # Subject specific UPDATES to the initial value of state varibles

  state<-state_fun()

  

  # Dosing ####

  # 8 hours/day, 5 days/week, 3 weeks exposure

  

  All_Dose<-data.frame(time=times)%>%

    mutate(Level=paste(conc_mgm3,"MGM",sep="_"),

           CIM = (conc_mgm3/1000),# mg/L

           pulse1=pulse(t=time,

                        p=initial_params[["YEAR"]]*24,

                        w=initial_params[["W3"]]*24),

           pulse2=pulse(t=time,

                        p=7*24,

                        w=initial_params[["D3"]]*24),

           pulse3=pulse(t=time,

                        p=24,

                        w=initial_params[["P3"]]),

           pulse=pulse1*pulse2*pulse3,

           CIM=CIM*pulse/initial_params[["MWOXON"]]*1000,#inhaled dose concentration (from mg/L to umol/L)

           is.change=c(1,diff(pulse)))%>%

    filter(is.change!=0)

  

  #print(All_Dose$Level)

  #~~~~APPLY MODEL~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~#### 

  # Do parallel for speed

  c1<-makeCluster(min(cores,n_distinct(All_Dose$Level))) # cluster for parallel 

  timestamp()

  modelOutput<-parLapply(c1,split(All_Dose,All_Dose$Level), function (LL,ini_par,st,t){

    #load data into cores

    source("human_pbpk.R")

    # Create dataframe of "events"that describe the dosing, which informs the

    # ODE function, and needs to have columns "var" = the state_variable that needs

    # to be changed,"time"= when the changes occurs,"value"=the value being changed

    # to,& "method"= how the new value interacts with the previous state variable

    # value. See ?deSolve::lsodes and ?deSolve::events.

    eventDat<-rbind(data.frame(var="CI_OXON",time=LL$time,

                               value=LL$CIM,	 

                               method="replace",stringsAsFactors = FALSE)

    )

    

    # DERIVITIVE ####

    # RUN MODEL 

    modelOutput<- ode(y = st, times = t,  #method = "lsodes",

                      func = Human_Model, parms = ini_par,

                      events = list(data = eventDat[order(eventDat$time),]))

    result <- within(as.data.frame(modelOutput),{Level<-LL$Level[[1]]})

    return(result)

  },ini_par=initial_params,st=state,t=times)

  stopCluster(c1)

  timestamp()

  ModelOutput<-do.call(rbind,modelOutput)##make big dataframe for evaluation

  

  return(ModelOutput)

}







PODcost <- function(test_air_conc){

  

  # POD calculation

  test_result <- minBCE(test_air_conc)

  test_error <- (test_result - 90.0)

  

  # convert vapor conc to dose

  test_dose <- test_air_conc*IR_scenario*(60/1000)*params[["P3"]]/params[["BWST"]] 

  

  print(sprintf("%f  %f  %f",test_air_conc,test_dose,test_result))

  

  return(test_error*test_error)

}



AEDcost <- function(test_air_conc){

  

  # AED calculation

  test_result <- avgCBLO(test_air_conc)

  test_error <- (test_result - ac_50)

  

  # convert vapor conc to dose

  test_dose <- test_air_conc*IR_scenario*(60/1000)*params[["P3"]]/params[["BWST"]] 

  

  print(sprintf("%f  %f  %f",test_air_conc,test_dose,test_result))

  

  return(test_error*test_error)

}



# get the vapor-phase concentration required to reproduce 90% brain AChE

vapor_conc <- optim(par = 719.5, PODcost, method = "Brent",lower = 1, upper = 1e6) # POD limits/bounds



# convert the vapor conc. to a dose (mg/m^3 to mg/kg/day)

final_dose <- vapor_conc$par*IR_scenario*(60/1000)*params[["P3"]]/params[["BWST"]]



# finally run the model for this concentration

ModelOutput <- just_run_model(vapor_conc$par)



final_dose #mkd

vapor_conc$par #mg/m3

min(ModelOutput$RBCCE)




#clear workspace

rm(list = ls())



#set the working directory to the location of these scripts

#setwd(dirname(rstudioapi::getActiveDocumentContext()$path))



BW_scenario <- 11

subject_age = 1.5

IR_scenario <- 5.5 # L/min inhalation rate

ac_50 = -999

scenario_number = 39

Ndays <- 123

dpw = 7

hpd = 1.5



#Environment####

library(dplyr)

library(tidyr)

library(parallel)

# number of cores avaiable on current machine

tot_cores<-detectCores(all.tests = FALSE, logical = TRUE)  

cores<-tot_cores-1 # leave one core for other tasks 



source("human_pbpk.R") # Loads model and base parameters

source("malathion_human_parameters.R") # male and female specific parameters



# Intial_parameters####

sex = 1						 # 0=male, 1= Female

params<-c(params[!names(params)%in%names(human_parameters[[sex+1]])],

          human_parameters[[sex+1]])



params[["TSTART"]]<-0.0             # START SIMULATION (HR)

params[["TSTOP"]]=Ndays*24      			 # Simulation duration = 25 days (END ON THURSDAY)

params[["BWSW"]] = 1   	 				# Switch for age (set =0) or set (set =1) if bwt provided

params[["BWST"]]= BW_scenario   	 				# kg

params[["AGE0"]]=subject_age

params[["QALV"]] = IR_scenario*60   			# Inhalation rate L/h				

params[["IZONE"]]=1            #Turn inhalation on



params[["W3"]] = Ndays                     #days exposed per year

params[["D3"]] = dpw                         #days exposed per week

params[["P3"]] = hpd                       #hours exposed per day



#conc_mgm3 = interpolated_dose				 # Inhalation concentration, mg/m3  # converted to umol/L below



# combine or replace "base" parameters with case specific human parameters, carring out any calcuated paramters which are function of other specific case parameters 

initial_params <- initial_params_fun(params)



# get blood concentration resulting from dose

# dermal dose based on scenario 35



avgCBL <-function(air_conc){

  

  # concentration in mg/m^3

  # make sure we change to mg/kg/day for output!!!!!!!!!!!!!!!!!!!!!

  conc_mgm3 = air_conc

  

  # TIMING COMMANDS ####

  MAXT=0.1       #maximum time step

  times<-seq(initial_params[["TSTART"]],initial_params[["TSTOP"]],by=MAXT)#

  

  # max number of points to write out to file

  POINTS_max<-10000  

  # if the more than 10000 timesteps, select evently spaced 10000 of them for reporting

  report_points<-if(length(times)<=POINTS_max) times else 

    times[seq(1,length(times),by=round(length(times)/POINTS_max))]

  table(report_points%in%times)#check all report values are in times.

  

  

  # STATE####

  # Subject specific UPDATES to the initial value of state varibles

  state<-state_fun()

  

  # Dosing ####

  # 8 hours/day, 5 days/week, 3 weeks exposure

  

  All_Dose<-data.frame(time=times)%>%

    mutate(Level=paste(conc_mgm3,"MGM",sep="_"),

           CIM = (conc_mgm3/1000),# mg/L

           pulse1=pulse(t=time,

                        p=initial_params[["YEAR"]]*24,

                        w=initial_params[["W3"]]*24),

           pulse2=pulse(t=time,

                        p=7*24,

                        w=initial_params[["D3"]]*24),

           pulse3=pulse(t=time,

                        p=24,

                        w=initial_params[["P3"]]),

           pulse=pulse1*pulse2*pulse3,

           CIM=CIM*pulse/initial_params[["MWPAR"]]*1000,#inhaled dose concentration (from mg/L to umol/L)

           is.change=c(1,diff(pulse)))%>%

    filter(is.change!=0)

  

  #print(All_Dose$Level)

  #~~~~APPLY MODEL~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~#### 

  # Do parallel for speed

  c1<-makeCluster(min(cores,n_distinct(All_Dose$Level))) # cluster for parallel 

  timestamp()

  modelOutput<-parLapply(c1,split(All_Dose,All_Dose$Level), function (LL,ini_par,st,t){

    #load data into cores

    source("human_pbpk.R")

    # Create dataframe of "events"that describe the dosing, which informs the

    # ODE function, and needs to have columns "var" = the state_variable that needs

    # to be changed,"time"= when the changes occurs,"value"=the value being changed

    # to,& "method"= how the new value interacts with the previous state variable

    # value. See ?deSolve::lsodes and ?deSolve::events.

    eventDat<-rbind(data.frame(var="CI",time=LL$time,

                               value=LL$CIM,	 

                               method="replace",stringsAsFactors = FALSE)

    )

    

    # DERIVITIVE ####

    # RUN MODEL 

    modelOutput<- ode(y = st, times = t,  #method = "lsodes",

                      func = Human_Model, parms = ini_par,

                      events = list(data = eventDat[order(eventDat$time),]))

    result <- within(as.data.frame(modelOutput),{Level<-LL$Level[[1]]})

    return(result)

  },ini_par=initial_params,st=state,t=times)

  stopCluster(c1)

  timestamp()

  ModelOutput<-do.call(rbind,modelOutput)##make big dataframe for evaluation

  

  return(mean(tail(ModelOutput$CBL,240)))

}



minRBCCE <-function(air_conc){

  

  # concentration in mg/m^3

  # make sure we change to mg/kg/day for output!!!!!!!!!!!!!!!!!!!!!

  conc_mgm3 = air_conc

  

  # TIMING COMMANDS ####

  MAXT=0.1       #maximum time step

  times<-seq(initial_params[["TSTART"]],initial_params[["TSTOP"]],by=MAXT)#

  

  # max number of points to write out to file

  POINTS_max<-10000  

  # if the more than 10000 timesteps, select evently spaced 10000 of them for reporting

  report_points<-if(length(times)<=POINTS_max) times else 

    times[seq(1,length(times),by=round(length(times)/POINTS_max))]

  table(report_points%in%times)#check all report values are in times.

  

  

  # STATE####

  # Subject specific UPDATES to the initial value of state varibles

  state<-state_fun()

  

  # Dosing ####

  # 8 hours/day, 5 days/week, 3 weeks exposure

  

  All_Dose<-data.frame(time=times)%>%

    mutate(Level=paste(conc_mgm3,"MGM",sep="_"),

           CIM = (conc_mgm3/1000),# mg/L

           pulse1=pulse(t=time,

                        p=initial_params[["YEAR"]]*24,

                        w=initial_params[["W3"]]*24),

           pulse2=pulse(t=time,

                        p=7*24,

                        w=initial_params[["D3"]]*24),

           pulse3=pulse(t=time,

                        p=24,

                        w=initial_params[["P3"]]),

           pulse=pulse1*pulse2*pulse3,

           CIM=CIM*pulse/initial_params[["MWPAR"]]*1000,#inhaled dose concentration (from mg/L to umol/L)

           is.change=c(1,diff(pulse)))%>%

    filter(is.change!=0)

  

  #print(All_Dose$Level)

  #~~~~APPLY MODEL~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~#### 

  # Do parallel for speed

  c1<-makeCluster(min(cores,n_distinct(All_Dose$Level))) # cluster for parallel 

  timestamp()

  modelOutput<-parLapply(c1,split(All_Dose,All_Dose$Level), function (LL,ini_par,st,t){

    #load data into cores

    source("human_pbpk.R")

    # Create dataframe of "events"that describe the dosing, which informs the

    # ODE function, and needs to have columns "var" = the state_variable that needs

    # to be changed,"time"= when the changes occurs,"value"=the value being changed

    # to,& "method"= how the new value interacts with the previous state variable

    # value. See ?deSolve::lsodes and ?deSolve::events.

    eventDat<-rbind(data.frame(var="CI",time=LL$time,

                               value=LL$CIM,	 

                               method="replace",stringsAsFactors = FALSE)

    )

    

    # DERIVITIVE ####

    # RUN MODEL 

    modelOutput<- ode(y = st, times = t,  #method = "lsodes",

                      func = Human_Model, parms = ini_par,

                      events = list(data = eventDat[order(eventDat$time),]))

    result <- within(as.data.frame(modelOutput),{Level<-LL$Level[[1]]})

    return(result)

  },ini_par=initial_params,st=state,t=times)

  stopCluster(c1)

  timestamp()

  ModelOutput<-do.call(rbind,modelOutput)##make big dataframe for evaluation

  

  return(min(ModelOutput$RBCCE))

}



just_run_model <-function(air_conc){

  

  # concentration in mg/m^3

  # make sure we change to mg/kg/day for output!!!!!!!!!!!!!!!!!!!!!

  conc_mgm3 = air_conc

  

  # TIMING COMMANDS ####

  MAXT=0.1       #maximum time step

  times<-seq(initial_params[["TSTART"]],initial_params[["TSTOP"]],by=MAXT)#

  

  # max number of points to write out to file

  POINTS_max<-10000  

  # if the more than 10000 timesteps, select evently spaced 10000 of them for reporting

  report_points<-if(length(times)<=POINTS_max) times else 

    times[seq(1,length(times),by=round(length(times)/POINTS_max))]

  table(report_points%in%times)#check all report values are in times.

  

  

  # STATE####

  # Subject specific UPDATES to the initial value of state varibles

  state<-state_fun()

  

  # Dosing ####

  # 8 hours/day, 5 days/week, 3 weeks exposure

  

  All_Dose<-data.frame(time=times)%>%

    mutate(Level=paste(conc_mgm3,"MGM",sep="_"),

           CIM = (conc_mgm3/1000),# mg/L

           pulse1=pulse(t=time,

                        p=initial_params[["YEAR"]]*24,

                        w=initial_params[["W3"]]*24),

           pulse2=pulse(t=time,

                        p=7*24,

                        w=initial_params[["D3"]]*24),

           pulse3=pulse(t=time,

                        p=24,

                        w=initial_params[["P3"]]),

           pulse=pulse1*pulse2*pulse3,

           CIM=CIM*pulse/initial_params[["MWPAR"]]*1000,#inhaled dose concentration (from mg/L to umol/L)

           is.change=c(1,diff(pulse)))%>%

    filter(is.change!=0)

  

  #print(All_Dose$Level)

  #~~~~APPLY MODEL~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~#### 

  # Do parallel for speed

  c1<-makeCluster(min(cores,n_distinct(All_Dose$Level))) # cluster for parallel 

  timestamp()

  modelOutput<-parLapply(c1,split(All_Dose,All_Dose$Level), function (LL,ini_par,st,t){

    #load data into cores

    source("human_pbpk.R")

    # Create dataframe of "events"that describe the dosing, which informs the

    # ODE function, and needs to have columns "var" = the state_variable that needs

    # to be changed,"time"= when the changes occurs,"value"=the value being changed

    # to,& "method"= how the new value interacts with the previous state variable

    # value. See ?deSolve::lsodes and ?deSolve::events.

    eventDat<-rbind(data.frame(var="CI",time=LL$time,

                               value=LL$CIM,	 

                               method="replace",stringsAsFactors = FALSE)

    )

    

    # DERIVITIVE ####

    # RUN MODEL 

    modelOutput<- ode(y = st, times = t,  #method = "lsodes",

                      func = Human_Model, parms = ini_par,

                      events = list(data = eventDat[order(eventDat$time),]))

    result <- within(as.data.frame(modelOutput),{Level<-LL$Level[[1]]})

    return(result)

  },ini_par=initial_params,st=state,t=times)

  stopCluster(c1)

  timestamp()

  ModelOutput<-do.call(rbind,modelOutput)##make big dataframe for evaluation

  

  return(ModelOutput)

}







PODcost <- function(test_air_conc){

  

  # POD calculation

  test_result <- minRBCCE(test_air_conc)

  test_error <- (test_result - 90.0)

  

  # convert vapor conc to dose

  test_dose <- test_air_conc*IR_scenario*(60/1000)*params[["P3"]]/params[["BWST"]] 

  

  print(sprintf("%f  %f  %f",test_air_conc,test_dose,test_result))

  flush.console()

  return(test_error*test_error)

}



AEDcost <- function(test_air_conc){

  

  # AED calculation

  test_result <- avgCBL(test_air_conc)

  test_error <- (test_result - ac_50)

  

  # convert vapor conc to dose

  test_dose <- test_air_conc*IR_scenario*(60/1000)*params[["P3"]]/params[["BWST"]] 

  

  print(sprintf("%f  %f  %f",test_air_conc,test_dose,test_result))

  flush.console()

  return(test_error*test_error)

}



# get the vapor-phase concentration required to reproduce 90% brain AChE

vapor_conc <- optim(par = 719.5, PODcost, method = "Brent",lower = 1, upper = 1e6) # POD limits/bounds



# convert the vapor conc. to a dose (mg/m^3 to mg/kg/day)

final_dose <- vapor_conc$par*IR_scenario*(60/1000)*params[["P3"]]/params[["BWST"]]



# finally run the model for this concentration

ModelOutput <- just_run_model(vapor_conc$par)



final_dose #mkd

vapor_conc$par #mg/m3

min(ModelOutput$RBCCE)


#clear workspace

rm(list = ls())



#set the working directory to the location of these scripts

#setwd(dirname(rstudioapi::getActiveDocumentContext()$path))



BW_scenario <- 69

subject_age = 21

IR_scenario <- 10.67 # L/min inhalation rate

ac_50 = -999

Ndays = 1

dpw = 1

hpd = 24

scenario_number = 40



#Environment####

library(dplyr)

library(tidyr)

library(parallel)

# number of cores avaiable on current machine

tot_cores<-detectCores(all.tests = FALSE, logical = TRUE)  

cores<-tot_cores-1 # leave one core for other tasks 



source("human_pbpk.R") # Loads model and base parameters

source("malathion_human_parameters.R") # male and female specific parameters



# Intial_parameters####

sex = 1						 # 0=male, 1= Female

params<-c(params[!names(params)%in%names(human_parameters[[sex+1]])],

          human_parameters[[sex+1]])



params[["TSTART"]]<-0.0             # START SIMULATION (HR)

params[["TSTOP"]]=Ndays*24      			 # Simulation duration 

params[["BWSW"]] = 1   	 				# Switch for age (set =0) or set (set =1) if bwt provided

params[["BWST"]]= BW_scenario   	 				# kg

params[["AGE0"]]=subject_age

params[["QALV"]] = IR_scenario*60   			# Inhalation rate L/h				

params[["IZONE"]]=1            #Turn inhalation on



params[["W3"]] = Ndays                     #days exposed per year

params[["D3"]] = dpw                         #days exposed per week

params[["P3"]] = hpd                      #hours exposed per day



#conc_mgm3 = interpolated_dose				 # Inhalation concentration, mg/m3  # converted to umol/L below



# combine or replace "base" parameters with case specific human parameters, carring out any calcuated paramters which are function of other specific case parameters 

initial_params <- initial_params_fun(params)



# get blood concentration resulting from dose

# dermal dose based on scenario 35



avgCBLO <-function(air_conc){

  

  # concentration in mg/m^3

  # make sure we change to mg/kg/day for output!!!!!!!!!!!!!!!!!!!!!

  conc_mgm3 = air_conc

  

  # TIMING COMMANDS ####

  MAXT=0.1       #maximum time step

  times<-seq(initial_params[["TSTART"]],initial_params[["TSTOP"]],by=MAXT)#

  

  # max number of points to write out to file

  POINTS_max<-10000  

  # if the more than 10000 timesteps, select evently spaced 10000 of them for reporting

  report_points<-if(length(times)<=POINTS_max) times else 

    times[seq(1,length(times),by=round(length(times)/POINTS_max))]

  table(report_points%in%times)#check all report values are in times.

  

  

  # STATE####

  # Subject specific UPDATES to the initial value of state varibles

  state<-state_fun()

  

  # Dosing ####

  # 8 hours/day, 5 days/week, 3 weeks exposure

  

  All_Dose<-data.frame(time=times)%>%

    mutate(Level=paste(conc_mgm3,"MGM",sep="_"),

           CIM = (conc_mgm3/1000),# mg/L

           pulse1=pulse(t=time,

                        p=initial_params[["YEAR"]]*24,

                        w=initial_params[["W3"]]*24),

           pulse2=pulse(t=time,

                        p=7*24,

                        w=initial_params[["D3"]]*24),

           pulse3=pulse(t=time,

                        p=24,

                        w=initial_params[["P3"]]),

           pulse=pulse1*pulse2*pulse3,

           CIM=CIM*pulse/initial_params[["MWOXON"]]*1000,#inhaled dose concentration (from mg/L to umol/L)

           is.change=c(1,diff(pulse)))%>%

    filter(is.change!=0)

  

  #print(All_Dose$Level)

  #~~~~APPLY MODEL~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~#### 

  # Do parallel for speed

  c1<-makeCluster(min(cores,n_distinct(All_Dose$Level))) # cluster for parallel 

  timestamp()

  modelOutput<-parLapply(c1,split(All_Dose,All_Dose$Level), function (LL,ini_par,st,t){

    #load data into cores

    source("human_pbpk.R")

    # Create dataframe of "events"that describe the dosing, which informs the

    # ODE function, and needs to have columns "var" = the state_variable that needs

    # to be changed,"time"= when the changes occurs,"value"=the value being changed

    # to,& "method"= how the new value interacts with the previous state variable

    # value. See ?deSolve::lsodes and ?deSolve::events.

    eventDat<-rbind(data.frame(var="CI_OXON",time=LL$time,

                               value=LL$CIM,	 

                               method="replace",stringsAsFactors = FALSE)

    )

    

    # DERIVITIVE ####

    # RUN MODEL 

    modelOutput<- ode(y = st, times = t,  #method = "lsodes",

                      func = Human_Model, parms = ini_par,

                      events = list(data = eventDat[order(eventDat$time),]))

    result <- within(as.data.frame(modelOutput),{Level<-LL$Level[[1]]})

    return(result)

  },ini_par=initial_params,st=state,t=times)

  stopCluster(c1)

  timestamp()

  ModelOutput<-do.call(rbind,modelOutput)##make big dataframe for evaluation

  

  return(mean(tail(ModelOutput$CBLO,240)))

}



minBCE <-function(air_conc){

  

  # concentration in mg/m^3

  # make sure we change to mg/kg/day for output!!!!!!!!!!!!!!!!!!!!!

  conc_mgm3 = air_conc

  

  # TIMING COMMANDS ####

  MAXT=0.1       #maximum time step

  times<-seq(initial_params[["TSTART"]],initial_params[["TSTOP"]],by=MAXT)#

  

  # max number of points to write out to file

  POINTS_max<-10000  

  # if the more than 10000 timesteps, select evently spaced 10000 of them for reporting

  report_points<-if(length(times)<=POINTS_max) times else 

    times[seq(1,length(times),by=round(length(times)/POINTS_max))]

  table(report_points%in%times)#check all report values are in times.

  

  

  # STATE####

  # Subject specific UPDATES to the initial value of state varibles

  state<-state_fun()

  

  # Dosing ####

  # 8 hours/day, 5 days/week, 3 weeks exposure

  

  All_Dose<-data.frame(time=times)%>%

    mutate(Level=paste(conc_mgm3,"MGM",sep="_"),

           CIM = (conc_mgm3/1000),# mg/L

           pulse1=pulse(t=time,

                        p=initial_params[["YEAR"]]*24,

                        w=initial_params[["W3"]]*24),

           pulse2=pulse(t=time,

                        p=7*24,

                        w=initial_params[["D3"]]*24),

           pulse3=pulse(t=time,

                        p=24,

                        w=initial_params[["P3"]]),

           pulse=pulse1*pulse2*pulse3,

           CIM=CIM*pulse/initial_params[["MWOXON"]]*1000,#inhaled dose concentration (from mg/L to umol/L)

           is.change=c(1,diff(pulse)))%>%

    filter(is.change!=0)

  

  #print(All_Dose$Level)

  #~~~~APPLY MODEL~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~#### 

  # Do parallel for speed

  c1<-makeCluster(min(cores,n_distinct(All_Dose$Level))) # cluster for parallel 

  timestamp()

  modelOutput<-parLapply(c1,split(All_Dose,All_Dose$Level), function (LL,ini_par,st,t){

    #load data into cores

    source("human_pbpk.R")

    # Create dataframe of "events"that describe the dosing, which informs the

    # ODE function, and needs to have columns "var" = the state_variable that needs

    # to be changed,"time"= when the changes occurs,"value"=the value being changed

    # to,& "method"= how the new value interacts with the previous state variable

    # value. See ?deSolve::lsodes and ?deSolve::events.

    eventDat<-rbind(data.frame(var="CI_OXON",time=LL$time,

                               value=LL$CIM,	 

                               method="replace",stringsAsFactors = FALSE)

    )

    

    # DERIVITIVE ####

    # RUN MODEL 

    modelOutput<- ode(y = st, times = t,  #method = "lsodes",

                      func = Human_Model, parms = ini_par,

                      events = list(data = eventDat[order(eventDat$time),]))

    result <- within(as.data.frame(modelOutput),{Level<-LL$Level[[1]]})

    return(result)

  },ini_par=initial_params,st=state,t=times)

  stopCluster(c1)

  timestamp()

  ModelOutput<-do.call(rbind,modelOutput)##make big dataframe for evaluation

  

  return(min(ModelOutput$BCE))

}



just_run_model <-function(air_conc){

  

  # concentration in mg/m^3

  # make sure we change to mg/kg/day for output!!!!!!!!!!!!!!!!!!!!!

  conc_mgm3 = air_conc

  

  # TIMING COMMANDS ####

  MAXT=0.1       #maximum time step

  times<-seq(initial_params[["TSTART"]],initial_params[["TSTOP"]],by=MAXT)#

  

  # max number of points to write out to file

  POINTS_max<-10000  

  # if the more than 10000 timesteps, select evently spaced 10000 of them for reporting

  report_points<-if(length(times)<=POINTS_max) times else 

    times[seq(1,length(times),by=round(length(times)/POINTS_max))]

  table(report_points%in%times)#check all report values are in times.

  

  

  # STATE####

  # Subject specific UPDATES to the initial value of state varibles

  state<-state_fun()

  

  # Dosing ####

  # 8 hours/day, 5 days/week, 3 weeks exposure

  

  All_Dose<-data.frame(time=times)%>%

    mutate(Level=paste(conc_mgm3,"MGM",sep="_"),

           CIM = (conc_mgm3/1000),# mg/L

           pulse1=pulse(t=time,

                        p=initial_params[["YEAR"]]*24,

                        w=initial_params[["W3"]]*24),

           pulse2=pulse(t=time,

                        p=7*24,

                        w=initial_params[["D3"]]*24),

           pulse3=pulse(t=time,

                        p=24,

                        w=initial_params[["P3"]]),

           pulse=pulse1*pulse2*pulse3,

           CIM=CIM*pulse/initial_params[["MWOXON"]]*1000,#inhaled dose concentration (from mg/L to umol/L)

           is.change=c(1,diff(pulse)))%>%

    filter(is.change!=0)

  

  #print(All_Dose$Level)

  #~~~~APPLY MODEL~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~#### 

  # Do parallel for speed

  c1<-makeCluster(min(cores,n_distinct(All_Dose$Level))) # cluster for parallel 

  timestamp()

  modelOutput<-parLapply(c1,split(All_Dose,All_Dose$Level), function (LL,ini_par,st,t){

    #load data into cores

    source("human_pbpk.R")

    # Create dataframe of "events"that describe the dosing, which informs the

    # ODE function, and needs to have columns "var" = the state_variable that needs

    # to be changed,"time"= when the changes occurs,"value"=the value being changed

    # to,& "method"= how the new value interacts with the previous state variable

    # value. See ?deSolve::lsodes and ?deSolve::events.

    eventDat<-rbind(data.frame(var="CI_OXON",time=LL$time,

                               value=LL$CIM,	 

                               method="replace",stringsAsFactors = FALSE)

    )

    

    # DERIVITIVE ####

    # RUN MODEL 

    modelOutput<- ode(y = st, times = t,  #method = "lsodes",

                      func = Human_Model, parms = ini_par,

                      events = list(data = eventDat[order(eventDat$time),]))

    result <- within(as.data.frame(modelOutput),{Level<-LL$Level[[1]]})

    return(result)

  },ini_par=initial_params,st=state,t=times)

  stopCluster(c1)

  timestamp()

  ModelOutput<-do.call(rbind,modelOutput)##make big dataframe for evaluation

  

  return(ModelOutput)

}







PODcost <- function(test_air_conc){

  

  # POD calculation

  test_result <- minBCE(test_air_conc)

  test_error <- (test_result - 90.0)

  

  # convert vapor conc to dose

  test_dose <- test_air_conc*IR_scenario*(60/1000)*params[["P3"]]/params[["BWST"]] 

  

  print(sprintf("%f  %f  %f",test_air_conc,test_dose,test_result))

  

  return(test_error*test_error)

}



AEDcost <- function(test_air_conc){

  

  # AED calculation

  test_result <- avgCBLO(test_air_conc)

  test_error <- (test_result - ac_50)

  

  # convert vapor conc to dose

  test_dose <- test_air_conc*IR_scenario*(60/1000)*params[["P3"]]/params[["BWST"]] 

  

  print(sprintf("%f  %f  %f",test_air_conc,test_dose,test_result))

  

  return(test_error*test_error)

}



# get the vapor-phase concentration required to reproduce 90% brain AChE

vapor_conc <- optim(par = 719.5, PODcost, method = "Brent",lower = 1, upper = 1e6) # POD limits/bounds



# convert the vapor conc. to a dose (mg/m^3 to mg/kg/day)

final_dose <- vapor_conc$par*IR_scenario*(60/1000)*params[["P3"]]/params[["BWST"]]



# finally run the model for this concentration

ModelOutput <- just_run_model(vapor_conc$par)



final_dose #mkd

vapor_conc$par #mg/m3

min(ModelOutput$RBCCE)




#clear workspace

rm(list = ls())



#set the working directory to the location of these scripts

#setwd(dirname(rstudioapi::getActiveDocumentContext()$path))



BW_scenario <- 69

subject_age = 21

IR_scenario <- 10.67 # L/min inhalation rate

ac_50 = -999

scenario_number = 40

Ndays = 1

dpw = 1

hpd = 24



#Environment####

library(dplyr)

library(tidyr)

library(parallel)

# number of cores avaiable on current machine

tot_cores<-detectCores(all.tests = FALSE, logical = TRUE)  

cores<-tot_cores-1 # leave one core for other tasks 



source("human_pbpk.R") # Loads model and base parameters

source("malathion_human_parameters.R") # male and female specific parameters



# Intial_parameters####

sex = 1						 # 0=male, 1= Female

params<-c(params[!names(params)%in%names(human_parameters[[sex+1]])],

          human_parameters[[sex+1]])



params[["TSTART"]]<-0.0             # START SIMULATION (HR)

params[["TSTOP"]]=Ndays*24      			 # Simulation duration

params[["BWSW"]] = 1   	 				# Switch for age (set =0) or set (set =1) if bwt provided

params[["BWST"]]= BW_scenario   	 				# kg

params[["AGE0"]]=subject_age

params[["QALV"]] = IR_scenario*60   			# Inhalation rate L/h				

params[["IZONE"]]=1            #Turn inhalation on



params[["W3"]] = Ndays                     #days exposed per year

params[["D3"]] = dpw                         #days exposed per week

params[["P3"]] = hpd                       #hours exposed per day



#conc_mgm3 = interpolated_dose				 # Inhalation concentration, mg/m3  # converted to umol/L below



# combine or replace "base" parameters with case specific human parameters, carring out any calcuated paramters which are function of other specific case parameters 

initial_params <- initial_params_fun(params)



# get blood concentration resulting from dose

# dermal dose based on scenario 35



avgCBL <-function(air_conc){

  

  # concentration in mg/m^3

  # make sure we change to mg/kg/day for output!!!!!!!!!!!!!!!!!!!!!

  conc_mgm3 = air_conc

  

  # TIMING COMMANDS ####

  MAXT=0.1       #maximum time step

  times<-seq(initial_params[["TSTART"]],initial_params[["TSTOP"]],by=MAXT)#

  

  # max number of points to write out to file

  POINTS_max<-10000  

  # if the more than 10000 timesteps, select evently spaced 10000 of them for reporting

  report_points<-if(length(times)<=POINTS_max) times else 

    times[seq(1,length(times),by=round(length(times)/POINTS_max))]

  table(report_points%in%times)#check all report values are in times.

  

  

  # STATE####

  # Subject specific UPDATES to the initial value of state varibles

  state<-state_fun()

  

  # Dosing ####

  # 8 hours/day, 5 days/week, 3 weeks exposure

  

  All_Dose<-data.frame(time=times)%>%

    mutate(Level=paste(conc_mgm3,"MGM",sep="_"),

           CIM = (conc_mgm3/1000),# mg/L

           pulse1=pulse(t=time,

                        p=initial_params[["YEAR"]]*24,

                        w=initial_params[["W3"]]*24),

           pulse2=pulse(t=time,

                        p=7*24,

                        w=initial_params[["D3"]]*24),

           pulse3=pulse(t=time,

                        p=24,

                        w=initial_params[["P3"]]),

           pulse=pulse1*pulse2*pulse3,

           CIM=CIM*pulse/initial_params[["MWPAR"]]*1000,#inhaled dose concentration (from mg/L to umol/L)

           is.change=c(1,diff(pulse)))%>%

    filter(is.change!=0)

  

  #print(All_Dose$Level)

  #~~~~APPLY MODEL~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~#### 

  # Do parallel for speed

  c1<-makeCluster(min(cores,n_distinct(All_Dose$Level))) # cluster for parallel 

  timestamp()

  modelOutput<-parLapply(c1,split(All_Dose,All_Dose$Level), function (LL,ini_par,st,t){

    #load data into cores

    source("human_pbpk.R")

    # Create dataframe of "events"that describe the dosing, which informs the

    # ODE function, and needs to have columns "var" = the state_variable that needs

    # to be changed,"time"= when the changes occurs,"value"=the value being changed

    # to,& "method"= how the new value interacts with the previous state variable

    # value. See ?deSolve::lsodes and ?deSolve::events.

    eventDat<-rbind(data.frame(var="CI",time=LL$time,

                               value=LL$CIM,	 

                               method="replace",stringsAsFactors = FALSE)

    )

    

    # DERIVITIVE ####

    # RUN MODEL 

    modelOutput<- ode(y = st, times = t,  #method = "lsodes",

                      func = Human_Model, parms = ini_par,

                      events = list(data = eventDat[order(eventDat$time),]))

    result <- within(as.data.frame(modelOutput),{Level<-LL$Level[[1]]})

    return(result)

  },ini_par=initial_params,st=state,t=times)

  stopCluster(c1)

  timestamp()

  ModelOutput<-do.call(rbind,modelOutput)##make big dataframe for evaluation

  

  return(mean(tail(ModelOutput$CBL,240)))

}



minRBCCE <-function(air_conc){

  

  # concentration in mg/m^3

  # make sure we change to mg/kg/day for output!!!!!!!!!!!!!!!!!!!!!

  conc_mgm3 = air_conc

  

  # TIMING COMMANDS ####

  MAXT=0.1       #maximum time step

  times<-seq(initial_params[["TSTART"]],initial_params[["TSTOP"]],by=MAXT)#

  

  # max number of points to write out to file

  POINTS_max<-10000  

  # if the more than 10000 timesteps, select evently spaced 10000 of them for reporting

  report_points<-if(length(times)<=POINTS_max) times else 

    times[seq(1,length(times),by=round(length(times)/POINTS_max))]

  table(report_points%in%times)#check all report values are in times.

  

  

  # STATE####

  # Subject specific UPDATES to the initial value of state varibles

  state<-state_fun()

  

  # Dosing ####

  # 8 hours/day, 5 days/week, 3 weeks exposure

  

  All_Dose<-data.frame(time=times)%>%

    mutate(Level=paste(conc_mgm3,"MGM",sep="_"),

           CIM = (conc_mgm3/1000),# mg/L

           pulse1=pulse(t=time,

                        p=initial_params[["YEAR"]]*24,

                        w=initial_params[["W3"]]*24),

           pulse2=pulse(t=time,

                        p=7*24,

                        w=initial_params[["D3"]]*24),

           pulse3=pulse(t=time,

                        p=24,

                        w=initial_params[["P3"]]),

           pulse=pulse1*pulse2*pulse3,

           CIM=CIM*pulse/initial_params[["MWPAR"]]*1000,#inhaled dose concentration (from mg/L to umol/L)

           is.change=c(1,diff(pulse)))%>%

    filter(is.change!=0)

  

  #print(All_Dose$Level)

  #~~~~APPLY MODEL~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~#### 

  # Do parallel for speed

  c1<-makeCluster(min(cores,n_distinct(All_Dose$Level))) # cluster for parallel 

  timestamp()

  modelOutput<-parLapply(c1,split(All_Dose,All_Dose$Level), function (LL,ini_par,st,t){

    #load data into cores

    source("human_pbpk.R")

    # Create dataframe of "events"that describe the dosing, which informs the

    # ODE function, and needs to have columns "var" = the state_variable that needs

    # to be changed,"time"= when the changes occurs,"value"=the value being changed

    # to,& "method"= how the new value interacts with the previous state variable

    # value. See ?deSolve::lsodes and ?deSolve::events.

    eventDat<-rbind(data.frame(var="CI",time=LL$time,

                               value=LL$CIM,	 

                               method="replace",stringsAsFactors = FALSE)

    )

    

    # DERIVITIVE ####

    # RUN MODEL 

    modelOutput<- ode(y = st, times = t,  #method = "lsodes",

                      func = Human_Model, parms = ini_par,

                      events = list(data = eventDat[order(eventDat$time),]))

    result <- within(as.data.frame(modelOutput),{Level<-LL$Level[[1]]})

    return(result)

  },ini_par=initial_params,st=state,t=times)

  stopCluster(c1)

  timestamp()

  ModelOutput<-do.call(rbind,modelOutput)##make big dataframe for evaluation

  

  return(min(ModelOutput$RBCCE))

}



just_run_model <-function(air_conc){

  

  # concentration in mg/m^3

  # make sure we change to mg/kg/day for output!!!!!!!!!!!!!!!!!!!!!

  conc_mgm3 = air_conc

  

  # TIMING COMMANDS ####

  MAXT=0.1       #maximum time step

  times<-seq(initial_params[["TSTART"]],initial_params[["TSTOP"]],by=MAXT)#

  

  # max number of points to write out to file

  POINTS_max<-10000  

  # if the more than 10000 timesteps, select evently spaced 10000 of them for reporting

  report_points<-if(length(times)<=POINTS_max) times else 

    times[seq(1,length(times),by=round(length(times)/POINTS_max))]

  table(report_points%in%times)#check all report values are in times.

  

  

  # STATE####

  # Subject specific UPDATES to the initial value of state varibles

  state<-state_fun()

  

  # Dosing ####

  # 8 hours/day, 5 days/week, 3 weeks exposure

  

  All_Dose<-data.frame(time=times)%>%

    mutate(Level=paste(conc_mgm3,"MGM",sep="_"),

           CIM = (conc_mgm3/1000),# mg/L

           pulse1=pulse(t=time,

                        p=initial_params[["YEAR"]]*24,

                        w=initial_params[["W3"]]*24),

           pulse2=pulse(t=time,

                        p=7*24,

                        w=initial_params[["D3"]]*24),

           pulse3=pulse(t=time,

                        p=24,

                        w=initial_params[["P3"]]),

           pulse=pulse1*pulse2*pulse3,

           CIM=CIM*pulse/initial_params[["MWPAR"]]*1000,#inhaled dose concentration (from mg/L to umol/L)

           is.change=c(1,diff(pulse)))%>%

    filter(is.change!=0)

  

  #print(All_Dose$Level)

  #~~~~APPLY MODEL~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~#### 

  # Do parallel for speed

  c1<-makeCluster(min(cores,n_distinct(All_Dose$Level))) # cluster for parallel 

  timestamp()

  modelOutput<-parLapply(c1,split(All_Dose,All_Dose$Level), function (LL,ini_par,st,t){

    #load data into cores

    source("human_pbpk.R")

    # Create dataframe of "events"that describe the dosing, which informs the

    # ODE function, and needs to have columns "var" = the state_variable that needs

    # to be changed,"time"= when the changes occurs,"value"=the value being changed

    # to,& "method"= how the new value interacts with the previous state variable

    # value. See ?deSolve::lsodes and ?deSolve::events.

    eventDat<-rbind(data.frame(var="CI",time=LL$time,

                               value=LL$CIM,	 

                               method="replace",stringsAsFactors = FALSE)

    )

    

    # DERIVITIVE ####

    # RUN MODEL 

    modelOutput<- ode(y = st, times = t,  #method = "lsodes",

                      func = Human_Model, parms = ini_par,

                      events = list(data = eventDat[order(eventDat$time),]))

    result <- within(as.data.frame(modelOutput),{Level<-LL$Level[[1]]})

    return(result)

  },ini_par=initial_params,st=state,t=times)

  stopCluster(c1)

  timestamp()

  ModelOutput<-do.call(rbind,modelOutput)##make big dataframe for evaluation

  

  return(ModelOutput)

}







PODcost <- function(test_air_conc){

  

  # POD calculation

  test_result <- minRBCCE(test_air_conc)

  test_error <- (test_result - 90.0)

  

  # convert vapor conc to dose

  test_dose <- test_air_conc*IR_scenario*(60/1000)*params[["P3"]]/params[["BWST"]] 

  

  print(sprintf("%f  %f  %f",test_air_conc,test_dose,test_result))

  flush.console()

  return(test_error*test_error)

}



AEDcost <- function(test_air_conc){

  

  # AED calculation

  test_result <- avgCBL(test_air_conc)

  test_error <- (test_result - ac_50)

  

  # convert vapor conc to dose

  test_dose <- test_air_conc*IR_scenario*(60/1000)*params[["P3"]]/params[["BWST"]] 

  

  print(sprintf("%f  %f  %f",test_air_conc,test_dose,test_result))

  flush.console()

  return(test_error*test_error)

}



# get the vapor-phase concentration required to reproduce 90% brain AChE

vapor_conc <- optim(par = 719.5, PODcost, method = "Brent",lower = 1, upper = 1e6) # POD limits/bounds



# convert the vapor conc. to a dose (mg/m^3 to mg/kg/day)

final_dose <- vapor_conc$par*IR_scenario*(60/1000)*params[["P3"]]/params[["BWST"]]



# finally run the model for this concentration

ModelOutput <- just_run_model(vapor_conc$par)



final_dose #mkd

vapor_conc$par #mg/m3

min(ModelOutput$RBCCE)


#clear workspace

rm(list = ls())



#set the working directory to the location of these scripts

#setwd(dirname(rstudioapi::getActiveDocumentContext()$path))



BW_scenario <- 11

subject_age = 1.5

IR_scenario <- 5.5 # L/min inhalation rate

ac_50 = -999

Ndays = 1

dpw = 1

hpd = 24

scenario_number = 41



#Environment####

library(dplyr)

library(tidyr)

library(parallel)

# number of cores avaiable on current machine

tot_cores<-detectCores(all.tests = FALSE, logical = TRUE)  

cores<-tot_cores-1 # leave one core for other tasks 



source("human_pbpk.R") # Loads model and base parameters

source("malathion_human_parameters.R") # male and female specific parameters



# Intial_parameters####

sex = 1						 # 0=male, 1= Female

params<-c(params[!names(params)%in%names(human_parameters[[sex+1]])],

          human_parameters[[sex+1]])



params[["TSTART"]]<-0.0             # START SIMULATION (HR)

params[["TSTOP"]]=Ndays*24      			 # Simulation duration 

params[["BWSW"]] = 1   	 				# Switch for age (set =0) or set (set =1) if bwt provided

params[["BWST"]]= BW_scenario   	 				# kg

params[["AGE0"]]=subject_age

params[["QALV"]] = IR_scenario*60   			# Inhalation rate L/h				

params[["IZONE"]]=1            #Turn inhalation on



params[["W3"]] = Ndays                     #days exposed per year

params[["D3"]] = dpw                         #days exposed per week

params[["P3"]] = hpd                       #hours exposed per day



#conc_mgm3 = interpolated_dose				 # Inhalation concentration, mg/m3  # converted to umol/L below



# combine or replace "base" parameters with case specific human parameters, carring out any calcuated paramters which are function of other specific case parameters 

initial_params <- initial_params_fun(params)



# get blood concentration resulting from dose

# dermal dose based on scenario 35



avgCBLO <-function(air_conc){

  

  # concentration in mg/m^3

  # make sure we change to mg/kg/day for output!!!!!!!!!!!!!!!!!!!!!

  conc_mgm3 = air_conc

  

  # TIMING COMMANDS ####

  MAXT=0.1       #maximum time step

  times<-seq(initial_params[["TSTART"]],initial_params[["TSTOP"]],by=MAXT)#

  

  # max number of points to write out to file

  POINTS_max<-10000  

  # if the more than 10000 timesteps, select evently spaced 10000 of them for reporting

  report_points<-if(length(times)<=POINTS_max) times else 

    times[seq(1,length(times),by=round(length(times)/POINTS_max))]

  table(report_points%in%times)#check all report values are in times.

  

  

  # STATE####

  # Subject specific UPDATES to the initial value of state varibles

  state<-state_fun()

  

  # Dosing ####

  # 8 hours/day, 5 days/week, 3 weeks exposure

  

  All_Dose<-data.frame(time=times)%>%

    mutate(Level=paste(conc_mgm3,"MGM",sep="_"),

           CIM = (conc_mgm3/1000),# mg/L

           pulse1=pulse(t=time,

                        p=initial_params[["YEAR"]]*24,

                        w=initial_params[["W3"]]*24),

           pulse2=pulse(t=time,

                        p=7*24,

                        w=initial_params[["D3"]]*24),

           pulse3=pulse(t=time,

                        p=24,

                        w=initial_params[["P3"]]),

           pulse=pulse1*pulse2*pulse3,

           CIM=CIM*pulse/initial_params[["MWOXON"]]*1000,#inhaled dose concentration (from mg/L to umol/L)

           is.change=c(1,diff(pulse)))%>%

    filter(is.change!=0)

  

  #print(All_Dose$Level)

  #~~~~APPLY MODEL~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~#### 

  # Do parallel for speed

  c1<-makeCluster(min(cores,n_distinct(All_Dose$Level))) # cluster for parallel 

  timestamp()

  modelOutput<-parLapply(c1,split(All_Dose,All_Dose$Level), function (LL,ini_par,st,t){

    #load data into cores

    source("human_pbpk.R")

    # Create dataframe of "events"that describe the dosing, which informs the

    # ODE function, and needs to have columns "var" = the state_variable that needs

    # to be changed,"time"= when the changes occurs,"value"=the value being changed

    # to,& "method"= how the new value interacts with the previous state variable

    # value. See ?deSolve::lsodes and ?deSolve::events.

    eventDat<-rbind(data.frame(var="CI_OXON",time=LL$time,

                               value=LL$CIM,	 

                               method="replace",stringsAsFactors = FALSE)

    )

    

    # DERIVITIVE ####

    # RUN MODEL 

    modelOutput<- ode(y = st, times = t,  #method = "lsodes",

                      func = Human_Model, parms = ini_par,

                      events = list(data = eventDat[order(eventDat$time),]))

    result <- within(as.data.frame(modelOutput),{Level<-LL$Level[[1]]})

    return(result)

  },ini_par=initial_params,st=state,t=times)

  stopCluster(c1)

  timestamp()

  ModelOutput<-do.call(rbind,modelOutput)##make big dataframe for evaluation

  

  return(mean(tail(ModelOutput$CBLO,240)))

}



minBCE <-function(air_conc){

  

  # concentration in mg/m^3

  # make sure we change to mg/kg/day for output!!!!!!!!!!!!!!!!!!!!!

  conc_mgm3 = air_conc

  

  # TIMING COMMANDS ####

  MAXT=0.1       #maximum time step

  times<-seq(initial_params[["TSTART"]],initial_params[["TSTOP"]],by=MAXT)#

  

  # max number of points to write out to file

  POINTS_max<-10000  

  # if the more than 10000 timesteps, select evently spaced 10000 of them for reporting

  report_points<-if(length(times)<=POINTS_max) times else 

    times[seq(1,length(times),by=round(length(times)/POINTS_max))]

  table(report_points%in%times)#check all report values are in times.

  

  

  # STATE####

  # Subject specific UPDATES to the initial value of state varibles

  state<-state_fun()

  

  # Dosing ####

  # 8 hours/day, 5 days/week, 3 weeks exposure

  

  All_Dose<-data.frame(time=times)%>%

    mutate(Level=paste(conc_mgm3,"MGM",sep="_"),

           CIM = (conc_mgm3/1000),# mg/L

           pulse1=pulse(t=time,

                        p=initial_params[["YEAR"]]*24,

                        w=initial_params[["W3"]]*24),

           pulse2=pulse(t=time,

                        p=7*24,

                        w=initial_params[["D3"]]*24),

           pulse3=pulse(t=time,

                        p=24,

                        w=initial_params[["P3"]]),

           pulse=pulse1*pulse2*pulse3,

           CIM=CIM*pulse/initial_params[["MWOXON"]]*1000,#inhaled dose concentration (from mg/L to umol/L)

           is.change=c(1,diff(pulse)))%>%

    filter(is.change!=0)

  

  #print(All_Dose$Level)

  #~~~~APPLY MODEL~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~#### 

  # Do parallel for speed

  c1<-makeCluster(min(cores,n_distinct(All_Dose$Level))) # cluster for parallel 

  timestamp()

  modelOutput<-parLapply(c1,split(All_Dose,All_Dose$Level), function (LL,ini_par,st,t){

    #load data into cores

    source("human_pbpk.R")

    # Create dataframe of "events"that describe the dosing, which informs the

    # ODE function, and needs to have columns "var" = the state_variable that needs

    # to be changed,"time"= when the changes occurs,"value"=the value being changed

    # to,& "method"= how the new value interacts with the previous state variable

    # value. See ?deSolve::lsodes and ?deSolve::events.

    eventDat<-rbind(data.frame(var="CI_OXON",time=LL$time,

                               value=LL$CIM,	 

                               method="replace",stringsAsFactors = FALSE)

    )

    

    # DERIVITIVE ####

    # RUN MODEL 

    modelOutput<- ode(y = st, times = t,  #method = "lsodes",

                      func = Human_Model, parms = ini_par,

                      events = list(data = eventDat[order(eventDat$time),]))

    result <- within(as.data.frame(modelOutput),{Level<-LL$Level[[1]]})

    return(result)

  },ini_par=initial_params,st=state,t=times)

  stopCluster(c1)

  timestamp()

  ModelOutput<-do.call(rbind,modelOutput)##make big dataframe for evaluation

  

  return(min(ModelOutput$BCE))

}



just_run_model <-function(air_conc){

  

  # concentration in mg/m^3

  # make sure we change to mg/kg/day for output!!!!!!!!!!!!!!!!!!!!!

  conc_mgm3 = air_conc

  

  # TIMING COMMANDS ####

  MAXT=0.1       #maximum time step

  times<-seq(initial_params[["TSTART"]],initial_params[["TSTOP"]],by=MAXT)#

  

  # max number of points to write out to file

  POINTS_max<-10000  

  # if the more than 10000 timesteps, select evently spaced 10000 of them for reporting

  report_points<-if(length(times)<=POINTS_max) times else 

    times[seq(1,length(times),by=round(length(times)/POINTS_max))]

  table(report_points%in%times)#check all report values are in times.

  

  

  # STATE####

  # Subject specific UPDATES to the initial value of state varibles

  state<-state_fun()

  

  # Dosing ####

  # 8 hours/day, 5 days/week, 3 weeks exposure

  

  All_Dose<-data.frame(time=times)%>%

    mutate(Level=paste(conc_mgm3,"MGM",sep="_"),

           CIM = (conc_mgm3/1000),# mg/L

           pulse1=pulse(t=time,

                        p=initial_params[["YEAR"]]*24,

                        w=initial_params[["W3"]]*24),

           pulse2=pulse(t=time,

                        p=7*24,

                        w=initial_params[["D3"]]*24),

           pulse3=pulse(t=time,

                        p=24,

                        w=initial_params[["P3"]]),

           pulse=pulse1*pulse2*pulse3,

           CIM=CIM*pulse/initial_params[["MWOXON"]]*1000,#inhaled dose concentration (from mg/L to umol/L)

           is.change=c(1,diff(pulse)))%>%

    filter(is.change!=0)

  

  #print(All_Dose$Level)

  #~~~~APPLY MODEL~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~#### 

  # Do parallel for speed

  c1<-makeCluster(min(cores,n_distinct(All_Dose$Level))) # cluster for parallel 

  timestamp()

  modelOutput<-parLapply(c1,split(All_Dose,All_Dose$Level), function (LL,ini_par,st,t){

    #load data into cores

    source("human_pbpk.R")

    # Create dataframe of "events"that describe the dosing, which informs the

    # ODE function, and needs to have columns "var" = the state_variable that needs

    # to be changed,"time"= when the changes occurs,"value"=the value being changed

    # to,& "method"= how the new value interacts with the previous state variable

    # value. See ?deSolve::lsodes and ?deSolve::events.

    eventDat<-rbind(data.frame(var="CI_OXON",time=LL$time,

                               value=LL$CIM,	 

                               method="replace",stringsAsFactors = FALSE)

    )

    

    # DERIVITIVE ####

    # RUN MODEL 

    modelOutput<- ode(y = st, times = t,  #method = "lsodes",

                      func = Human_Model, parms = ini_par,

                      events = list(data = eventDat[order(eventDat$time),]))

    result <- within(as.data.frame(modelOutput),{Level<-LL$Level[[1]]})

    return(result)

  },ini_par=initial_params,st=state,t=times)

  stopCluster(c1)

  timestamp()

  ModelOutput<-do.call(rbind,modelOutput)##make big dataframe for evaluation

  

  return(ModelOutput)

}







PODcost <- function(test_air_conc){

  

  # POD calculation

  test_result <- minBCE(test_air_conc)

  test_error <- (test_result - 90.0)

  

  # convert vapor conc to dose

  test_dose <- test_air_conc*IR_scenario*(60/1000)*params[["P3"]]/params[["BWST"]] 

  

  print(sprintf("%f  %f  %f",test_air_conc,test_dose,test_result))

  

  return(test_error*test_error)

}



AEDcost <- function(test_air_conc){

  

  # AED calculation

  test_result <- avgCBLO(test_air_conc)

  test_error <- (test_result - ac_50)

  

  # convert vapor conc to dose

  test_dose <- test_air_conc*IR_scenario*(60/1000)*params[["P3"]]/params[["BWST"]] 

  

  print(sprintf("%f  %f  %f",test_air_conc,test_dose,test_result))

  

  return(test_error*test_error)

}



# get the vapor-phase concentration required to reproduce 90% brain AChE

vapor_conc <- optim(par = 719.5, PODcost, method = "Brent",lower = 1, upper = 1e6) # POD limits/bounds



# convert the vapor conc. to a dose (mg/m^3 to mg/kg/day)

final_dose <- vapor_conc$par*IR_scenario*(60/1000)*params[["P3"]]/params[["BWST"]]



# finally run the model for this concentration

ModelOutput <- just_run_model(vapor_conc$par)



final_dose #mkd

vapor_conc$par #mg/m3

min(ModelOutput$RBCCE)




#clear workspace

rm(list = ls())



#set the working directory to the location of these scripts

#setwd(dirname(rstudioapi::getActiveDocumentContext()$path))



BW_scenario <- 11

subject_age = 1.5

IR_scenario <- 5.5 # L/min inhalation rate

ac_50 = -999

scenario_number = 41

Ndays = 1

dpw = 1

hpd = 24



#Environment####

library(dplyr)

library(tidyr)

library(parallel)

# number of cores avaiable on current machine

tot_cores<-detectCores(all.tests = FALSE, logical = TRUE)  

cores<-tot_cores-1 # leave one core for other tasks 



source("human_pbpk.R") # Loads model and base parameters

source("malathion_human_parameters.R") # male and female specific parameters



# Intial_parameters####

sex = 1						 # 0=male, 1= Female

params<-c(params[!names(params)%in%names(human_parameters[[sex+1]])],

          human_parameters[[sex+1]])



params[["TSTART"]]<-0.0             # START SIMULATION (HR)

params[["TSTOP"]]=Ndays*24      			 # Simulation duration

params[["BWSW"]] = 1   	 				# Switch for age (set =0) or set (set =1) if bwt provided

params[["BWST"]]= BW_scenario   	 				# kg

params[["AGE0"]]=subject_age

params[["QALV"]] = IR_scenario*60   			# Inhalation rate L/h				

params[["IZONE"]]=1            #Turn inhalation on



params[["W3"]] = Ndays                     #days exposed per year

params[["D3"]] = dpw                         #days exposed per week

params[["P3"]] = hpd                       #hours exposed per day



#conc_mgm3 = interpolated_dose				 # Inhalation concentration, mg/m3  # converted to umol/L below



# combine or replace "base" parameters with case specific human parameters, carring out any calcuated paramters which are function of other specific case parameters 

initial_params <- initial_params_fun(params)



# get blood concentration resulting from dose

# dermal dose based on scenario 35



avgCBL <-function(air_conc){

  

  # concentration in mg/m^3

  # make sure we change to mg/kg/day for output!!!!!!!!!!!!!!!!!!!!!

  conc_mgm3 = air_conc

  

  # TIMING COMMANDS ####

  MAXT=0.1       #maximum time step

  times<-seq(initial_params[["TSTART"]],initial_params[["TSTOP"]],by=MAXT)#

  

  # max number of points to write out to file

  POINTS_max<-10000  

  # if the more than 10000 timesteps, select evently spaced 10000 of them for reporting

  report_points<-if(length(times)<=POINTS_max) times else 

    times[seq(1,length(times),by=round(length(times)/POINTS_max))]

  table(report_points%in%times)#check all report values are in times.

  

  

  # STATE####

  # Subject specific UPDATES to the initial value of state varibles

  state<-state_fun()

  

  # Dosing ####

  # 8 hours/day, 5 days/week, 3 weeks exposure

  

  All_Dose<-data.frame(time=times)%>%

    mutate(Level=paste(conc_mgm3,"MGM",sep="_"),

           CIM = (conc_mgm3/1000),# mg/L

           pulse1=pulse(t=time,

                        p=initial_params[["YEAR"]]*24,

                        w=initial_params[["W3"]]*24),

           pulse2=pulse(t=time,

                        p=7*24,

                        w=initial_params[["D3"]]*24),

           pulse3=pulse(t=time,

                        p=24,

                        w=initial_params[["P3"]]),

           pulse=pulse1*pulse2*pulse3,

           CIM=CIM*pulse/initial_params[["MWPAR"]]*1000,#inhaled dose concentration (from mg/L to umol/L)

           is.change=c(1,diff(pulse)))%>%

    filter(is.change!=0)

  

  #print(All_Dose$Level)

  #~~~~APPLY MODEL~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~#### 

  # Do parallel for speed

  c1<-makeCluster(min(cores,n_distinct(All_Dose$Level))) # cluster for parallel 

  timestamp()

  modelOutput<-parLapply(c1,split(All_Dose,All_Dose$Level), function (LL,ini_par,st,t){

    #load data into cores

    source("human_pbpk.R")

    # Create dataframe of "events"that describe the dosing, which informs the

    # ODE function, and needs to have columns "var" = the state_variable that needs

    # to be changed,"time"= when the changes occurs,"value"=the value being changed

    # to,& "method"= how the new value interacts with the previous state variable

    # value. See ?deSolve::lsodes and ?deSolve::events.

    eventDat<-rbind(data.frame(var="CI",time=LL$time,

                               value=LL$CIM,	 

                               method="replace",stringsAsFactors = FALSE)

    )

    

    # DERIVITIVE ####

    # RUN MODEL 

    modelOutput<- ode(y = st, times = t,  #method = "lsodes",

                      func = Human_Model, parms = ini_par,

                      events = list(data = eventDat[order(eventDat$time),]))

    result <- within(as.data.frame(modelOutput),{Level<-LL$Level[[1]]})

    return(result)

  },ini_par=initial_params,st=state,t=times)

  stopCluster(c1)

  timestamp()

  ModelOutput<-do.call(rbind,modelOutput)##make big dataframe for evaluation

  

  return(mean(tail(ModelOutput$CBL,240)))

}



minRBCCE <-function(air_conc){

  

  # concentration in mg/m^3

  # make sure we change to mg/kg/day for output!!!!!!!!!!!!!!!!!!!!!

  conc_mgm3 = air_conc

  

  # TIMING COMMANDS ####

  MAXT=0.1       #maximum time step

  times<-seq(initial_params[["TSTART"]],initial_params[["TSTOP"]],by=MAXT)#

  

  # max number of points to write out to file

  POINTS_max<-10000  

  # if the more than 10000 timesteps, select evently spaced 10000 of them for reporting

  report_points<-if(length(times)<=POINTS_max) times else 

    times[seq(1,length(times),by=round(length(times)/POINTS_max))]

  table(report_points%in%times)#check all report values are in times.

  

  

  # STATE####

  # Subject specific UPDATES to the initial value of state varibles

  state<-state_fun()

  

  # Dosing ####

  # 8 hours/day, 5 days/week, 3 weeks exposure

  

  All_Dose<-data.frame(time=times)%>%

    mutate(Level=paste(conc_mgm3,"MGM",sep="_"),

           CIM = (conc_mgm3/1000),# mg/L

           pulse1=pulse(t=time,

                        p=initial_params[["YEAR"]]*24,

                        w=initial_params[["W3"]]*24),

           pulse2=pulse(t=time,

                        p=7*24,

                        w=initial_params[["D3"]]*24),

           pulse3=pulse(t=time,

                        p=24,

                        w=initial_params[["P3"]]),

           pulse=pulse1*pulse2*pulse3,

           CIM=CIM*pulse/initial_params[["MWPAR"]]*1000,#inhaled dose concentration (from mg/L to umol/L)

           is.change=c(1,diff(pulse)))%>%

    filter(is.change!=0)

  

  #print(All_Dose$Level)

  #~~~~APPLY MODEL~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~#### 

  # Do parallel for speed

  c1<-makeCluster(min(cores,n_distinct(All_Dose$Level))) # cluster for parallel 

  timestamp()

  modelOutput<-parLapply(c1,split(All_Dose,All_Dose$Level), function (LL,ini_par,st,t){

    #load data into cores

    source("human_pbpk.R")

    # Create dataframe of "events"that describe the dosing, which informs the

    # ODE function, and needs to have columns "var" = the state_variable that needs

    # to be changed,"time"= when the changes occurs,"value"=the value being changed

    # to,& "method"= how the new value interacts with the previous state variable

    # value. See ?deSolve::lsodes and ?deSolve::events.

    eventDat<-rbind(data.frame(var="CI",time=LL$time,

                               value=LL$CIM,	 

                               method="replace",stringsAsFactors = FALSE)

    )

    

    # DERIVITIVE ####

    # RUN MODEL 

    modelOutput<- ode(y = st, times = t,  #method = "lsodes",

                      func = Human_Model, parms = ini_par,

                      events = list(data = eventDat[order(eventDat$time),]))

    result <- within(as.data.frame(modelOutput),{Level<-LL$Level[[1]]})

    return(result)

  },ini_par=initial_params,st=state,t=times)

  stopCluster(c1)

  timestamp()

  ModelOutput<-do.call(rbind,modelOutput)##make big dataframe for evaluation

  

  return(min(ModelOutput$RBCCE))

}



just_run_model <-function(air_conc){

  

  # concentration in mg/m^3

  # make sure we change to mg/kg/day for output!!!!!!!!!!!!!!!!!!!!!

  conc_mgm3 = air_conc

  

  # TIMING COMMANDS ####

  MAXT=0.1       #maximum time step

  times<-seq(initial_params[["TSTART"]],initial_params[["TSTOP"]],by=MAXT)#

  

  # max number of points to write out to file

  POINTS_max<-10000  

  # if the more than 10000 timesteps, select evently spaced 10000 of them for reporting

  report_points<-if(length(times)<=POINTS_max) times else 

    times[seq(1,length(times),by=round(length(times)/POINTS_max))]

  table(report_points%in%times)#check all report values are in times.

  

  

  # STATE####

  # Subject specific UPDATES to the initial value of state varibles

  state<-state_fun()

  

  # Dosing ####

  # 8 hours/day, 5 days/week, 3 weeks exposure

  

  All_Dose<-data.frame(time=times)%>%

    mutate(Level=paste(conc_mgm3,"MGM",sep="_"),

           CIM = (conc_mgm3/1000),# mg/L

           pulse1=pulse(t=time,

                        p=initial_params[["YEAR"]]*24,

                        w=initial_params[["W3"]]*24),

           pulse2=pulse(t=time,

                        p=7*24,

                        w=initial_params[["D3"]]*24),

           pulse3=pulse(t=time,

                        p=24,

                        w=initial_params[["P3"]]),

           pulse=pulse1*pulse2*pulse3,

           CIM=CIM*pulse/initial_params[["MWPAR"]]*1000,#inhaled dose concentration (from mg/L to umol/L)

           is.change=c(1,diff(pulse)))%>%

    filter(is.change!=0)

  

  #print(All_Dose$Level)

  #~~~~APPLY MODEL~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~#### 

  # Do parallel for speed

  c1<-makeCluster(min(cores,n_distinct(All_Dose$Level))) # cluster for parallel 

  timestamp()

  modelOutput<-parLapply(c1,split(All_Dose,All_Dose$Level), function (LL,ini_par,st,t){

    #load data into cores

    source("human_pbpk.R")

    # Create dataframe of "events"that describe the dosing, which informs the

    # ODE function, and needs to have columns "var" = the state_variable that needs

    # to be changed,"time"= when the changes occurs,"value"=the value being changed

    # to,& "method"= how the new value interacts with the previous state variable

    # value. See ?deSolve::lsodes and ?deSolve::events.

    eventDat<-rbind(data.frame(var="CI",time=LL$time,

                               value=LL$CIM,	 

                               method="replace",stringsAsFactors = FALSE)

    )

    

    # DERIVITIVE ####

    # RUN MODEL 

    modelOutput<- ode(y = st, times = t,  #method = "lsodes",

                      func = Human_Model, parms = ini_par,

                      events = list(data = eventDat[order(eventDat$time),]))

    result <- within(as.data.frame(modelOutput),{Level<-LL$Level[[1]]})

    return(result)

  },ini_par=initial_params,st=state,t=times)

  stopCluster(c1)

  timestamp()

  ModelOutput<-do.call(rbind,modelOutput)##make big dataframe for evaluation

  

  return(ModelOutput)

}







PODcost <- function(test_air_conc){

  

  # POD calculation

  test_result <- minRBCCE(test_air_conc)

  test_error <- (test_result - 90.0)

  

  # convert vapor conc to dose

  test_dose <- test_air_conc*IR_scenario*(60/1000)*params[["P3"]]/params[["BWST"]] 

  

  print(sprintf("%f  %f  %f",test_air_conc,test_dose,test_result))

  flush.console()

  return(test_error*test_error)

}



AEDcost <- function(test_air_conc){

  

  # AED calculation

  test_result <- avgCBL(test_air_conc)

  test_error <- (test_result - ac_50)

  

  # convert vapor conc to dose

  test_dose <- test_air_conc*IR_scenario*(60/1000)*params[["P3"]]/params[["BWST"]] 

  

  print(sprintf("%f  %f  %f",test_air_conc,test_dose,test_result))

  flush.console()

  return(test_error*test_error)

}



# get the vapor-phase concentration required to reproduce 90% brain AChE

vapor_conc <- optim(par = 719.5, PODcost, method = "Brent",lower = 1, upper = 1e6) # POD limits/bounds



# convert the vapor conc. to a dose (mg/m^3 to mg/kg/day)

final_dose <- vapor_conc$par*IR_scenario*(60/1000)*params[["P3"]]/params[["BWST"]]



# finally run the model for this concentration

ModelOutput <- just_run_model(vapor_conc$par)



final_dose #mkd

vapor_conc$par #mg/m3

min(ModelOutput$RBCCE)


#clear workspace

rm(list = ls())



#set the working directory to the location of these scripts

#setwd(dirname(rstudioapi::getActiveDocumentContext()$path))



BW_scenario <- 69

subject_age = 21

IR_scenario <- 10.67 # L/min inhalation rate

ac_50 = -999

Ndays = 123

dpw = 7

hpd = 24

scenario_number = 42



#Environment####

library(dplyr)

library(tidyr)

library(parallel)

# number of cores avaiable on current machine

tot_cores<-detectCores(all.tests = FALSE, logical = TRUE)  

cores<-tot_cores-1 # leave one core for other tasks 



source("human_pbpk.R") # Loads model and base parameters

source("malathion_human_parameters.R") # male and female specific parameters



# Intial_parameters####

sex = 1						 # 0=male, 1= Female

params<-c(params[!names(params)%in%names(human_parameters[[sex+1]])],

          human_parameters[[sex+1]])



params[["TSTART"]]<-0.0             # START SIMULATION (HR)

params[["TSTOP"]]=Ndays*24      			 # Simulation duration

params[["BWSW"]] = 1   	 				# Switch for age (set =0) or set (set =1) if bwt provided

params[["BWST"]]= BW_scenario   	 				# kg

params[["AGE0"]]=subject_age

params[["QALV"]] = IR_scenario*60   			# Inhalation rate L/h				

params[["IZONE"]]=1            #Turn inhalation on



params[["W3"]] = Ndays                     #days exposed per year

params[["D3"]] = dpw                         #days exposed per week

params[["P3"]] = hpd                       #hours exposed per day



#conc_mgm3 = interpolated_dose				 # Inhalation concentration, mg/m3  # converted to umol/L below



# combine or replace "base" parameters with case specific human parameters, carring out any calcuated paramters which are function of other specific case parameters 

initial_params <- initial_params_fun(params)



# get blood concentration resulting from dose

# dermal dose based on scenario 35



avgCBLO <-function(air_conc){

  

  # concentration in mg/m^3

  # make sure we change to mg/kg/day for output!!!!!!!!!!!!!!!!!!!!!

  conc_mgm3 = air_conc

  

  # TIMING COMMANDS ####

  MAXT=0.1       #maximum time step

  times<-seq(initial_params[["TSTART"]],initial_params[["TSTOP"]],by=MAXT)#

  

  # max number of points to write out to file

  POINTS_max<-10000  

  # if the more than 10000 timesteps, select evently spaced 10000 of them for reporting

  report_points<-if(length(times)<=POINTS_max) times else 

    times[seq(1,length(times),by=round(length(times)/POINTS_max))]

  table(report_points%in%times)#check all report values are in times.

  

  

  # STATE####

  # Subject specific UPDATES to the initial value of state varibles

  state<-state_fun()

  

  # Dosing ####

  # 8 hours/day, 5 days/week, 3 weeks exposure

  

  All_Dose<-data.frame(time=times)%>%

    mutate(Level=paste(conc_mgm3,"MGM",sep="_"),

           CIM = (conc_mgm3/1000),# mg/L

           pulse1=pulse(t=time,

                        p=initial_params[["YEAR"]]*24,

                        w=initial_params[["W3"]]*24),

           pulse2=pulse(t=time,

                        p=7*24,

                        w=initial_params[["D3"]]*24),

           pulse3=pulse(t=time,

                        p=24,

                        w=initial_params[["P3"]]),

           pulse=pulse1*pulse2*pulse3,

           CIM=CIM*pulse/initial_params[["MWOXON"]]*1000,#inhaled dose concentration (from mg/L to umol/L)

           is.change=c(1,diff(pulse)))%>%

    filter(is.change!=0)

  

  #print(All_Dose$Level)

  #~~~~APPLY MODEL~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~#### 

  # Do parallel for speed

  c1<-makeCluster(min(cores,n_distinct(All_Dose$Level))) # cluster for parallel 

  timestamp()

  modelOutput<-parLapply(c1,split(All_Dose,All_Dose$Level), function (LL,ini_par,st,t){

    #load data into cores

    source("human_pbpk.R")

    # Create dataframe of "events"that describe the dosing, which informs the

    # ODE function, and needs to have columns "var" = the state_variable that needs

    # to be changed,"time"= when the changes occurs,"value"=the value being changed

    # to,& "method"= how the new value interacts with the previous state variable

    # value. See ?deSolve::lsodes and ?deSolve::events.

    eventDat<-rbind(data.frame(var="CI_OXON",time=LL$time,

                               value=LL$CIM,	 

                               method="replace",stringsAsFactors = FALSE)

    )

    

    # DERIVITIVE ####

    # RUN MODEL 

    modelOutput<- ode(y = st, times = t,  #method = "lsodes",

                      func = Human_Model, parms = ini_par,

                      events = list(data = eventDat[order(eventDat$time),]))

    result <- within(as.data.frame(modelOutput),{Level<-LL$Level[[1]]})

    return(result)

  },ini_par=initial_params,st=state,t=times)

  stopCluster(c1)

  timestamp()

  ModelOutput<-do.call(rbind,modelOutput)##make big dataframe for evaluation

  

  return(mean(tail(ModelOutput$CBLO,240)))

}



minBCE <-function(air_conc){

  

  # concentration in mg/m^3

  # make sure we change to mg/kg/day for output!!!!!!!!!!!!!!!!!!!!!

  conc_mgm3 = air_conc

  

  # TIMING COMMANDS ####

  MAXT=0.1       #maximum time step

  times<-seq(initial_params[["TSTART"]],initial_params[["TSTOP"]],by=MAXT)#

  

  # max number of points to write out to file

  POINTS_max<-10000  

  # if the more than 10000 timesteps, select evently spaced 10000 of them for reporting

  report_points<-if(length(times)<=POINTS_max) times else 

    times[seq(1,length(times),by=round(length(times)/POINTS_max))]

  table(report_points%in%times)#check all report values are in times.

  

  

  # STATE####

  # Subject specific UPDATES to the initial value of state varibles

  state<-state_fun()

  

  # Dosing ####

  # 8 hours/day, 5 days/week, 3 weeks exposure

  

  All_Dose<-data.frame(time=times)%>%

    mutate(Level=paste(conc_mgm3,"MGM",sep="_"),

           CIM = (conc_mgm3/1000),# mg/L

           pulse1=pulse(t=time,

                        p=initial_params[["YEAR"]]*24,

                        w=initial_params[["W3"]]*24),

           pulse2=pulse(t=time,

                        p=7*24,

                        w=initial_params[["D3"]]*24),

           pulse3=pulse(t=time,

                        p=24,

                        w=initial_params[["P3"]]),

           pulse=pulse1*pulse2*pulse3,

           CIM=CIM*pulse/initial_params[["MWOXON"]]*1000,#inhaled dose concentration (from mg/L to umol/L)

           is.change=c(1,diff(pulse)))%>%

    filter(is.change!=0)

  

  #print(All_Dose$Level)

  #~~~~APPLY MODEL~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~#### 

  # Do parallel for speed

  c1<-makeCluster(min(cores,n_distinct(All_Dose$Level))) # cluster for parallel 

  timestamp()

  modelOutput<-parLapply(c1,split(All_Dose,All_Dose$Level), function (LL,ini_par,st,t){

    #load data into cores

    source("human_pbpk.R")

    # Create dataframe of "events"that describe the dosing, which informs the

    # ODE function, and needs to have columns "var" = the state_variable that needs

    # to be changed,"time"= when the changes occurs,"value"=the value being changed

    # to,& "method"= how the new value interacts with the previous state variable

    # value. See ?deSolve::lsodes and ?deSolve::events.

    eventDat<-rbind(data.frame(var="CI_OXON",time=LL$time,

                               value=LL$CIM,	 

                               method="replace",stringsAsFactors = FALSE)

    )

    

    # DERIVITIVE ####

    # RUN MODEL 

    modelOutput<- ode(y = st, times = t,  #method = "lsodes",

                      func = Human_Model, parms = ini_par,

                      events = list(data = eventDat[order(eventDat$time),]))

    result <- within(as.data.frame(modelOutput),{Level<-LL$Level[[1]]})

    return(result)

  },ini_par=initial_params,st=state,t=times)

  stopCluster(c1)

  timestamp()

  ModelOutput<-do.call(rbind,modelOutput)##make big dataframe for evaluation

  

  return(min(ModelOutput$BCE))

}



just_run_model <-function(air_conc){

  

  # concentration in mg/m^3

  # make sure we change to mg/kg/day for output!!!!!!!!!!!!!!!!!!!!!

  conc_mgm3 = air_conc

  

  # TIMING COMMANDS ####

  MAXT=0.1       #maximum time step

  times<-seq(initial_params[["TSTART"]],initial_params[["TSTOP"]],by=MAXT)#

  

  # max number of points to write out to file

  POINTS_max<-10000  

  # if the more than 10000 timesteps, select evently spaced 10000 of them for reporting

  report_points<-if(length(times)<=POINTS_max) times else 

    times[seq(1,length(times),by=round(length(times)/POINTS_max))]

  table(report_points%in%times)#check all report values are in times.

  

  

  # STATE####

  # Subject specific UPDATES to the initial value of state varibles

  state<-state_fun()

  

  # Dosing ####

  # 8 hours/day, 5 days/week, 3 weeks exposure

  

  All_Dose<-data.frame(time=times)%>%

    mutate(Level=paste(conc_mgm3,"MGM",sep="_"),

           CIM = (conc_mgm3/1000),# mg/L

           pulse1=pulse(t=time,

                        p=initial_params[["YEAR"]]*24,

                        w=initial_params[["W3"]]*24),

           pulse2=pulse(t=time,

                        p=7*24,

                        w=initial_params[["D3"]]*24),

           pulse3=pulse(t=time,

                        p=24,

                        w=initial_params[["P3"]]),

           pulse=pulse1*pulse2*pulse3,

           CIM=CIM*pulse/initial_params[["MWOXON"]]*1000,#inhaled dose concentration (from mg/L to umol/L)

           is.change=c(1,diff(pulse)))%>%

    filter(is.change!=0)

  

  #print(All_Dose$Level)

  #~~~~APPLY MODEL~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~#### 

  # Do parallel for speed

  c1<-makeCluster(min(cores,n_distinct(All_Dose$Level))) # cluster for parallel 

  timestamp()

  modelOutput<-parLapply(c1,split(All_Dose,All_Dose$Level), function (LL,ini_par,st,t){

    #load data into cores

    source("human_pbpk.R")

    # Create dataframe of "events"that describe the dosing, which informs the

    # ODE function, and needs to have columns "var" = the state_variable that needs

    # to be changed,"time"= when the changes occurs,"value"=the value being changed

    # to,& "method"= how the new value interacts with the previous state variable

    # value. See ?deSolve::lsodes and ?deSolve::events.

    eventDat<-rbind(data.frame(var="CI_OXON",time=LL$time,

                               value=LL$CIM,	 

                               method="replace",stringsAsFactors = FALSE)

    )

    

    # DERIVITIVE ####

    # RUN MODEL 

    modelOutput<- ode(y = st, times = t,  #method = "lsodes",

                      func = Human_Model, parms = ini_par,

                      events = list(data = eventDat[order(eventDat$time),]))

    result <- within(as.data.frame(modelOutput),{Level<-LL$Level[[1]]})

    return(result)

  },ini_par=initial_params,st=state,t=times)

  stopCluster(c1)

  timestamp()

  ModelOutput<-do.call(rbind,modelOutput)##make big dataframe for evaluation

  

  return(ModelOutput)

}







PODcost <- function(test_air_conc){

  

  # POD calculation

  test_result <- minBCE(test_air_conc)

  test_error <- (test_result - 90.0)

  

  # convert vapor conc to dose

  test_dose <- test_air_conc*IR_scenario*(60/1000)*params[["P3"]]/params[["BWST"]] 

  

  print(sprintf("%f  %f  %f",test_air_conc,test_dose,test_result))

  

  return(test_error*test_error)

}



AEDcost <- function(test_air_conc){

  

  # AED calculation

  test_result <- avgCBLO(test_air_conc)

  test_error <- (test_result - ac_50)

  

  # convert vapor conc to dose

  test_dose <- test_air_conc*IR_scenario*(60/1000)*params[["P3"]]/params[["BWST"]] 

  

  print(sprintf("%f  %f  %f",test_air_conc,test_dose,test_result))

  

  return(test_error*test_error)

}



# get the vapor-phase concentration required to reproduce 90% brain AChE

vapor_conc <- optim(par = 719.5, PODcost, method = "Brent",lower = 1, upper = 1e6) # POD limits/bounds



# convert the vapor conc. to a dose (mg/m^3 to mg/kg/day)

final_dose <- vapor_conc$par*IR_scenario*(60/1000)*params[["P3"]]/params[["BWST"]]



# finally run the model for this concentration

ModelOutput <- just_run_model(vapor_conc$par)



final_dose #mkd

vapor_conc$par #mg/m3

min(ModelOutput$RBCCE)




#clear workspace

rm(list = ls())



#set the working directory to the location of these scripts

#setwd(dirname(rstudioapi::getActiveDocumentContext()$path))



BW_scenario <- 69

subject_age = 21

IR_scenario <- 10.67 # L/min inhalation rate

ac_50 = -999

scenario_number = 42

NDays <- 123

dpw = 7

hpd = 24



#Environment####

library(dplyr)

library(tidyr)

library(parallel)

# number of cores avaiable on current machine

tot_cores<-detectCores(all.tests = FALSE, logical = TRUE)  

cores<-tot_cores-1 # leave one core for other tasks 



source("human_pbpk.R") # Loads model and base parameters

source("malathion_human_parameters.R") # male and female specific parameters



# Intial_parameters####

sex = 1						 # 0=male, 1= Female

params<-c(params[!names(params)%in%names(human_parameters[[sex+1]])],

          human_parameters[[sex+1]])



params[["TSTART"]]<-0.0             # START SIMULATION (HR)

params[["TSTOP"]]=24*NDays      			 # Simulation duration

params[["BWSW"]] = 1   	 				# Switch for age (set =0) or set (set =1) if bwt provided

params[["BWST"]]= BW_scenario   	 				# kg

params[["AGE0"]]=subject_age

params[["QALV"]] = IR_scenario*60   			# Inhalation rate L/h				

params[["IZONE"]]=1            #Turn inhalation on



params[["W3"]] = NDays                     #days exposed per year

params[["D3"]] = dpw                         #days exposed per week

params[["P3"]] = hpd                       #hours exposed per day



#conc_mgm3 = interpolated_dose				 # Inhalation concentration, mg/m3  # converted to umol/L below



# combine or replace "base" parameters with case specific human parameters, carring out any calcuated paramters which are function of other specific case parameters 

initial_params <- initial_params_fun(params)



# get blood concentration resulting from dose

# dermal dose based on scenario 35



avgCBL <-function(air_conc){

  

  # concentration in mg/m^3

  # make sure we change to mg/kg/day for output!!!!!!!!!!!!!!!!!!!!!

  conc_mgm3 = air_conc

  

  # TIMING COMMANDS ####

  MAXT=0.1       #maximum time step

  times<-seq(initial_params[["TSTART"]],initial_params[["TSTOP"]],by=MAXT)#

  

  # max number of points to write out to file

  POINTS_max<-10000  

  # if the more than 10000 timesteps, select evently spaced 10000 of them for reporting

  report_points<-if(length(times)<=POINTS_max) times else 

    times[seq(1,length(times),by=round(length(times)/POINTS_max))]

  table(report_points%in%times)#check all report values are in times.

  

  

  # STATE####

  # Subject specific UPDATES to the initial value of state varibles

  state<-state_fun()

  

  # Dosing ####

  # 8 hours/day, 5 days/week, 3 weeks exposure

  

  All_Dose<-data.frame(time=times)%>%

    mutate(Level=paste(conc_mgm3,"MGM",sep="_"),

           CIM = (conc_mgm3/1000),# mg/L

           pulse1=pulse(t=time,

                        p=initial_params[["YEAR"]]*24,

                        w=initial_params[["W3"]]*24),

           pulse2=pulse(t=time,

                        p=7*24,

                        w=initial_params[["D3"]]*24),

           pulse3=pulse(t=time,

                        p=24,

                        w=initial_params[["P3"]]),

           pulse=pulse1*pulse2*pulse3,

           CIM=CIM*pulse/initial_params[["MWPAR"]]*1000,#inhaled dose concentration (from mg/L to umol/L)

           is.change=c(1,diff(pulse)))%>%

    filter(is.change!=0)

  

  #print(All_Dose$Level)

  #~~~~APPLY MODEL~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~#### 

  # Do parallel for speed

  c1<-makeCluster(min(cores,n_distinct(All_Dose$Level))) # cluster for parallel 

  timestamp()

  modelOutput<-parLapply(c1,split(All_Dose,All_Dose$Level), function (LL,ini_par,st,t){

    #load data into cores

    source("human_pbpk.R")

    # Create dataframe of "events"that describe the dosing, which informs the

    # ODE function, and needs to have columns "var" = the state_variable that needs

    # to be changed,"time"= when the changes occurs,"value"=the value being changed

    # to,& "method"= how the new value interacts with the previous state variable

    # value. See ?deSolve::lsodes and ?deSolve::events.

    eventDat<-rbind(data.frame(var="CI",time=LL$time,

                               value=LL$CIM,	 

                               method="replace",stringsAsFactors = FALSE)

    )

    

    # DERIVITIVE ####

    # RUN MODEL 

    modelOutput<- ode(y = st, times = t,  #method = "lsodes",

                      func = Human_Model, parms = ini_par,

                      events = list(data = eventDat[order(eventDat$time),]))

    result <- within(as.data.frame(modelOutput),{Level<-LL$Level[[1]]})

    return(result)

  },ini_par=initial_params,st=state,t=times)

  stopCluster(c1)

  timestamp()

  ModelOutput<-do.call(rbind,modelOutput)##make big dataframe for evaluation

  

  return(mean(tail(ModelOutput$CBL,240)))

}



minRBCCE <-function(air_conc){

  

  # concentration in mg/m^3

  # make sure we change to mg/kg/day for output!!!!!!!!!!!!!!!!!!!!!

  conc_mgm3 = air_conc

  

  # TIMING COMMANDS ####

  MAXT=0.1       #maximum time step

  times<-seq(initial_params[["TSTART"]],initial_params[["TSTOP"]],by=MAXT)#

  

  # max number of points to write out to file

  POINTS_max<-10000  

  # if the more than 10000 timesteps, select evently spaced 10000 of them for reporting

  report_points<-if(length(times)<=POINTS_max) times else 

    times[seq(1,length(times),by=round(length(times)/POINTS_max))]

  table(report_points%in%times)#check all report values are in times.

  

  

  # STATE####

  # Subject specific UPDATES to the initial value of state varibles

  state<-state_fun()

  

  # Dosing ####

  # 8 hours/day, 5 days/week, 3 weeks exposure

  

  All_Dose<-data.frame(time=times)%>%

    mutate(Level=paste(conc_mgm3,"MGM",sep="_"),

           CIM = (conc_mgm3/1000),# mg/L

           pulse1=pulse(t=time,

                        p=initial_params[["YEAR"]]*24,

                        w=initial_params[["W3"]]*24),

           pulse2=pulse(t=time,

                        p=7*24,

                        w=initial_params[["D3"]]*24),

           pulse3=pulse(t=time,

                        p=24,

                        w=initial_params[["P3"]]),

           pulse=pulse1*pulse2*pulse3,

           CIM=CIM*pulse/initial_params[["MWPAR"]]*1000,#inhaled dose concentration (from mg/L to umol/L)

           is.change=c(1,diff(pulse)))%>%

    filter(is.change!=0)

  

  #print(All_Dose$Level)

  #~~~~APPLY MODEL~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~#### 

  # Do parallel for speed

  c1<-makeCluster(min(cores,n_distinct(All_Dose$Level))) # cluster for parallel 

  timestamp()

  modelOutput<-parLapply(c1,split(All_Dose,All_Dose$Level), function (LL,ini_par,st,t){

    #load data into cores

    source("human_pbpk.R")

    # Create dataframe of "events"that describe the dosing, which informs the

    # ODE function, and needs to have columns "var" = the state_variable that needs

    # to be changed,"time"= when the changes occurs,"value"=the value being changed

    # to,& "method"= how the new value interacts with the previous state variable

    # value. See ?deSolve::lsodes and ?deSolve::events.

    eventDat<-rbind(data.frame(var="CI",time=LL$time,

                               value=LL$CIM,	 

                               method="replace",stringsAsFactors = FALSE)

    )

    

    # DERIVITIVE ####

    # RUN MODEL 

    modelOutput<- ode(y = st, times = t,  #method = "lsodes",

                      func = Human_Model, parms = ini_par,

                      events = list(data = eventDat[order(eventDat$time),]))

    result <- within(as.data.frame(modelOutput),{Level<-LL$Level[[1]]})

    return(result)

  },ini_par=initial_params,st=state,t=times)

  stopCluster(c1)

  timestamp()

  ModelOutput<-do.call(rbind,modelOutput)##make big dataframe for evaluation

  

  return(min(ModelOutput$RBCCE))

}



just_run_model <-function(air_conc){

  

  # concentration in mg/m^3

  # make sure we change to mg/kg/day for output!!!!!!!!!!!!!!!!!!!!!

  conc_mgm3 = air_conc

  

  # TIMING COMMANDS ####

  MAXT=0.1       #maximum time step

  times<-seq(initial_params[["TSTART"]],initial_params[["TSTOP"]],by=MAXT)#

  

  # max number of points to write out to file

  POINTS_max<-10000  

  # if the more than 10000 timesteps, select evently spaced 10000 of them for reporting

  report_points<-if(length(times)<=POINTS_max) times else 

    times[seq(1,length(times),by=round(length(times)/POINTS_max))]

  table(report_points%in%times)#check all report values are in times.

  

  

  # STATE####

  # Subject specific UPDATES to the initial value of state varibles

  state<-state_fun()

  

  # Dosing ####

  # 8 hours/day, 5 days/week, 3 weeks exposure

  

  All_Dose<-data.frame(time=times)%>%

    mutate(Level=paste(conc_mgm3,"MGM",sep="_"),

           CIM = (conc_mgm3/1000),# mg/L

           pulse1=pulse(t=time,

                        p=initial_params[["YEAR"]]*24,

                        w=initial_params[["W3"]]*24),

           pulse2=pulse(t=time,

                        p=7*24,

                        w=initial_params[["D3"]]*24),

           pulse3=pulse(t=time,

                        p=24,

                        w=initial_params[["P3"]]),

           pulse=pulse1*pulse2*pulse3,

           CIM=CIM*pulse/initial_params[["MWPAR"]]*1000,#inhaled dose concentration (from mg/L to umol/L)

           is.change=c(1,diff(pulse)))%>%

    filter(is.change!=0)

  

  #print(All_Dose$Level)

  #~~~~APPLY MODEL~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~#### 

  # Do parallel for speed

  c1<-makeCluster(min(cores,n_distinct(All_Dose$Level))) # cluster for parallel 

  timestamp()

  modelOutput<-parLapply(c1,split(All_Dose,All_Dose$Level), function (LL,ini_par,st,t){

    #load data into cores

    source("human_pbpk.R")

    # Create dataframe of "events"that describe the dosing, which informs the

    # ODE function, and needs to have columns "var" = the state_variable that needs

    # to be changed,"time"= when the changes occurs,"value"=the value being changed

    # to,& "method"= how the new value interacts with the previous state variable

    # value. See ?deSolve::lsodes and ?deSolve::events.

    eventDat<-rbind(data.frame(var="CI",time=LL$time,

                               value=LL$CIM,	 

                               method="replace",stringsAsFactors = FALSE)

    )

    

    # DERIVITIVE ####

    # RUN MODEL 

    modelOutput<- ode(y = st, times = t,  #method = "lsodes",

                      func = Human_Model, parms = ini_par,

                      events = list(data = eventDat[order(eventDat$time),]))

    result <- within(as.data.frame(modelOutput),{Level<-LL$Level[[1]]})

    return(result)

  },ini_par=initial_params,st=state,t=times)

  stopCluster(c1)

  timestamp()

  ModelOutput<-do.call(rbind,modelOutput)##make big dataframe for evaluation

  

  return(ModelOutput)

}







PODcost <- function(test_air_conc){

  

  # POD calculation

  test_result <- minRBCCE(test_air_conc)

  test_error <- (test_result - 90.0)

  

  # convert vapor conc to dose

  test_dose <- test_air_conc*IR_scenario*(60/1000)*params[["P3"]]/params[["BWST"]] 

  

  print(sprintf("%f  %f  %f",test_air_conc,test_dose,test_result))

  flush.console()

  return(test_error*test_error)

}



AEDcost <- function(test_air_conc){

  

  # AED calculation

  test_result <- avgCBL(test_air_conc)

  test_error <- (test_result - ac_50)

  

  # convert vapor conc to dose

  test_dose <- test_air_conc*IR_scenario*(60/1000)*params[["P3"]]/params[["BWST"]] 

  

  print(sprintf("%f  %f  %f",test_air_conc,test_dose,test_result))

  flush.console()

  return(test_error*test_error)

}



# get the vapor-phase concentration required to reproduce 90% brain AChE

vapor_conc <- optim(par = 719.5, PODcost, method = "Brent",lower = 1, upper = 1e6) # POD limits/bounds



# convert the vapor conc. to a dose (mg/m^3 to mg/kg/day)

final_dose <- vapor_conc$par*IR_scenario*(60/1000)*params[["P3"]]/params[["BWST"]]



# finally run the model for this concentration

ModelOutput <- just_run_model(vapor_conc$par)



final_dose #mkd

vapor_conc$par #mg/m3

min(ModelOutput$RBCCE)


#clear workspace

rm(list = ls())



#set the working directory to the location of these scripts

#setwd(dirname(rstudioapi::getActiveDocumentContext()$path))



BW_scenario <- 11

subject_age = 1.5

IR_scenario <- 5.5 # L/min inhalation rate

ac_50 = -999

Ndays = 123

dpw = 7

hpd = 24

scenario_number = 43



#Environment####

library(dplyr)

library(tidyr)

library(parallel)

# number of cores avaiable on current machine

tot_cores<-detectCores(all.tests = FALSE, logical = TRUE)  

cores<-tot_cores-1 # leave one core for other tasks 



source("human_pbpk.R") # Loads model and base parameters

source("malathion_human_parameters.R") # male and female specific parameters



# Intial_parameters####

sex = 1						 # 0=male, 1= Female

params<-c(params[!names(params)%in%names(human_parameters[[sex+1]])],

          human_parameters[[sex+1]])



params[["TSTART"]]<-0.0             # START SIMULATION (HR)

params[["TSTOP"]]=Ndays*24      			 # Simulation duration 

params[["BWSW"]] = 1   	 				# Switch for age (set =0) or set (set =1) if bwt provided

params[["BWST"]]= BW_scenario   	 				# kg

params[["AGE0"]]=subject_age

params[["QALV"]] = IR_scenario*60   			# Inhalation rate L/h				

params[["IZONE"]]=1            #Turn inhalation on



params[["W3"]] = Ndays                     #days exposed per year

params[["D3"]] = dpw                         #days exposed per week

params[["P3"]] = hpd                       #hours exposed per day



#conc_mgm3 = interpolated_dose				 # Inhalation concentration, mg/m3  # converted to umol/L below



# combine or replace "base" parameters with case specific human parameters, carring out any calcuated paramters which are function of other specific case parameters 

initial_params <- initial_params_fun(params)



# get blood concentration resulting from dose

# dermal dose based on scenario 35



avgCBLO <-function(air_conc){

  

  # concentration in mg/m^3

  # make sure we change to mg/kg/day for output!!!!!!!!!!!!!!!!!!!!!

  conc_mgm3 = air_conc

  

  # TIMING COMMANDS ####

  MAXT=0.1       #maximum time step

  times<-seq(initial_params[["TSTART"]],initial_params[["TSTOP"]],by=MAXT)#

  

  # max number of points to write out to file

  POINTS_max<-10000  

  # if the more than 10000 timesteps, select evently spaced 10000 of them for reporting

  report_points<-if(length(times)<=POINTS_max) times else 

    times[seq(1,length(times),by=round(length(times)/POINTS_max))]

  table(report_points%in%times)#check all report values are in times.

  

  

  # STATE####

  # Subject specific UPDATES to the initial value of state varibles

  state<-state_fun()

  

  # Dosing ####

  # 8 hours/day, 5 days/week, 3 weeks exposure

  

  All_Dose<-data.frame(time=times)%>%

    mutate(Level=paste(conc_mgm3,"MGM",sep="_"),

           CIM = (conc_mgm3/1000),# mg/L

           pulse1=pulse(t=time,

                        p=initial_params[["YEAR"]]*24,

                        w=initial_params[["W3"]]*24),

           pulse2=pulse(t=time,

                        p=7*24,

                        w=initial_params[["D3"]]*24),

           pulse3=pulse(t=time,

                        p=24,

                        w=initial_params[["P3"]]),

           pulse=pulse1*pulse2*pulse3,

           CIM=CIM*pulse/initial_params[["MWOXON"]]*1000,#inhaled dose concentration (from mg/L to umol/L)

           is.change=c(1,diff(pulse)))%>%

    filter(is.change!=0)

  

  #print(All_Dose$Level)

  #~~~~APPLY MODEL~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~#### 

  # Do parallel for speed

  c1<-makeCluster(min(cores,n_distinct(All_Dose$Level))) # cluster for parallel 

  timestamp()

  modelOutput<-parLapply(c1,split(All_Dose,All_Dose$Level), function (LL,ini_par,st,t){

    #load data into cores

    source("human_pbpk.R")

    # Create dataframe of "events"that describe the dosing, which informs the

    # ODE function, and needs to have columns "var" = the state_variable that needs

    # to be changed,"time"= when the changes occurs,"value"=the value being changed

    # to,& "method"= how the new value interacts with the previous state variable

    # value. See ?deSolve::lsodes and ?deSolve::events.

    eventDat<-rbind(data.frame(var="CI_OXON",time=LL$time,

                               value=LL$CIM,	 

                               method="replace",stringsAsFactors = FALSE)

    )

    

    # DERIVITIVE ####

    # RUN MODEL 

    modelOutput<- ode(y = st, times = t,  #method = "lsodes",

                      func = Human_Model, parms = ini_par,

                      events = list(data = eventDat[order(eventDat$time),]))

    result <- within(as.data.frame(modelOutput),{Level<-LL$Level[[1]]})

    return(result)

  },ini_par=initial_params,st=state,t=times)

  stopCluster(c1)

  timestamp()

  ModelOutput<-do.call(rbind,modelOutput)##make big dataframe for evaluation

  

  return(mean(tail(ModelOutput$CBLO,240)))

}



minBCE <-function(air_conc){

  

  # concentration in mg/m^3

  # make sure we change to mg/kg/day for output!!!!!!!!!!!!!!!!!!!!!

  conc_mgm3 = air_conc

  

  # TIMING COMMANDS ####

  MAXT=0.1       #maximum time step

  times<-seq(initial_params[["TSTART"]],initial_params[["TSTOP"]],by=MAXT)#

  

  # max number of points to write out to file

  POINTS_max<-10000  

  # if the more than 10000 timesteps, select evently spaced 10000 of them for reporting

  report_points<-if(length(times)<=POINTS_max) times else 

    times[seq(1,length(times),by=round(length(times)/POINTS_max))]

  table(report_points%in%times)#check all report values are in times.

  

  

  # STATE####

  # Subject specific UPDATES to the initial value of state varibles

  state<-state_fun()

  

  # Dosing ####

  # 8 hours/day, 5 days/week, 3 weeks exposure

  

  All_Dose<-data.frame(time=times)%>%

    mutate(Level=paste(conc_mgm3,"MGM",sep="_"),

           CIM = (conc_mgm3/1000),# mg/L

           pulse1=pulse(t=time,

                        p=initial_params[["YEAR"]]*24,

                        w=initial_params[["W3"]]*24),

           pulse2=pulse(t=time,

                        p=7*24,

                        w=initial_params[["D3"]]*24),

           pulse3=pulse(t=time,

                        p=24,

                        w=initial_params[["P3"]]),

           pulse=pulse1*pulse2*pulse3,

           CIM=CIM*pulse/initial_params[["MWOXON"]]*1000,#inhaled dose concentration (from mg/L to umol/L)

           is.change=c(1,diff(pulse)))%>%

    filter(is.change!=0)

  

  #print(All_Dose$Level)

  #~~~~APPLY MODEL~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~#### 

  # Do parallel for speed

  c1<-makeCluster(min(cores,n_distinct(All_Dose$Level))) # cluster for parallel 

  timestamp()

  modelOutput<-parLapply(c1,split(All_Dose,All_Dose$Level), function (LL,ini_par,st,t){

    #load data into cores

    source("human_pbpk.R")

    # Create dataframe of "events"that describe the dosing, which informs the

    # ODE function, and needs to have columns "var" = the state_variable that needs

    # to be changed,"time"= when the changes occurs,"value"=the value being changed

    # to,& "method"= how the new value interacts with the previous state variable

    # value. See ?deSolve::lsodes and ?deSolve::events.

    eventDat<-rbind(data.frame(var="CI_OXON",time=LL$time,

                               value=LL$CIM,	 

                               method="replace",stringsAsFactors = FALSE)

    )

    

    # DERIVITIVE ####

    # RUN MODEL 

    modelOutput<- ode(y = st, times = t,  #method = "lsodes",

                      func = Human_Model, parms = ini_par,

                      events = list(data = eventDat[order(eventDat$time),]))

    result <- within(as.data.frame(modelOutput),{Level<-LL$Level[[1]]})

    return(result)

  },ini_par=initial_params,st=state,t=times)

  stopCluster(c1)

  timestamp()

  ModelOutput<-do.call(rbind,modelOutput)##make big dataframe for evaluation

  

  return(min(ModelOutput$BCE))

}



just_run_model <-function(air_conc){

  

  # concentration in mg/m^3

  # make sure we change to mg/kg/day for output!!!!!!!!!!!!!!!!!!!!!

  conc_mgm3 = air_conc

  

  # TIMING COMMANDS ####

  MAXT=0.1       #maximum time step

  times<-seq(initial_params[["TSTART"]],initial_params[["TSTOP"]],by=MAXT)#

  

  # max number of points to write out to file

  POINTS_max<-10000  

  # if the more than 10000 timesteps, select evently spaced 10000 of them for reporting

  report_points<-if(length(times)<=POINTS_max) times else 

    times[seq(1,length(times),by=round(length(times)/POINTS_max))]

  table(report_points%in%times)#check all report values are in times.

  

  

  # STATE####

  # Subject specific UPDATES to the initial value of state varibles

  state<-state_fun()

  

  # Dosing ####

  # 8 hours/day, 5 days/week, 3 weeks exposure

  

  All_Dose<-data.frame(time=times)%>%

    mutate(Level=paste(conc_mgm3,"MGM",sep="_"),

           CIM = (conc_mgm3/1000),# mg/L

           pulse1=pulse(t=time,

                        p=initial_params[["YEAR"]]*24,

                        w=initial_params[["W3"]]*24),

           pulse2=pulse(t=time,

                        p=7*24,

                        w=initial_params[["D3"]]*24),

           pulse3=pulse(t=time,

                        p=24,

                        w=initial_params[["P3"]]),

           pulse=pulse1*pulse2*pulse3,

           CIM=CIM*pulse/initial_params[["MWOXON"]]*1000,#inhaled dose concentration (from mg/L to umol/L)

           is.change=c(1,diff(pulse)))%>%

    filter(is.change!=0)

  

  #print(All_Dose$Level)

  #~~~~APPLY MODEL~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~#### 

  # Do parallel for speed

  c1<-makeCluster(min(cores,n_distinct(All_Dose$Level))) # cluster for parallel 

  timestamp()

  modelOutput<-parLapply(c1,split(All_Dose,All_Dose$Level), function (LL,ini_par,st,t){

    #load data into cores

    source("human_pbpk.R")

    # Create dataframe of "events"that describe the dosing, which informs the

    # ODE function, and needs to have columns "var" = the state_variable that needs

    # to be changed,"time"= when the changes occurs,"value"=the value being changed

    # to,& "method"= how the new value interacts with the previous state variable

    # value. See ?deSolve::lsodes and ?deSolve::events.

    eventDat<-rbind(data.frame(var="CI_OXON",time=LL$time,

                               value=LL$CIM,	 

                               method="replace",stringsAsFactors = FALSE)

    )

    

    # DERIVITIVE ####

    # RUN MODEL 

    modelOutput<- ode(y = st, times = t,  #method = "lsodes",

                      func = Human_Model, parms = ini_par,

                      events = list(data = eventDat[order(eventDat$time),]))

    result <- within(as.data.frame(modelOutput),{Level<-LL$Level[[1]]})

    return(result)

  },ini_par=initial_params,st=state,t=times)

  stopCluster(c1)

  timestamp()

  ModelOutput<-do.call(rbind,modelOutput)##make big dataframe for evaluation

  

  return(ModelOutput)

}







PODcost <- function(test_air_conc){

  

  # POD calculation

  test_result <- minBCE(test_air_conc)

  test_error <- (test_result - 90.0)

  

  # convert vapor conc to dose

  test_dose <- test_air_conc*IR_scenario*(60/1000)*params[["P3"]]/params[["BWST"]] 

  

  print(sprintf("%f  %f  %f",test_air_conc,test_dose,test_result))

  

  return(test_error*test_error)

}



AEDcost <- function(test_air_conc){

  

  # AED calculation

  test_result <- avgCBLO(test_air_conc)

  test_error <- (test_result - ac_50)

  

  # convert vapor conc to dose

  test_dose <- test_air_conc*IR_scenario*(60/1000)*params[["P3"]]/params[["BWST"]] 

  

  print(sprintf("%f  %f  %f",test_air_conc,test_dose,test_result))

  

  return(test_error*test_error)

}



# get the vapor-phase concentration required to reproduce 90% brain AChE

vapor_conc <- optim(par = 719.5, PODcost, method = "Brent",lower = 1, upper = 1e6) # POD limits/bounds



# convert the vapor conc. to a dose (mg/m^3 to mg/kg/day)

final_dose <- vapor_conc$par*IR_scenario*(60/1000)*params[["P3"]]/params[["BWST"]]



# finally run the model for this concentration

ModelOutput <- just_run_model(vapor_conc$par)



final_dose #mkd

vapor_conc$par #mg/m3

min(ModelOutput$RBCCE)




#clear workspace

rm(list = ls())



#set the working directory to the location of these scripts

#setwd(dirname(rstudioapi::getActiveDocumentContext()$path))



BW_scenario <- 11

subject_age = 1.5

IR_scenario <- 5.5 # L/min inhalation rate

ac_50 = -999

scenario_number = 43

NDays <- 123

dpw = 7

hpd = 24



#Environment####

library(dplyr)

library(tidyr)

library(parallel)

# number of cores avaiable on current machine

tot_cores<-detectCores(all.tests = FALSE, logical = TRUE)  

cores<-tot_cores-1 # leave one core for other tasks 



source("human_pbpk.R") # Loads model and base parameters

source("malathion_human_parameters.R") # male and female specific parameters



# Intial_parameters####

sex = 1						 # 0=male, 1= Female

params<-c(params[!names(params)%in%names(human_parameters[[sex+1]])],

          human_parameters[[sex+1]])



params[["TSTART"]]<-0.0             # START SIMULATION (HR)

params[["TSTOP"]]=24*NDays      			 # Simulation duration

params[["BWSW"]] = 1   	 				# Switch for age (set =0) or set (set =1) if bwt provided

params[["BWST"]]= BW_scenario   	 				# kg

params[["AGE0"]]=subject_age

params[["QALV"]] = IR_scenario*60   			# Inhalation rate L/h				

params[["IZONE"]]=1            #Turn inhalation on



params[["W3"]] = NDays                     #days exposed per year

params[["D3"]] = dpw                         #days exposed per week

params[["P3"]] = hpd                       #hours exposed per day



#conc_mgm3 = interpolated_dose				 # Inhalation concentration, mg/m3  # converted to umol/L below



# combine or replace "base" parameters with case specific human parameters, carring out any calcuated paramters which are function of other specific case parameters 

initial_params <- initial_params_fun(params)



# get blood concentration resulting from dose

# dermal dose based on scenario 35



avgCBL <-function(air_conc){

  

  # concentration in mg/m^3

  # make sure we change to mg/kg/day for output!!!!!!!!!!!!!!!!!!!!!

  conc_mgm3 = air_conc

  

  # TIMING COMMANDS ####

  MAXT=0.1       #maximum time step

  times<-seq(initial_params[["TSTART"]],initial_params[["TSTOP"]],by=MAXT)#

  

  # max number of points to write out to file

  POINTS_max<-10000  

  # if the more than 10000 timesteps, select evently spaced 10000 of them for reporting

  report_points<-if(length(times)<=POINTS_max) times else 

    times[seq(1,length(times),by=round(length(times)/POINTS_max))]

  table(report_points%in%times)#check all report values are in times.

  

  

  # STATE####

  # Subject specific UPDATES to the initial value of state varibles

  state<-state_fun()

  

  # Dosing ####

  # 8 hours/day, 5 days/week, 3 weeks exposure

  

  All_Dose<-data.frame(time=times)%>%

    mutate(Level=paste(conc_mgm3,"MGM",sep="_"),

           CIM = (conc_mgm3/1000),# mg/L

           pulse1=pulse(t=time,

                        p=initial_params[["YEAR"]]*24,

                        w=initial_params[["W3"]]*24),

           pulse2=pulse(t=time,

                        p=7*24,

                        w=initial_params[["D3"]]*24),

           pulse3=pulse(t=time,

                        p=24,

                        w=initial_params[["P3"]]),

           pulse=pulse1*pulse2*pulse3,

           CIM=CIM*pulse/initial_params[["MWPAR"]]*1000,#inhaled dose concentration (from mg/L to umol/L)

           is.change=c(1,diff(pulse)))%>%

    filter(is.change!=0)

  

  #print(All_Dose$Level)

  #~~~~APPLY MODEL~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~#### 

  # Do parallel for speed

  c1<-makeCluster(min(cores,n_distinct(All_Dose$Level))) # cluster for parallel 

  timestamp()

  modelOutput<-parLapply(c1,split(All_Dose,All_Dose$Level), function (LL,ini_par,st,t){

    #load data into cores

    source("human_pbpk.R")

    # Create dataframe of "events"that describe the dosing, which informs the

    # ODE function, and needs to have columns "var" = the state_variable that needs

    # to be changed,"time"= when the changes occurs,"value"=the value being changed

    # to,& "method"= how the new value interacts with the previous state variable

    # value. See ?deSolve::lsodes and ?deSolve::events.

    eventDat<-rbind(data.frame(var="CI",time=LL$time,

                               value=LL$CIM,	 

                               method="replace",stringsAsFactors = FALSE)

    )

    

    # DERIVITIVE ####

    # RUN MODEL 

    modelOutput<- ode(y = st, times = t,  #method = "lsodes",

                      func = Human_Model, parms = ini_par,

                      events = list(data = eventDat[order(eventDat$time),]))

    result <- within(as.data.frame(modelOutput),{Level<-LL$Level[[1]]})

    return(result)

  },ini_par=initial_params,st=state,t=times)

  stopCluster(c1)

  timestamp()

  ModelOutput<-do.call(rbind,modelOutput)##make big dataframe for evaluation

  

  return(mean(tail(ModelOutput$CBL,240)))

}



minRBCCE <-function(air_conc){

  

  # concentration in mg/m^3

  # make sure we change to mg/kg/day for output!!!!!!!!!!!!!!!!!!!!!

  conc_mgm3 = air_conc

  

  # TIMING COMMANDS ####

  MAXT=0.1       #maximum time step

  times<-seq(initial_params[["TSTART"]],initial_params[["TSTOP"]],by=MAXT)#

  

  # max number of points to write out to file

  POINTS_max<-10000  

  # if the more than 10000 timesteps, select evently spaced 10000 of them for reporting

  report_points<-if(length(times)<=POINTS_max) times else 

    times[seq(1,length(times),by=round(length(times)/POINTS_max))]

  table(report_points%in%times)#check all report values are in times.

  

  

  # STATE####

  # Subject specific UPDATES to the initial value of state varibles

  state<-state_fun()

  

  # Dosing ####

  # 8 hours/day, 5 days/week, 3 weeks exposure

  

  All_Dose<-data.frame(time=times)%>%

    mutate(Level=paste(conc_mgm3,"MGM",sep="_"),

           CIM = (conc_mgm3/1000),# mg/L

           pulse1=pulse(t=time,

                        p=initial_params[["YEAR"]]*24,

                        w=initial_params[["W3"]]*24),

           pulse2=pulse(t=time,

                        p=7*24,

                        w=initial_params[["D3"]]*24),

           pulse3=pulse(t=time,

                        p=24,

                        w=initial_params[["P3"]]),

           pulse=pulse1*pulse2*pulse3,

           CIM=CIM*pulse/initial_params[["MWPAR"]]*1000,#inhaled dose concentration (from mg/L to umol/L)

           is.change=c(1,diff(pulse)))%>%

    filter(is.change!=0)

  

  #print(All_Dose$Level)

  #~~~~APPLY MODEL~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~#### 

  # Do parallel for speed

  c1<-makeCluster(min(cores,n_distinct(All_Dose$Level))) # cluster for parallel 

  timestamp()

  modelOutput<-parLapply(c1,split(All_Dose,All_Dose$Level), function (LL,ini_par,st,t){

    #load data into cores

    source("human_pbpk.R")

    # Create dataframe of "events"that describe the dosing, which informs the

    # ODE function, and needs to have columns "var" = the state_variable that needs

    # to be changed,"time"= when the changes occurs,"value"=the value being changed

    # to,& "method"= how the new value interacts with the previous state variable

    # value. See ?deSolve::lsodes and ?deSolve::events.

    eventDat<-rbind(data.frame(var="CI",time=LL$time,

                               value=LL$CIM,	 

                               method="replace",stringsAsFactors = FALSE)

    )

    

    # DERIVITIVE ####

    # RUN MODEL 

    modelOutput<- ode(y = st, times = t,  #method = "lsodes",

                      func = Human_Model, parms = ini_par,

                      events = list(data = eventDat[order(eventDat$time),]))

    result <- within(as.data.frame(modelOutput),{Level<-LL$Level[[1]]})

    return(result)

  },ini_par=initial_params,st=state,t=times)

  stopCluster(c1)

  timestamp()

  ModelOutput<-do.call(rbind,modelOutput)##make big dataframe for evaluation

  

  return(min(ModelOutput$RBCCE))

}



just_run_model <-function(air_conc){

  

  # concentration in mg/m^3

  # make sure we change to mg/kg/day for output!!!!!!!!!!!!!!!!!!!!!

  conc_mgm3 = air_conc

  

  # TIMING COMMANDS ####

  MAXT=0.1       #maximum time step

  times<-seq(initial_params[["TSTART"]],initial_params[["TSTOP"]],by=MAXT)#

  

  # max number of points to write out to file

  POINTS_max<-10000  

  # if the more than 10000 timesteps, select evently spaced 10000 of them for reporting

  report_points<-if(length(times)<=POINTS_max) times else 

    times[seq(1,length(times),by=round(length(times)/POINTS_max))]

  table(report_points%in%times)#check all report values are in times.

  

  

  # STATE####

  # Subject specific UPDATES to the initial value of state varibles

  state<-state_fun()

  

  # Dosing ####

  # 8 hours/day, 5 days/week, 3 weeks exposure

  

  All_Dose<-data.frame(time=times)%>%

    mutate(Level=paste(conc_mgm3,"MGM",sep="_"),

           CIM = (conc_mgm3/1000),# mg/L

           pulse1=pulse(t=time,

                        p=initial_params[["YEAR"]]*24,

                        w=initial_params[["W3"]]*24),

           pulse2=pulse(t=time,

                        p=7*24,

                        w=initial_params[["D3"]]*24),

           pulse3=pulse(t=time,

                        p=24,

                        w=initial_params[["P3"]]),

           pulse=pulse1*pulse2*pulse3,

           CIM=CIM*pulse/initial_params[["MWPAR"]]*1000,#inhaled dose concentration (from mg/L to umol/L)

           is.change=c(1,diff(pulse)))%>%

    filter(is.change!=0)

  

  #print(All_Dose$Level)

  #~~~~APPLY MODEL~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~#### 

  # Do parallel for speed

  c1<-makeCluster(min(cores,n_distinct(All_Dose$Level))) # cluster for parallel 

  timestamp()

  modelOutput<-parLapply(c1,split(All_Dose,All_Dose$Level), function (LL,ini_par,st,t){

    #load data into cores

    source("human_pbpk.R")

    # Create dataframe of "events"that describe the dosing, which informs the

    # ODE function, and needs to have columns "var" = the state_variable that needs

    # to be changed,"time"= when the changes occurs,"value"=the value being changed

    # to,& "method"= how the new value interacts with the previous state variable

    # value. See ?deSolve::lsodes and ?deSolve::events.

    eventDat<-rbind(data.frame(var="CI",time=LL$time,

                               value=LL$CIM,	 

                               method="replace",stringsAsFactors = FALSE)

    )

    

    # DERIVITIVE ####

    # RUN MODEL 

    modelOutput<- ode(y = st, times = t,  #method = "lsodes",

                      func = Human_Model, parms = ini_par,

                      events = list(data = eventDat[order(eventDat$time),]))

    result <- within(as.data.frame(modelOutput),{Level<-LL$Level[[1]]})

    return(result)

  },ini_par=initial_params,st=state,t=times)

  stopCluster(c1)

  timestamp()

  ModelOutput<-do.call(rbind,modelOutput)##make big dataframe for evaluation

  

  return(ModelOutput)

}







PODcost <- function(test_air_conc){

  

  # POD calculation

  test_result <- minRBCCE(test_air_conc)

  test_error <- (test_result - 90.0)

  

  # convert vapor conc to dose

  test_dose <- test_air_conc*IR_scenario*(60/1000)*params[["P3"]]/params[["BWST"]] 

  

  print(sprintf("%f  %f  %f",test_air_conc,test_dose,test_result))

  flush.console()

  return(test_error*test_error)

}



AEDcost <- function(test_air_conc){

  

  # AED calculation

  test_result <- avgCBL(test_air_conc)

  test_error <- (test_result - ac_50)

  

  # convert vapor conc to dose

  test_dose <- test_air_conc*IR_scenario*(60/1000)*params[["P3"]]/params[["BWST"]] 

  

  print(sprintf("%f  %f  %f",test_air_conc,test_dose,test_result))

  flush.console()

  return(test_error*test_error)

}



# get the vapor-phase concentration required to reproduce 90% brain AChE

vapor_conc <- optim(par = 719.5, PODcost, method = "Brent",lower = 1, upper = 1e6) # POD limits/bounds



# convert the vapor conc. to a dose (mg/m^3 to mg/kg/day)

final_dose <- vapor_conc$par*IR_scenario*(60/1000)*params[["P3"]]/params[["BWST"]]



# finally run the model for this concentration

ModelOutput <- just_run_model(vapor_conc$par)



final_dose #mkd

vapor_conc$par #mg/m3

min(ModelOutput$RBCCE)


#clear workspace

rm(list = ls())



#set the working directory to the location of these scripts

#setwd(dirname(rstudioapi::getActiveDocumentContext()$path))



BW_scenario <- 69

subject_age = 21

IR_scenario <- 10.67 # L/min inhalation rate

ac_50 = -999

Ndays = 1

dpw = 1

hpd = 2

scenario_number = 44



#Environment####

library(dplyr)

library(tidyr)

library(parallel)

# number of cores avaiable on current machine

tot_cores<-detectCores(all.tests = FALSE, logical = TRUE)  

cores<-tot_cores-1 # leave one core for other tasks 



source("human_pbpk.R") # Loads model and base parameters

source("malathion_human_parameters.R") # male and female specific parameters



# Intial_parameters####

sex = 1						 # 0=male, 1= Female

params<-c(params[!names(params)%in%names(human_parameters[[sex+1]])],

          human_parameters[[sex+1]])



params[["TSTART"]]<-0.0             # START SIMULATION (HR)

params[["TSTOP"]]=Ndays*24      			 # Simulation duration

params[["BWSW"]] = 1   	 				# Switch for age (set =0) or set (set =1) if bwt provided

params[["BWST"]]= BW_scenario   	 				# kg

params[["AGE0"]]=subject_age

params[["QALV"]] = IR_scenario*60   			# Inhalation rate L/h				

params[["IZONE"]]=1            #Turn inhalation on



params[["W3"]] = Ndays                     #days exposed per year

params[["D3"]] = dpw                         #days exposed per week

params[["P3"]] = hpd                       #hours exposed per day



#conc_mgm3 = interpolated_dose				 # Inhalation concentration, mg/m3  # converted to umol/L below



# combine or replace "base" parameters with case specific human parameters, carring out any calcuated paramters which are function of other specific case parameters 

initial_params <- initial_params_fun(params)



# get blood concentration resulting from dose

# dermal dose based on scenario 35



avgCBLO <-function(air_conc){

  

  # concentration in mg/m^3

  # make sure we change to mg/kg/day for output!!!!!!!!!!!!!!!!!!!!!

  conc_mgm3 = air_conc

  

  # TIMING COMMANDS ####

  MAXT=0.1       #maximum time step

  times<-seq(initial_params[["TSTART"]],initial_params[["TSTOP"]],by=MAXT)#

  

  # max number of points to write out to file

  POINTS_max<-10000  

  # if the more than 10000 timesteps, select evently spaced 10000 of them for reporting

  report_points<-if(length(times)<=POINTS_max) times else 

    times[seq(1,length(times),by=round(length(times)/POINTS_max))]

  table(report_points%in%times)#check all report values are in times.

  

  

  # STATE####

  # Subject specific UPDATES to the initial value of state varibles

  state<-state_fun()

  

  # Dosing ####

  # 8 hours/day, 5 days/week, 3 weeks exposure

  

  All_Dose<-data.frame(time=times)%>%

    mutate(Level=paste(conc_mgm3,"MGM",sep="_"),

           CIM = (conc_mgm3/1000),# mg/L

           pulse1=pulse(t=time,

                        p=initial_params[["YEAR"]]*24,

                        w=initial_params[["W3"]]*24),

           pulse2=pulse(t=time,

                        p=7*24,

                        w=initial_params[["D3"]]*24),

           pulse3=pulse(t=time,

                        p=24,

                        w=initial_params[["P3"]]),

           pulse=pulse1*pulse2*pulse3,

           CIM=CIM*pulse/initial_params[["MWOXON"]]*1000,#inhaled dose concentration (from mg/L to umol/L)

           is.change=c(1,diff(pulse)))%>%

    filter(is.change!=0)

  

  #print(All_Dose$Level)

  #~~~~APPLY MODEL~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~#### 

  # Do parallel for speed

  c1<-makeCluster(min(cores,n_distinct(All_Dose$Level))) # cluster for parallel 

  timestamp()

  modelOutput<-parLapply(c1,split(All_Dose,All_Dose$Level), function (LL,ini_par,st,t){

    #load data into cores

    source("human_pbpk.R")

    # Create dataframe of "events"that describe the dosing, which informs the

    # ODE function, and needs to have columns "var" = the state_variable that needs

    # to be changed,"time"= when the changes occurs,"value"=the value being changed

    # to,& "method"= how the new value interacts with the previous state variable

    # value. See ?deSolve::lsodes and ?deSolve::events.

    eventDat<-rbind(data.frame(var="CI_OXON",time=LL$time,

                               value=LL$CIM,	 

                               method="replace",stringsAsFactors = FALSE)

    )

    

    # DERIVITIVE ####

    # RUN MODEL 

    modelOutput<- ode(y = st, times = t,  #method = "lsodes",

                      func = Human_Model, parms = ini_par,

                      events = list(data = eventDat[order(eventDat$time),]))

    result <- within(as.data.frame(modelOutput),{Level<-LL$Level[[1]]})

    return(result)

  },ini_par=initial_params,st=state,t=times)

  stopCluster(c1)

  timestamp()

  ModelOutput<-do.call(rbind,modelOutput)##make big dataframe for evaluation

  

  return(mean(tail(ModelOutput$CBLO,240)))

}



minBCE <-function(air_conc){

  

  # concentration in mg/m^3

  # make sure we change to mg/kg/day for output!!!!!!!!!!!!!!!!!!!!!

  conc_mgm3 = air_conc

  

  # TIMING COMMANDS ####

  MAXT=0.1       #maximum time step

  times<-seq(initial_params[["TSTART"]],initial_params[["TSTOP"]],by=MAXT)#

  

  # max number of points to write out to file

  POINTS_max<-10000  

  # if the more than 10000 timesteps, select evently spaced 10000 of them for reporting

  report_points<-if(length(times)<=POINTS_max) times else 

    times[seq(1,length(times),by=round(length(times)/POINTS_max))]

  table(report_points%in%times)#check all report values are in times.

  

  

  # STATE####

  # Subject specific UPDATES to the initial value of state varibles

  state<-state_fun()

  

  # Dosing ####

  # 8 hours/day, 5 days/week, 3 weeks exposure

  

  All_Dose<-data.frame(time=times)%>%

    mutate(Level=paste(conc_mgm3,"MGM",sep="_"),

           CIM = (conc_mgm3/1000),# mg/L

           pulse1=pulse(t=time,

                        p=initial_params[["YEAR"]]*24,

                        w=initial_params[["W3"]]*24),

           pulse2=pulse(t=time,

                        p=7*24,

                        w=initial_params[["D3"]]*24),

           pulse3=pulse(t=time,

                        p=24,

                        w=initial_params[["P3"]]),

           pulse=pulse1*pulse2*pulse3,

           CIM=CIM*pulse/initial_params[["MWOXON"]]*1000,#inhaled dose concentration (from mg/L to umol/L)

           is.change=c(1,diff(pulse)))%>%

    filter(is.change!=0)

  

  #print(All_Dose$Level)

  #~~~~APPLY MODEL~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~#### 

  # Do parallel for speed

  c1<-makeCluster(min(cores,n_distinct(All_Dose$Level))) # cluster for parallel 

  timestamp()

  modelOutput<-parLapply(c1,split(All_Dose,All_Dose$Level), function (LL,ini_par,st,t){

    #load data into cores

    source("human_pbpk.R")

    # Create dataframe of "events"that describe the dosing, which informs the

    # ODE function, and needs to have columns "var" = the state_variable that needs

    # to be changed,"time"= when the changes occurs,"value"=the value being changed

    # to,& "method"= how the new value interacts with the previous state variable

    # value. See ?deSolve::lsodes and ?deSolve::events.

    eventDat<-rbind(data.frame(var="CI_OXON",time=LL$time,

                               value=LL$CIM,	 

                               method="replace",stringsAsFactors = FALSE)

    )

    

    # DERIVITIVE ####

    # RUN MODEL 

    modelOutput<- ode(y = st, times = t,  #method = "lsodes",

                      func = Human_Model, parms = ini_par,

                      events = list(data = eventDat[order(eventDat$time),]))

    result <- within(as.data.frame(modelOutput),{Level<-LL$Level[[1]]})

    return(result)

  },ini_par=initial_params,st=state,t=times)

  stopCluster(c1)

  timestamp()

  ModelOutput<-do.call(rbind,modelOutput)##make big dataframe for evaluation

  

  return(min(ModelOutput$BCE))

}



just_run_model <-function(air_conc){

  

  # concentration in mg/m^3

  # make sure we change to mg/kg/day for output!!!!!!!!!!!!!!!!!!!!!

  conc_mgm3 = air_conc

  

  # TIMING COMMANDS ####

  MAXT=0.1       #maximum time step

  times<-seq(initial_params[["TSTART"]],initial_params[["TSTOP"]],by=MAXT)#

  

  # max number of points to write out to file

  POINTS_max<-10000  

  # if the more than 10000 timesteps, select evently spaced 10000 of them for reporting

  report_points<-if(length(times)<=POINTS_max) times else 

    times[seq(1,length(times),by=round(length(times)/POINTS_max))]

  table(report_points%in%times)#check all report values are in times.

  

  

  # STATE####

  # Subject specific UPDATES to the initial value of state varibles

  state<-state_fun()

  

  # Dosing ####

  # 8 hours/day, 5 days/week, 3 weeks exposure

  

  All_Dose<-data.frame(time=times)%>%

    mutate(Level=paste(conc_mgm3,"MGM",sep="_"),

           CIM = (conc_mgm3/1000),# mg/L

           pulse1=pulse(t=time,

                        p=initial_params[["YEAR"]]*24,

                        w=initial_params[["W3"]]*24),

           pulse2=pulse(t=time,

                        p=7*24,

                        w=initial_params[["D3"]]*24),

           pulse3=pulse(t=time,

                        p=24,

                        w=initial_params[["P3"]]),

           pulse=pulse1*pulse2*pulse3,

           CIM=CIM*pulse/initial_params[["MWOXON"]]*1000,#inhaled dose concentration (from mg/L to umol/L)

           is.change=c(1,diff(pulse)))%>%

    filter(is.change!=0)

  

  #print(All_Dose$Level)

  #~~~~APPLY MODEL~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~#### 

  # Do parallel for speed

  c1<-makeCluster(min(cores,n_distinct(All_Dose$Level))) # cluster for parallel 

  timestamp()

  modelOutput<-parLapply(c1,split(All_Dose,All_Dose$Level), function (LL,ini_par,st,t){

    #load data into cores

    source("human_pbpk.R")

    # Create dataframe of "events"that describe the dosing, which informs the

    # ODE function, and needs to have columns "var" = the state_variable that needs

    # to be changed,"time"= when the changes occurs,"value"=the value being changed

    # to,& "method"= how the new value interacts with the previous state variable

    # value. See ?deSolve::lsodes and ?deSolve::events.

    eventDat<-rbind(data.frame(var="CI_OXON",time=LL$time,

                               value=LL$CIM,	 

                               method="replace",stringsAsFactors = FALSE)

    )

    

    # DERIVITIVE ####

    # RUN MODEL 

    modelOutput<- ode(y = st, times = t,  #method = "lsodes",

                      func = Human_Model, parms = ini_par,

                      events = list(data = eventDat[order(eventDat$time),]))

    result <- within(as.data.frame(modelOutput),{Level<-LL$Level[[1]]})

    return(result)

  },ini_par=initial_params,st=state,t=times)

  stopCluster(c1)

  timestamp()

  ModelOutput<-do.call(rbind,modelOutput)##make big dataframe for evaluation

  

  return(ModelOutput)

}







PODcost <- function(test_air_conc){

  

  # POD calculation

  test_result <- minBCE(test_air_conc)

  test_error <- (test_result - 90.0)

  

  # convert vapor conc to dose

  test_dose <- test_air_conc*IR_scenario*(60/1000)*params[["P3"]]/params[["BWST"]] 

  

  print(sprintf("%f  %f  %f",test_air_conc,test_dose,test_result))

  

  return(test_error*test_error)

}



AEDcost <- function(test_air_conc){

  

  # AED calculation

  test_result <- avgCBLO(test_air_conc)

  test_error <- (test_result - ac_50)

  

  # convert vapor conc to dose

  test_dose <- test_air_conc*IR_scenario*(60/1000)*params[["P3"]]/params[["BWST"]] 

  

  print(sprintf("%f  %f  %f",test_air_conc,test_dose,test_result))

  

  return(test_error*test_error)

}



# get the vapor-phase concentration required to reproduce 90% brain AChE

vapor_conc <- optim(par = 719.5, PODcost, method = "Brent",lower = 1, upper = 1e6) # POD limits/bounds



# convert the vapor conc. to a dose (mg/m^3 to mg/kg/day)

final_dose <- vapor_conc$par*IR_scenario*(60/1000)*params[["P3"]]/params[["BWST"]]



# finally run the model for this concentration

ModelOutput <- just_run_model(vapor_conc$par)



final_dose #mkd

vapor_conc$par #mg/m3

min(ModelOutput$RBCCE)




#clear workspace

rm(list = ls())



#set the working directory to the location of these scripts

#setwd(dirname(rstudioapi::getActiveDocumentContext()$path))



BW_scenario <- 69

subject_age = 21

IR_scenario <- 10.67 # L/min inhalation rate

ac_50 = -999

scenario_number = 44

Ndays = 1

dpw = 1

hpd = 2



#Environment####

library(dplyr)

library(tidyr)

library(parallel)

# number of cores avaiable on current machine

tot_cores<-detectCores(all.tests = FALSE, logical = TRUE)  

cores<-tot_cores-1 # leave one core for other tasks 



source("human_pbpk.R") # Loads model and base parameters

source("malathion_human_parameters.R") # male and female specific parameters



# Intial_parameters####

sex = 1						 # 0=male, 1= Female

params<-c(params[!names(params)%in%names(human_parameters[[sex+1]])],

          human_parameters[[sex+1]])



params[["TSTART"]]<-0.0             # START SIMULATION (HR)

params[["TSTOP"]]=Ndays*24      			 # Simulation duration

params[["BWSW"]] = 1   	 				# Switch for age (set =0) or set (set =1) if bwt provided

params[["BWST"]]= BW_scenario   	 				# kg

params[["AGE0"]]=subject_age

params[["QALV"]] = IR_scenario*60   			# Inhalation rate L/h				

params[["IZONE"]]=1            #Turn inhalation on



params[["W3"]] = Ndays                     #days exposed per year

params[["D3"]] = dpw                         #days exposed per week

params[["P3"]] = hpd                       #hours exposed per day



#conc_mgm3 = interpolated_dose				 # Inhalation concentration, mg/m3  # converted to umol/L below



# combine or replace "base" parameters with case specific human parameters, carring out any calcuated paramters which are function of other specific case parameters 

initial_params <- initial_params_fun(params)



# get blood concentration resulting from dose

# dermal dose based on scenario 35



avgCBL <-function(air_conc){

  

  # concentration in mg/m^3

  # make sure we change to mg/kg/day for output!!!!!!!!!!!!!!!!!!!!!

  conc_mgm3 = air_conc

  

  # TIMING COMMANDS ####

  MAXT=0.1       #maximum time step

  times<-seq(initial_params[["TSTART"]],initial_params[["TSTOP"]],by=MAXT)#

  

  # max number of points to write out to file

  POINTS_max<-10000  

  # if the more than 10000 timesteps, select evently spaced 10000 of them for reporting

  report_points<-if(length(times)<=POINTS_max) times else 

    times[seq(1,length(times),by=round(length(times)/POINTS_max))]

  table(report_points%in%times)#check all report values are in times.

  

  

  # STATE####

  # Subject specific UPDATES to the initial value of state varibles

  state<-state_fun()

  

  # Dosing ####

  # 8 hours/day, 5 days/week, 3 weeks exposure

  

  All_Dose<-data.frame(time=times)%>%

    mutate(Level=paste(conc_mgm3,"MGM",sep="_"),

           CIM = (conc_mgm3/1000),# mg/L

           pulse1=pulse(t=time,

                        p=initial_params[["YEAR"]]*24,

                        w=initial_params[["W3"]]*24),

           pulse2=pulse(t=time,

                        p=7*24,

                        w=initial_params[["D3"]]*24),

           pulse3=pulse(t=time,

                        p=24,

                        w=initial_params[["P3"]]),

           pulse=pulse1*pulse2*pulse3,

           CIM=CIM*pulse/initial_params[["MWPAR"]]*1000,#inhaled dose concentration (from mg/L to umol/L)

           is.change=c(1,diff(pulse)))%>%

    filter(is.change!=0)

  

  #print(All_Dose$Level)

  #~~~~APPLY MODEL~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~#### 

  # Do parallel for speed

  c1<-makeCluster(min(cores,n_distinct(All_Dose$Level))) # cluster for parallel 

  timestamp()

  modelOutput<-parLapply(c1,split(All_Dose,All_Dose$Level), function (LL,ini_par,st,t){

    #load data into cores

    source("human_pbpk.R")

    # Create dataframe of "events"that describe the dosing, which informs the

    # ODE function, and needs to have columns "var" = the state_variable that needs

    # to be changed,"time"= when the changes occurs,"value"=the value being changed

    # to,& "method"= how the new value interacts with the previous state variable

    # value. See ?deSolve::lsodes and ?deSolve::events.

    eventDat<-rbind(data.frame(var="CI",time=LL$time,

                               value=LL$CIM,	 

                               method="replace",stringsAsFactors = FALSE)

    )

    

    # DERIVITIVE ####

    # RUN MODEL 

    modelOutput<- ode(y = st, times = t,  #method = "lsodes",

                      func = Human_Model, parms = ini_par,

                      events = list(data = eventDat[order(eventDat$time),]))

    result <- within(as.data.frame(modelOutput),{Level<-LL$Level[[1]]})

    return(result)

  },ini_par=initial_params,st=state,t=times)

  stopCluster(c1)

  timestamp()

  ModelOutput<-do.call(rbind,modelOutput)##make big dataframe for evaluation

  

  return(mean(tail(ModelOutput$CBL,240)))

}



minRBCCE <-function(air_conc){

  

  # concentration in mg/m^3

  # make sure we change to mg/kg/day for output!!!!!!!!!!!!!!!!!!!!!

  conc_mgm3 = air_conc

  

  # TIMING COMMANDS ####

  MAXT=0.1       #maximum time step

  times<-seq(initial_params[["TSTART"]],initial_params[["TSTOP"]],by=MAXT)#

  

  # max number of points to write out to file

  POINTS_max<-10000  

  # if the more than 10000 timesteps, select evently spaced 10000 of them for reporting

  report_points<-if(length(times)<=POINTS_max) times else 

    times[seq(1,length(times),by=round(length(times)/POINTS_max))]

  table(report_points%in%times)#check all report values are in times.

  

  

  # STATE####

  # Subject specific UPDATES to the initial value of state varibles

  state<-state_fun()

  

  # Dosing ####

  # 8 hours/day, 5 days/week, 3 weeks exposure

  

  All_Dose<-data.frame(time=times)%>%

    mutate(Level=paste(conc_mgm3,"MGM",sep="_"),

           CIM = (conc_mgm3/1000),# mg/L

           pulse1=pulse(t=time,

                        p=initial_params[["YEAR"]]*24,

                        w=initial_params[["W3"]]*24),

           pulse2=pulse(t=time,

                        p=7*24,

                        w=initial_params[["D3"]]*24),

           pulse3=pulse(t=time,

                        p=24,

                        w=initial_params[["P3"]]),

           pulse=pulse1*pulse2*pulse3,

           CIM=CIM*pulse/initial_params[["MWPAR"]]*1000,#inhaled dose concentration (from mg/L to umol/L)

           is.change=c(1,diff(pulse)))%>%

    filter(is.change!=0)

  

  #print(All_Dose$Level)

  #~~~~APPLY MODEL~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~#### 

  # Do parallel for speed

  c1<-makeCluster(min(cores,n_distinct(All_Dose$Level))) # cluster for parallel 

  timestamp()

  modelOutput<-parLapply(c1,split(All_Dose,All_Dose$Level), function (LL,ini_par,st,t){

    #load data into cores

    source("human_pbpk.R")

    # Create dataframe of "events"that describe the dosing, which informs the

    # ODE function, and needs to have columns "var" = the state_variable that needs

    # to be changed,"time"= when the changes occurs,"value"=the value being changed

    # to,& "method"= how the new value interacts with the previous state variable

    # value. See ?deSolve::lsodes and ?deSolve::events.

    eventDat<-rbind(data.frame(var="CI",time=LL$time,

                               value=LL$CIM,	 

                               method="replace",stringsAsFactors = FALSE)

    )

    

    # DERIVITIVE ####

    # RUN MODEL 

    modelOutput<- ode(y = st, times = t,  #method = "lsodes",

                      func = Human_Model, parms = ini_par,

                      events = list(data = eventDat[order(eventDat$time),]))

    result <- within(as.data.frame(modelOutput),{Level<-LL$Level[[1]]})

    return(result)

  },ini_par=initial_params,st=state,t=times)

  stopCluster(c1)

  timestamp()

  ModelOutput<-do.call(rbind,modelOutput)##make big dataframe for evaluation

  

  return(min(ModelOutput$RBCCE))

}



just_run_model <-function(air_conc){

  

  # concentration in mg/m^3

  # make sure we change to mg/kg/day for output!!!!!!!!!!!!!!!!!!!!!

  conc_mgm3 = air_conc

  

  # TIMING COMMANDS ####

  MAXT=0.1       #maximum time step

  times<-seq(initial_params[["TSTART"]],initial_params[["TSTOP"]],by=MAXT)#

  

  # max number of points to write out to file

  POINTS_max<-10000  

  # if the more than 10000 timesteps, select evently spaced 10000 of them for reporting

  report_points<-if(length(times)<=POINTS_max) times else 

    times[seq(1,length(times),by=round(length(times)/POINTS_max))]

  table(report_points%in%times)#check all report values are in times.

  

  

  # STATE####

  # Subject specific UPDATES to the initial value of state varibles

  state<-state_fun()

  

  # Dosing ####

  # 8 hours/day, 5 days/week, 3 weeks exposure

  

  All_Dose<-data.frame(time=times)%>%

    mutate(Level=paste(conc_mgm3,"MGM",sep="_"),

           CIM = (conc_mgm3/1000),# mg/L

           pulse1=pulse(t=time,

                        p=initial_params[["YEAR"]]*24,

                        w=initial_params[["W3"]]*24),

           pulse2=pulse(t=time,

                        p=7*24,

                        w=initial_params[["D3"]]*24),

           pulse3=pulse(t=time,

                        p=24,

                        w=initial_params[["P3"]]),

           pulse=pulse1*pulse2*pulse3,

           CIM=CIM*pulse/initial_params[["MWPAR"]]*1000,#inhaled dose concentration (from mg/L to umol/L)

           is.change=c(1,diff(pulse)))%>%

    filter(is.change!=0)

  

  #print(All_Dose$Level)

  #~~~~APPLY MODEL~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~#### 

  # Do parallel for speed

  c1<-makeCluster(min(cores,n_distinct(All_Dose$Level))) # cluster for parallel 

  timestamp()

  modelOutput<-parLapply(c1,split(All_Dose,All_Dose$Level), function (LL,ini_par,st,t){

    #load data into cores

    source("human_pbpk.R")

    # Create dataframe of "events"that describe the dosing, which informs the

    # ODE function, and needs to have columns "var" = the state_variable that needs

    # to be changed,"time"= when the changes occurs,"value"=the value being changed

    # to,& "method"= how the new value interacts with the previous state variable

    # value. See ?deSolve::lsodes and ?deSolve::events.

    eventDat<-rbind(data.frame(var="CI",time=LL$time,

                               value=LL$CIM,	 

                               method="replace",stringsAsFactors = FALSE)

    )

    

    # DERIVITIVE ####

    # RUN MODEL 

    modelOutput<- ode(y = st, times = t,  #method = "lsodes",

                      func = Human_Model, parms = ini_par,

                      events = list(data = eventDat[order(eventDat$time),]))

    result <- within(as.data.frame(modelOutput),{Level<-LL$Level[[1]]})

    return(result)

  },ini_par=initial_params,st=state,t=times)

  stopCluster(c1)

  timestamp()

  ModelOutput<-do.call(rbind,modelOutput)##make big dataframe for evaluation

  

  return(ModelOutput)

}







PODcost <- function(test_air_conc){

  

  # POD calculation

  test_result <- minRBCCE(test_air_conc)

  test_error <- (test_result - 90.0)

  

  # convert vapor conc to dose

  test_dose <- test_air_conc*IR_scenario*(60/1000)*params[["P3"]]/params[["BWST"]] 

  

  print(sprintf("%f  %f  %f",test_air_conc,test_dose,test_result))

  flush.console()

  return(test_error*test_error)

}



AEDcost <- function(test_air_conc){

  

  # AED calculation

  test_result <- avgCBL(test_air_conc)

  test_error <- (test_result - ac_50)

  

  # convert vapor conc to dose

  test_dose <- test_air_conc*IR_scenario*(60/1000)*params[["P3"]]/params[["BWST"]] 

  

  print(sprintf("%f  %f  %f",test_air_conc,test_dose,test_result))

  flush.console()

  return(test_error*test_error)

}



# get the vapor-phase concentration required to reproduce 90% brain AChE

vapor_conc <- optim(par = 719.5, PODcost, method = "Brent",lower = 1, upper = 1e6) # POD limits/bounds



# convert the vapor conc. to a dose (mg/m^3 to mg/kg/day)

final_dose <- vapor_conc$par*IR_scenario*(60/1000)*params[["P3"]]/params[["BWST"]]



# finally run the model for this concentration

ModelOutput <- just_run_model(vapor_conc$par)



final_dose #mkd

vapor_conc$par #mg/m3

min(ModelOutput$RBCCE)


#clear workspace

rm(list = ls())



#set the working directory to the location of these scripts

#setwd(dirname(rstudioapi::getActiveDocumentContext()$path))



BW_scenario <- 11

subject_age <- 1.5

IR_scenario <- 5.5 # L/min inhalation rate

ac_50 = -999

Ndays = 1

dpw = 1

hpd = 2

scenario_number = 45



#Environment####

library(dplyr)

library(tidyr)

library(parallel)

# number of cores avaiable on current machine

tot_cores<-detectCores(all.tests = FALSE, logical = TRUE)  

cores<-tot_cores-1 # leave one core for other tasks 



source("human_pbpk.R") # Loads model and base parameters

source("malathion_human_parameters.R") # male and female specific parameters



# Intial_parameters####

sex = 1						 # 0=male, 1= Female

params<-c(params[!names(params)%in%names(human_parameters[[sex+1]])],

          human_parameters[[sex+1]])



params[["TSTART"]]<-0.0             # START SIMULATION (HR)

params[["TSTOP"]]=Ndays*24      			 # Simulation duration 

params[["BWSW"]] = 1   	 				# Switch for age (set =0) or set (set =1) if bwt provided

params[["BWST"]]= BW_scenario   	 				# kg

params[["AGE0"]]=subject_age

params[["QALV"]] = IR_scenario*60   			# Inhalation rate L/h				

params[["IZONE"]]=1            #Turn inhalation on



params[["W3"]] = Ndays                     #days exposed per year

params[["D3"]] = dpw                         #days exposed per week

params[["P3"]] = hpd                       #hours exposed per day



#conc_mgm3 = interpolated_dose				 # Inhalation concentration, mg/m3  # converted to umol/L below



# combine or replace "base" parameters with case specific human parameters, carring out any calcuated paramters which are function of other specific case parameters 

initial_params <- initial_params_fun(params)



# get blood concentration resulting from dose

# dermal dose based on scenario 35



avgCBLO <-function(air_conc){

  

  # concentration in mg/m^3

  # make sure we change to mg/kg/day for output!!!!!!!!!!!!!!!!!!!!!

  conc_mgm3 = air_conc

  

  # TIMING COMMANDS ####

  MAXT=0.1       #maximum time step

  times<-seq(initial_params[["TSTART"]],initial_params[["TSTOP"]],by=MAXT)#

  

  # max number of points to write out to file

  POINTS_max<-10000  

  # if the more than 10000 timesteps, select evently spaced 10000 of them for reporting

  report_points<-if(length(times)<=POINTS_max) times else 

    times[seq(1,length(times),by=round(length(times)/POINTS_max))]

  table(report_points%in%times)#check all report values are in times.

  

  

  # STATE####

  # Subject specific UPDATES to the initial value of state varibles

  state<-state_fun()

  

  # Dosing ####

  # 8 hours/day, 5 days/week, 3 weeks exposure

  

  All_Dose<-data.frame(time=times)%>%

    mutate(Level=paste(conc_mgm3,"MGM",sep="_"),

           CIM = (conc_mgm3/1000),# mg/L

           pulse1=pulse(t=time,

                        p=initial_params[["YEAR"]]*24,

                        w=initial_params[["W3"]]*24),

           pulse2=pulse(t=time,

                        p=7*24,

                        w=initial_params[["D3"]]*24),

           pulse3=pulse(t=time,

                        p=24,

                        w=initial_params[["P3"]]),

           pulse=pulse1*pulse2*pulse3,

           CIM=CIM*pulse/initial_params[["MWOXON"]]*1000,#inhaled dose concentration (from mg/L to umol/L)

           is.change=c(1,diff(pulse)))%>%

    filter(is.change!=0)

  

  #print(All_Dose$Level)

  #~~~~APPLY MODEL~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~#### 

  # Do parallel for speed

  c1<-makeCluster(min(cores,n_distinct(All_Dose$Level))) # cluster for parallel 

  timestamp()

  modelOutput<-parLapply(c1,split(All_Dose,All_Dose$Level), function (LL,ini_par,st,t){

    #load data into cores

    source("human_pbpk.R")

    # Create dataframe of "events"that describe the dosing, which informs the

    # ODE function, and needs to have columns "var" = the state_variable that needs

    # to be changed,"time"= when the changes occurs,"value"=the value being changed

    # to,& "method"= how the new value interacts with the previous state variable

    # value. See ?deSolve::lsodes and ?deSolve::events.

    eventDat<-rbind(data.frame(var="CI_OXON",time=LL$time,

                               value=LL$CIM,	 

                               method="replace",stringsAsFactors = FALSE)

    )

    

    # DERIVITIVE ####

    # RUN MODEL 

    modelOutput<- ode(y = st, times = t,  #method = "lsodes",

                      func = Human_Model, parms = ini_par,

                      events = list(data = eventDat[order(eventDat$time),]))

    result <- within(as.data.frame(modelOutput),{Level<-LL$Level[[1]]})

    return(result)

  },ini_par=initial_params,st=state,t=times)

  stopCluster(c1)

  timestamp()

  ModelOutput<-do.call(rbind,modelOutput)##make big dataframe for evaluation

  

  return(mean(tail(ModelOutput$CBLO,240)))

}



minBCE <-function(air_conc){

  

  # concentration in mg/m^3

  # make sure we change to mg/kg/day for output!!!!!!!!!!!!!!!!!!!!!

  conc_mgm3 = air_conc

  

  # TIMING COMMANDS ####

  MAXT=0.1       #maximum time step

  times<-seq(initial_params[["TSTART"]],initial_params[["TSTOP"]],by=MAXT)#

  

  # max number of points to write out to file

  POINTS_max<-10000  

  # if the more than 10000 timesteps, select evently spaced 10000 of them for reporting

  report_points<-if(length(times)<=POINTS_max) times else 

    times[seq(1,length(times),by=round(length(times)/POINTS_max))]

  table(report_points%in%times)#check all report values are in times.

  

  

  # STATE####

  # Subject specific UPDATES to the initial value of state varibles

  state<-state_fun()

  

  # Dosing ####

  # 8 hours/day, 5 days/week, 3 weeks exposure

  

  All_Dose<-data.frame(time=times)%>%

    mutate(Level=paste(conc_mgm3,"MGM",sep="_"),

           CIM = (conc_mgm3/1000),# mg/L

           pulse1=pulse(t=time,

                        p=initial_params[["YEAR"]]*24,

                        w=initial_params[["W3"]]*24),

           pulse2=pulse(t=time,

                        p=7*24,

                        w=initial_params[["D3"]]*24),

           pulse3=pulse(t=time,

                        p=24,

                        w=initial_params[["P3"]]),

           pulse=pulse1*pulse2*pulse3,

           CIM=CIM*pulse/initial_params[["MWOXON"]]*1000,#inhaled dose concentration (from mg/L to umol/L)

           is.change=c(1,diff(pulse)))%>%

    filter(is.change!=0)

  

  #print(All_Dose$Level)

  #~~~~APPLY MODEL~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~#### 

  # Do parallel for speed

  c1<-makeCluster(min(cores,n_distinct(All_Dose$Level))) # cluster for parallel 

  timestamp()

  modelOutput<-parLapply(c1,split(All_Dose,All_Dose$Level), function (LL,ini_par,st,t){

    #load data into cores

    source("human_pbpk.R")

    # Create dataframe of "events"that describe the dosing, which informs the

    # ODE function, and needs to have columns "var" = the state_variable that needs

    # to be changed,"time"= when the changes occurs,"value"=the value being changed

    # to,& "method"= how the new value interacts with the previous state variable

    # value. See ?deSolve::lsodes and ?deSolve::events.

    eventDat<-rbind(data.frame(var="CI_OXON",time=LL$time,

                               value=LL$CIM,	 

                               method="replace",stringsAsFactors = FALSE)

    )

    

    # DERIVITIVE ####

    # RUN MODEL 

    modelOutput<- ode(y = st, times = t,  #method = "lsodes",

                      func = Human_Model, parms = ini_par,

                      events = list(data = eventDat[order(eventDat$time),]))

    result <- within(as.data.frame(modelOutput),{Level<-LL$Level[[1]]})

    return(result)

  },ini_par=initial_params,st=state,t=times)

  stopCluster(c1)

  timestamp()

  ModelOutput<-do.call(rbind,modelOutput)##make big dataframe for evaluation

  

  return(min(ModelOutput$BCE))

}



just_run_model <-function(air_conc){

  

  # concentration in mg/m^3

  # make sure we change to mg/kg/day for output!!!!!!!!!!!!!!!!!!!!!

  conc_mgm3 = air_conc

  

  # TIMING COMMANDS ####

  MAXT=0.1       #maximum time step

  times<-seq(initial_params[["TSTART"]],initial_params[["TSTOP"]],by=MAXT)#

  

  # max number of points to write out to file

  POINTS_max<-10000  

  # if the more than 10000 timesteps, select evently spaced 10000 of them for reporting

  report_points<-if(length(times)<=POINTS_max) times else 

    times[seq(1,length(times),by=round(length(times)/POINTS_max))]

  table(report_points%in%times)#check all report values are in times.

  

  

  # STATE####

  # Subject specific UPDATES to the initial value of state varibles

  state<-state_fun()

  

  # Dosing ####

  # 8 hours/day, 5 days/week, 3 weeks exposure

  

  All_Dose<-data.frame(time=times)%>%

    mutate(Level=paste(conc_mgm3,"MGM",sep="_"),

           CIM = (conc_mgm3/1000),# mg/L

           pulse1=pulse(t=time,

                        p=initial_params[["YEAR"]]*24,

                        w=initial_params[["W3"]]*24),

           pulse2=pulse(t=time,

                        p=7*24,

                        w=initial_params[["D3"]]*24),

           pulse3=pulse(t=time,

                        p=24,

                        w=initial_params[["P3"]]),

           pulse=pulse1*pulse2*pulse3,

           CIM=CIM*pulse/initial_params[["MWOXON"]]*1000,#inhaled dose concentration (from mg/L to umol/L)

           is.change=c(1,diff(pulse)))%>%

    filter(is.change!=0)

  

  #print(All_Dose$Level)

  #~~~~APPLY MODEL~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~#### 

  # Do parallel for speed

  c1<-makeCluster(min(cores,n_distinct(All_Dose$Level))) # cluster for parallel 

  timestamp()

  modelOutput<-parLapply(c1,split(All_Dose,All_Dose$Level), function (LL,ini_par,st,t){

    #load data into cores

    source("human_pbpk.R")

    # Create dataframe of "events"that describe the dosing, which informs the

    # ODE function, and needs to have columns "var" = the state_variable that needs

    # to be changed,"time"= when the changes occurs,"value"=the value being changed

    # to,& "method"= how the new value interacts with the previous state variable

    # value. See ?deSolve::lsodes and ?deSolve::events.

    eventDat<-rbind(data.frame(var="CI_OXON",time=LL$time,

                               value=LL$CIM,	 

                               method="replace",stringsAsFactors = FALSE)

    )

    

    # DERIVITIVE ####

    # RUN MODEL 

    modelOutput<- ode(y = st, times = t,  #method = "lsodes",

                      func = Human_Model, parms = ini_par,

                      events = list(data = eventDat[order(eventDat$time),]))

    result <- within(as.data.frame(modelOutput),{Level<-LL$Level[[1]]})

    return(result)

  },ini_par=initial_params,st=state,t=times)

  stopCluster(c1)

  timestamp()

  ModelOutput<-do.call(rbind,modelOutput)##make big dataframe for evaluation

  

  return(ModelOutput)

}







PODcost <- function(test_air_conc){

  

  # POD calculation

  test_result <- minBCE(test_air_conc)

  test_error <- (test_result - 90.0)

  

  # convert vapor conc to dose

  test_dose <- test_air_conc*IR_scenario*(60/1000)*params[["P3"]]/params[["BWST"]] 

  

  print(sprintf("%f  %f  %f",test_air_conc,test_dose,test_result))

  

  return(test_error*test_error)

}



AEDcost <- function(test_air_conc){

  

  # AED calculation

  test_result <- avgCBLO(test_air_conc)

  test_error <- (test_result - ac_50)

  

  # convert vapor conc to dose

  test_dose <- test_air_conc*IR_scenario*(60/1000)*params[["P3"]]/params[["BWST"]] 

  

  print(sprintf("%f  %f  %f",test_air_conc,test_dose,test_result))

  

  return(test_error*test_error)

}



# get the vapor-phase concentration required to reproduce 90% brain AChE

vapor_conc <- optim(par = 719.5, PODcost, method = "Brent",lower = 1, upper = 1e6) # POD limits/bounds



# convert the vapor conc. to a dose (mg/m^3 to mg/kg/day)

final_dose <- vapor_conc$par*IR_scenario*(60/1000)*params[["P3"]]/params[["BWST"]]



# finally run the model for this concentration

ModelOutput <- just_run_model(vapor_conc$par)



final_dose #mkd

vapor_conc$par #mg/m3

min(ModelOutput$RBCCE)




#clear workspace

rm(list = ls())



#set the working directory to the location of these scripts

#setwd(dirname(rstudioapi::getActiveDocumentContext()$path))



BW_scenario <- 11

subject_age = 1.5

IR_scenario <- 5.5 # L/min inhalation rate

ac_50 = -999

scenario_number = 45

Ndays = 1

dpw = 1

hpd = 2



#Environment####

library(dplyr)

library(tidyr)

library(parallel)

# number of cores avaiable on current machine

tot_cores<-detectCores(all.tests = FALSE, logical = TRUE)  

cores<-tot_cores-1 # leave one core for other tasks 



source("human_pbpk.R") # Loads model and base parameters

source("malathion_human_parameters.R") # male and female specific parameters



# Intial_parameters####

sex = 1						 # 0=male, 1= Female

params<-c(params[!names(params)%in%names(human_parameters[[sex+1]])],

          human_parameters[[sex+1]])



params[["TSTART"]]<-0.0             # START SIMULATION (HR)

params[["TSTOP"]]=Ndays*24      			 # Simulation duration

params[["BWSW"]] = 1   	 				# Switch for age (set =0) or set (set =1) if bwt provided

params[["BWST"]]= BW_scenario   	 				# kg

params[["AGE0"]]=subject_age

params[["QALV"]] = IR_scenario*60   			# Inhalation rate L/h				

params[["IZONE"]]=1            #Turn inhalation on



params[["W3"]] = Ndays                     #days exposed per year

params[["D3"]] = dpw                         #days exposed per week

params[["P3"]] = hpd                       #hours exposed per day



#conc_mgm3 = interpolated_dose				 # Inhalation concentration, mg/m3  # converted to umol/L below



# combine or replace "base" parameters with case specific human parameters, carring out any calcuated paramters which are function of other specific case parameters 

initial_params <- initial_params_fun(params)



# get blood concentration resulting from dose

# dermal dose based on scenario 35



avgCBL <-function(air_conc){

  

  # concentration in mg/m^3

  # make sure we change to mg/kg/day for output!!!!!!!!!!!!!!!!!!!!!

  conc_mgm3 = air_conc

  

  # TIMING COMMANDS ####

  MAXT=0.1       #maximum time step

  times<-seq(initial_params[["TSTART"]],initial_params[["TSTOP"]],by=MAXT)#

  

  # max number of points to write out to file

  POINTS_max<-10000  

  # if the more than 10000 timesteps, select evently spaced 10000 of them for reporting

  report_points<-if(length(times)<=POINTS_max) times else 

    times[seq(1,length(times),by=round(length(times)/POINTS_max))]

  table(report_points%in%times)#check all report values are in times.

  

  

  # STATE####

  # Subject specific UPDATES to the initial value of state varibles

  state<-state_fun()

  

  # Dosing ####

  # 8 hours/day, 5 days/week, 3 weeks exposure

  

  All_Dose<-data.frame(time=times)%>%

    mutate(Level=paste(conc_mgm3,"MGM",sep="_"),

           CIM = (conc_mgm3/1000),# mg/L

           pulse1=pulse(t=time,

                        p=initial_params[["YEAR"]]*24,

                        w=initial_params[["W3"]]*24),

           pulse2=pulse(t=time,

                        p=7*24,

                        w=initial_params[["D3"]]*24),

           pulse3=pulse(t=time,

                        p=24,

                        w=initial_params[["P3"]]),

           pulse=pulse1*pulse2*pulse3,

           CIM=CIM*pulse/initial_params[["MWPAR"]]*1000,#inhaled dose concentration (from mg/L to umol/L)

           is.change=c(1,diff(pulse)))%>%

    filter(is.change!=0)

  

  #print(All_Dose$Level)

  #~~~~APPLY MODEL~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~#### 

  # Do parallel for speed

  c1<-makeCluster(min(cores,n_distinct(All_Dose$Level))) # cluster for parallel 

  timestamp()

  modelOutput<-parLapply(c1,split(All_Dose,All_Dose$Level), function (LL,ini_par,st,t){

    #load data into cores

    source("human_pbpk.R")

    # Create dataframe of "events"that describe the dosing, which informs the

    # ODE function, and needs to have columns "var" = the state_variable that needs

    # to be changed,"time"= when the changes occurs,"value"=the value being changed

    # to,& "method"= how the new value interacts with the previous state variable

    # value. See ?deSolve::lsodes and ?deSolve::events.

    eventDat<-rbind(data.frame(var="CI",time=LL$time,

                               value=LL$CIM,	 

                               method="replace",stringsAsFactors = FALSE)

    )

    

    # DERIVITIVE ####

    # RUN MODEL 

    modelOutput<- ode(y = st, times = t,  #method = "lsodes",

                      func = Human_Model, parms = ini_par,

                      events = list(data = eventDat[order(eventDat$time),]))

    result <- within(as.data.frame(modelOutput),{Level<-LL$Level[[1]]})

    return(result)

  },ini_par=initial_params,st=state,t=times)

  stopCluster(c1)

  timestamp()

  ModelOutput<-do.call(rbind,modelOutput)##make big dataframe for evaluation

  

  return(mean(tail(ModelOutput$CBL,240)))

}



minRBCCE <-function(air_conc){

  

  # concentration in mg/m^3

  # make sure we change to mg/kg/day for output!!!!!!!!!!!!!!!!!!!!!

  conc_mgm3 = air_conc

  

  # TIMING COMMANDS ####

  MAXT=0.1       #maximum time step

  times<-seq(initial_params[["TSTART"]],initial_params[["TSTOP"]],by=MAXT)#

  

  # max number of points to write out to file

  POINTS_max<-10000  

  # if the more than 10000 timesteps, select evently spaced 10000 of them for reporting

  report_points<-if(length(times)<=POINTS_max) times else 

    times[seq(1,length(times),by=round(length(times)/POINTS_max))]

  table(report_points%in%times)#check all report values are in times.

  

  

  # STATE####

  # Subject specific UPDATES to the initial value of state varibles

  state<-state_fun()

  

  # Dosing ####

  # 8 hours/day, 5 days/week, 3 weeks exposure

  

  All_Dose<-data.frame(time=times)%>%

    mutate(Level=paste(conc_mgm3,"MGM",sep="_"),

           CIM = (conc_mgm3/1000),# mg/L

           pulse1=pulse(t=time,

                        p=initial_params[["YEAR"]]*24,

                        w=initial_params[["W3"]]*24),

           pulse2=pulse(t=time,

                        p=7*24,

                        w=initial_params[["D3"]]*24),

           pulse3=pulse(t=time,

                        p=24,

                        w=initial_params[["P3"]]),

           pulse=pulse1*pulse2*pulse3,

           CIM=CIM*pulse/initial_params[["MWPAR"]]*1000,#inhaled dose concentration (from mg/L to umol/L)

           is.change=c(1,diff(pulse)))%>%

    filter(is.change!=0)

  

  #print(All_Dose$Level)

  #~~~~APPLY MODEL~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~#### 

  # Do parallel for speed

  c1<-makeCluster(min(cores,n_distinct(All_Dose$Level))) # cluster for parallel 

  timestamp()

  modelOutput<-parLapply(c1,split(All_Dose,All_Dose$Level), function (LL,ini_par,st,t){

    #load data into cores

    source("human_pbpk.R")

    # Create dataframe of "events"that describe the dosing, which informs the

    # ODE function, and needs to have columns "var" = the state_variable that needs

    # to be changed,"time"= when the changes occurs,"value"=the value being changed

    # to,& "method"= how the new value interacts with the previous state variable

    # value. See ?deSolve::lsodes and ?deSolve::events.

    eventDat<-rbind(data.frame(var="CI",time=LL$time,

                               value=LL$CIM,	 

                               method="replace",stringsAsFactors = FALSE)

    )

    

    # DERIVITIVE ####

    # RUN MODEL 

    modelOutput<- ode(y = st, times = t,  #method = "lsodes",

                      func = Human_Model, parms = ini_par,

                      events = list(data = eventDat[order(eventDat$time),]))

    result <- within(as.data.frame(modelOutput),{Level<-LL$Level[[1]]})

    return(result)

  },ini_par=initial_params,st=state,t=times)

  stopCluster(c1)

  timestamp()

  ModelOutput<-do.call(rbind,modelOutput)##make big dataframe for evaluation

  

  return(min(ModelOutput$RBCCE))

}



just_run_model <-function(air_conc){

  

  # concentration in mg/m^3

  # make sure we change to mg/kg/day for output!!!!!!!!!!!!!!!!!!!!!

  conc_mgm3 = air_conc

  

  # TIMING COMMANDS ####

  MAXT=0.1       #maximum time step

  times<-seq(initial_params[["TSTART"]],initial_params[["TSTOP"]],by=MAXT)#

  

  # max number of points to write out to file

  POINTS_max<-10000  

  # if the more than 10000 timesteps, select evently spaced 10000 of them for reporting

  report_points<-if(length(times)<=POINTS_max) times else 

    times[seq(1,length(times),by=round(length(times)/POINTS_max))]

  table(report_points%in%times)#check all report values are in times.

  

  

  # STATE####

  # Subject specific UPDATES to the initial value of state varibles

  state<-state_fun()

  

  # Dosing ####

  # 8 hours/day, 5 days/week, 3 weeks exposure

  

  All_Dose<-data.frame(time=times)%>%

    mutate(Level=paste(conc_mgm3,"MGM",sep="_"),

           CIM = (conc_mgm3/1000),# mg/L

           pulse1=pulse(t=time,

                        p=initial_params[["YEAR"]]*24,

                        w=initial_params[["W3"]]*24),

           pulse2=pulse(t=time,

                        p=7*24,

                        w=initial_params[["D3"]]*24),

           pulse3=pulse(t=time,

                        p=24,

                        w=initial_params[["P3"]]),

           pulse=pulse1*pulse2*pulse3,

           CIM=CIM*pulse/initial_params[["MWPAR"]]*1000,#inhaled dose concentration (from mg/L to umol/L)

           is.change=c(1,diff(pulse)))%>%

    filter(is.change!=0)

  

  #print(All_Dose$Level)

  #~~~~APPLY MODEL~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~#### 

  # Do parallel for speed

  c1<-makeCluster(min(cores,n_distinct(All_Dose$Level))) # cluster for parallel 

  timestamp()

  modelOutput<-parLapply(c1,split(All_Dose,All_Dose$Level), function (LL,ini_par,st,t){

    #load data into cores

    source("human_pbpk.R")

    # Create dataframe of "events"that describe the dosing, which informs the

    # ODE function, and needs to have columns "var" = the state_variable that needs

    # to be changed,"time"= when the changes occurs,"value"=the value being changed

    # to,& "method"= how the new value interacts with the previous state variable

    # value. See ?deSolve::lsodes and ?deSolve::events.

    eventDat<-rbind(data.frame(var="CI",time=LL$time,

                               value=LL$CIM,	 

                               method="replace",stringsAsFactors = FALSE)

    )

    

    # DERIVITIVE ####

    # RUN MODEL 

    modelOutput<- ode(y = st, times = t,  #method = "lsodes",

                      func = Human_Model, parms = ini_par,

                      events = list(data = eventDat[order(eventDat$time),]))

    result <- within(as.data.frame(modelOutput),{Level<-LL$Level[[1]]})

    return(result)

  },ini_par=initial_params,st=state,t=times)

  stopCluster(c1)

  timestamp()

  ModelOutput<-do.call(rbind,modelOutput)##make big dataframe for evaluation

  

  return(ModelOutput)

}







PODcost <- function(test_air_conc){

  

  # POD calculation

  test_result <- minRBCCE(test_air_conc)

  test_error <- (test_result - 90.0)

  

  # convert vapor conc to dose

  test_dose <- test_air_conc*IR_scenario*(60/1000)*params[["P3"]]/params[["BWST"]] 

  

  print(sprintf("%f  %f  %f",test_air_conc,test_dose,test_result))

  flush.console()

  return(test_error*test_error)

}



AEDcost <- function(test_air_conc){

  

  # AED calculation

  test_result <- avgCBL(test_air_conc)

  test_error <- (test_result - ac_50)

  

  # convert vapor conc to dose

  test_dose <- test_air_conc*IR_scenario*(60/1000)*params[["P3"]]/params[["BWST"]] 

  

  print(sprintf("%f  %f  %f",test_air_conc,test_dose,test_result))

  flush.console()

  return(test_error*test_error)

}



# get the vapor-phase concentration required to reproduce 90% brain AChE

vapor_conc <- optim(par = 719.5, PODcost, method = "Brent",lower = 1, upper = 1e6) # POD limits/bounds



# convert the vapor conc. to a dose (mg/m^3 to mg/kg/day)

final_dose <- vapor_conc$par*IR_scenario*(60/1000)*params[["P3"]]/params[["BWST"]]



# finally run the model for this concentration

ModelOutput <- just_run_model(vapor_conc$par)



final_dose #mkd

vapor_conc$par #mg/m3

min(ModelOutput$RBCCE)


#clear workspace

rm(list = ls())



#set the working directory to the location of these scripts

#setwd(dirname(rstudioapi::getActiveDocumentContext()$path))



BW_scenario <- 11

subject_age <- 1.5

Ndays = 123

ac_50 = -999

scenario_number = 46





#Environment####

library(dplyr)

library(tidyr)

library(parallel)

# number of cores availabe on current machine

tot_cores<-detectCores(all.tests = FALSE, logical = TRUE)  

cores<-tot_cores-1 # leave one core for other tasks 





minBCE <- function(test_daily_dose){

  

  

  # Confirm the interpolated dose is correct

  source("human_pbpk.R") # Loads model and base parameters

  source("malathion_human_parameters.R") # male and female specific parameters

  

  # Intial_parameters####

  sex = 1						 # 0=male, 1= Female

  params<-c(params[!names(params)%in%names(human_parameters[[sex+1]])],

            human_parameters[[sex+1]])

  

  #case specific parameters

  params[["TSTART"]]<-0.0             # START SIMULATION (HR)

  params[["TSTOP"]]=Ndays*24 					 # Exposure duration in hrs 

  params[["BWSW"]]=1   						# Set = 1 if bwt provided

  params[["BWST"]]=BW_scenario 					   # Body Weight in kg

  params[["AGE0"]]=subject_age

  params[["FA"]]=1.0 

  

  # TIMING COMMANDS ####

  MAXT=0.1       #maximum time step

  times<-seq(params[["TSTART"]],params[["TSTOP"]],by=MAXT)#

  

  # max number of points to write out to file

  POINTS_max<-10000  

  # if the more than 10000 timesteps, select evently spaced 10000 of them for reporting

  report_points<-if(length(times)<=POINTS_max) times else 

    times[seq(1,length(times),by=round(length(times)/POINTS_max))]

  table(report_points%in%times)#check all report values are in times.

  

  # Dosing ####

  time_seq <- numeric(6*Ndays)

  time_seq[1] <- 0

  time_seq[2] <- 0.25

  time_seq[3] <- 0.5

  time_seq[4] <- 0.75

  time_seq[5] <- 1.0

  time_seq[6] <- 1.25

  for(j in 2:Ndays) {

    for(m in 1:6) {

      time_seq[1+6*(j-1)] <- 0+24*(j-1)

      time_seq[2+6*(j-1)] <- 0.25+24*(j-1)

      time_seq[3+6*(j-1)] <- 0.5+24*(j-1)

      time_seq[4+6*(j-1)] <- 0.75+24*(j-1)

      time_seq[5+6*(j-1)] <- 1+24*(j-1)

      time_seq[6+6*(j-1)] <- 1.25+24*(j-1)

    }

  }

  DORAL <- data.frame(

    time = time_seq,

    doral = c(test_daily_dose/6.0))

  

  All_Dose<-DORAL%>%

    mutate(ODOSEOXON=doral*(params[["BWST"]]/params[["MWOXON"]])

           *params[["FA"]], # OME dose conversion (ug/kg to umol)

           Level=paste(doral[1],"ug/kg",sep="_"))

  

  #~~~~APPLY MODEL~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~#### 

  # Do parallel for speed

  c1<-makeCluster(min(cores,n_distinct(All_Dose$Level))) # cluster for parallel 

  timestamp()

  modelOutput<-parLapply(c1,split(All_Dose,All_Dose$Level), function (LL,ini_par,t){

    #load data into cores

    source("human_pbpk.R")

    # Create dataframe of "events"that describe the dosing, which informs the

    # ODE function, and needs to have columns "var" = the state_variable that needs

    # to be changed,"time"= when the changes occurs,"value"=the value being changed

    # to,& "method"= how the new value interacts with the previous state variable

    # value. See ?deSolve::lsodes and ?deSolve::events.

    

    # combine or replace "base" parameters with case specific human parameters, 

    # carring out any calcuated paramters which are function of other specific case parameters 

    ini_pars <- initial_params_fun(params=ini_par)

    # STATE####

    # Subject specific UPDATES to the initial value of state varibles

    st<-state_fun(st=state,ini_p=ini_pars)

    

    eventDat<-rbind(data.frame(var="ODOSEO",time=LL$time,

                               value=LL$ODOSEOXON,	 

                               method="add",stringsAsFactors = FALSE),  # ("replace", "add", "multiply")

                    data.frame(var="ASTOMO",time=LL$time,

                               value=LL$ODOSEOXON,	 

                               method="add",stringsAsFactors = FALSE))

    

    # DERIVITIVE ####

    # RUN MODEL 

    modelOutput<- ode(y = st, times = t,  #method = "lsodes",

                      func = Human_Model, parms = ini_pars,

                      events = list(data = eventDat[order(eventDat$time),]))

    result <- within(as.data.frame(modelOutput),{Level<-LL$Level[[1]]})

    return(result)

  },ini_par=params,t=times)

  stopCluster(c1)

  timestamp()

  ModelOutput<-do.call(rbind,modelOutput)##make big dataframe for evaluation

  #~~~END MODEL ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~####

  

  return(min(ModelOutput$BCE))

  

}



avgCBLO <- function(test_daily_dose){



        

        # Confirm the interpolated dose is correct

        source("human_pbpk.R") # Loads model and base parameters

        source("malathion_human_parameters.R") # male and female specific parameters

        

        # Intial_parameters####

        sex = 1						 # 0=male, 1= Female

        params<-c(params[!names(params)%in%names(human_parameters[[sex+1]])],

                  human_parameters[[sex+1]])

        

        #case specific parameters

        params[["TSTART"]]<-0.0             # START SIMULATION (HR)

        params[["TSTOP"]]=Ndays*24 					 # Exposure duration in hrs 

        params[["BWSW"]]=1   						# Set = 1 if bwt provided

        params[["BWST"]]=BW_scenario 					   # Body Weight in kg

        params[["AGE0"]]=subject_age

        params[["FA"]]=1.0 

        

        # TIMING COMMANDS ####

        MAXT=0.1       #maximum time step

        times<-seq(params[["TSTART"]],params[["TSTOP"]],by=MAXT)#

        

        # max number of points to write out to file

        POINTS_max<-10000  

        # if the more than 10000 timesteps, select evently spaced 10000 of them for reporting

        report_points<-if(length(times)<=POINTS_max) times else 

          times[seq(1,length(times),by=round(length(times)/POINTS_max))]

        table(report_points%in%times)#check all report values are in times.

        

        # Dosing ####

        # Sixed doses each day for Ndays days over 1.5 hours

        time_seq <- numeric(6*Ndays)

        time_seq[1] <- 0

        time_seq[2] <- 0.25

        time_seq[3] <- 0.5

        time_seq[4] <- 0.75

        time_seq[5] <- 1.0

        time_seq[6] <- 1.25

        for(j in 2:Ndays) {

          for(m in 1:6) {

            time_seq[1+6*(j-1)] <- 0+24*(j-1)

            time_seq[2+6*(j-1)] <- 0.25+24*(j-1)

            time_seq[3+6*(j-1)] <- 0.5+24*(j-1)

            time_seq[4+6*(j-1)] <- 0.75+24*(j-1)

            time_seq[5+6*(j-1)] <- 1+24*(j-1)

            time_seq[6+6*(j-1)] <- 1.25+24*(j-1)

          }

        }

        DORAL <- data.frame(

          time = time_seq,

          doral = c(test_daily_dose/6.0))

        

        All_Dose<-DORAL%>%

          mutate(ODOSEOXON=doral*(params[["BWST"]]/params[["MWOXON"]])

                 *params[["FA"]], # OME dose conversion (ug/kg to umol)

                 Level=paste(doral[1],"ug/kg",sep="_"))

        

        #~~~~APPLY MODEL~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~#### 

        # Do parallel for speed

        c1<-makeCluster(min(cores,n_distinct(All_Dose$Level))) # cluster for parallel 

        timestamp()

        modelOutput<-parLapply(c1,split(All_Dose,All_Dose$Level), function (LL,ini_par,t){

          #load data into cores

          source("human_pbpk.R")

          # Create dataframe of "events"that describe the dosing, which informs the

          # ODE function, and needs to have columns "var" = the state_variable that needs

          # to be changed,"time"= when the changes occurs,"value"=the value being changed

          # to,& "method"= how the new value interacts with the previous state variable

          # value. See ?deSolve::lsodes and ?deSolve::events.

          

          # combine or replace "base" parameters with case specific human parameters, 

          # carring out any calcuated paramters which are function of other specific case parameters 

          ini_pars <- initial_params_fun(params=ini_par)

          # STATE####

          # Subject specific UPDATES to the initial value of state varibles

          st<-state_fun(st=state,ini_p=ini_pars)

          

          eventDat<-rbind(data.frame(var="ODOSEO",time=LL$time,

                                     value=LL$ODOSEOXON,	 

                                     method="add",stringsAsFactors = FALSE),  # ("replace", "add", "multiply")

                          data.frame(var="ASTOMO",time=LL$time,

                                     value=LL$ODOSEOXON,	 

                                     method="add",stringsAsFactors = FALSE))

          

          # DERIVITIVE ####

          # RUN MODEL 

          modelOutput<- ode(y = st, times = t,  #method = "lsodes",

                            func = Human_Model, parms = ini_pars,

                            events = list(data = eventDat[order(eventDat$time),]))

          result <- within(as.data.frame(modelOutput),{Level<-LL$Level[[1]]})

          return(result)

        },ini_par=params,t=times)

        stopCluster(c1)

        timestamp()

        ModelOutput<-do.call(rbind,modelOutput)##make big dataframe for evaluation

        #~~~END MODEL ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~####

        

        return(mean(tail(ModelOutput$CBLO,240)))



}





just_run_model <- function(test_daily_dose){

  

  

  # Confirm the interpolated dose is correct

  source("human_pbpk.R") # Loads model and base parameters

  source("malathion_human_parameters.R") # male and female specific parameters

  

  # Intial_parameters####

  sex = 1						 # 0=male, 1= Female

  params<-c(params[!names(params)%in%names(human_parameters[[sex+1]])],

            human_parameters[[sex+1]])

  

  #case specific parameters

  params[["TSTART"]]<-0.0             # START SIMULATION (HR)

  params[["TSTOP"]]=Ndays*24 					 # Exposure duration in hrs 

  params[["BWSW"]]=1   						# Set = 1 if bwt provided

  params[["BWST"]]=BW_scenario 					   # Body Weight in kg

  params[["AGE0"]]=subject_age

  params[["FA"]]=1.0 

  

  # TIMING COMMANDS ####

  MAXT=0.1       #maximum time step

  times<-seq(params[["TSTART"]],params[["TSTOP"]],by=MAXT)#

  

  # max number of points to write out to file

  POINTS_max<-10000  

  # if the more than 10000 timesteps, select evently spaced 10000 of them for reporting

  report_points<-if(length(times)<=POINTS_max) times else 

    times[seq(1,length(times),by=round(length(times)/POINTS_max))]

  table(report_points%in%times)#check all report values are in times.

  

  # Dosing ####

  # Sixed doses each day for Ndays days over 1.5 hours

  time_seq <- numeric(6*Ndays)

  time_seq[1] <- 0

  time_seq[2] <- 0.25

  time_seq[3] <- 0.5

  time_seq[4] <- 0.75

  time_seq[5] <- 1.0

  time_seq[6] <- 1.25

  for(j in 2:Ndays) {

    for(m in 1:6) {

      time_seq[1+6*(j-1)] <- 0+24*(j-1)

      time_seq[2+6*(j-1)] <- 0.25+24*(j-1)

      time_seq[3+6*(j-1)] <- 0.5+24*(j-1)

      time_seq[4+6*(j-1)] <- 0.75+24*(j-1)

      time_seq[5+6*(j-1)] <- 1+24*(j-1)

      time_seq[6+6*(j-1)] <- 1.25+24*(j-1)

    }

  }

  DORAL <- data.frame(

    time = time_seq,

    doral = c(test_daily_dose/6.0))

  

  All_Dose<-DORAL%>%

    mutate(ODOSEOXON=doral*(params[["BWST"]]/params[["MWOXON"]])

           *params[["FA"]], # OME dose conversion (ug/kg to umol)

           Level=paste(doral[1],"ug/kg",sep="_"))

  

  #~~~~APPLY MODEL~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~#### 

  # Do parallel for speed

  c1<-makeCluster(min(cores,n_distinct(All_Dose$Level))) # cluster for parallel 

  timestamp()

  modelOutput<-parLapply(c1,split(All_Dose,All_Dose$Level), function (LL,ini_par,t){

    #load data into cores

    source("human_pbpk.R")

    # Create dataframe of "events"that describe the dosing, which informs the

    # ODE function, and needs to have columns "var" = the state_variable that needs

    # to be changed,"time"= when the changes occurs,"value"=the value being changed

    # to,& "method"= how the new value interacts with the previous state variable

    # value. See ?deSolve::lsodes and ?deSolve::events.

    

    # combine or replace "base" parameters with case specific human parameters, 

    # carring out any calcuated paramters which are function of other specific case parameters 

    ini_pars <- initial_params_fun(params=ini_par)

    # STATE####

    # Subject specific UPDATES to the initial value of state varibles

    st<-state_fun(st=state,ini_p=ini_pars)

    

    eventDat<-rbind(data.frame(var="ODOSEO",time=LL$time,

                               value=LL$ODOSEOXON,	 

                               method="add",stringsAsFactors = FALSE),  # ("replace", "add", "multiply")

                    data.frame(var="ASTOMO",time=LL$time,

                               value=LL$ODOSEOXON,	 

                               method="add",stringsAsFactors = FALSE))

    

    # DERIVITIVE ####

    # RUN MODEL 

    modelOutput<- ode(y = st, times = t,  #method = "lsodes",

                      func = Human_Model, parms = ini_pars,

                      events = list(data = eventDat[order(eventDat$time),]))

    result <- within(as.data.frame(modelOutput),{Level<-LL$Level[[1]]})

    return(result)

  },ini_par=params,t=times)

  stopCluster(c1)

  timestamp()

  ModelOutput<-do.call(rbind,modelOutput)##make big dataframe for evaluation

  #~~~END MODEL ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~####

  

  return(ModelOutput)

  

}





# test_dose in mg/kg/day

PODcost <- function(test_dose){

  

  test_result <- minBCE(test_dose*1000)

  test_error <- (test_result - 90.0)

  

  print(sprintf("%f  %f",test_dose,test_result))

  

  return(test_error*test_error)

}



# test_dose in mg/kg/day

AEDcost <- function(test_dose){

  

  test_result <- avgCBLO(test_dose*1000)

  test_error <- (test_result - ac_50)

  

  print(sprintf("%f  %f",test_dose,test_result))

  

  return(test_error*test_error)

}



optimized_dose <- optim(par = 719.5, AEDcost, method = "Brent",lower = 1, upper = 1e6) # AED limits/bounds 



# finally run the model for this concentration

ModelOutput <- just_run_model(optimized_dose$par*1000)



optimized_dose$par # mg/kg/day

min(ModelOutput$RBCCE)






#clear workspace

rm(list = ls())



#set the working directory to the location of these scripts

#setwd(dirname(rstudioapi::getActiveDocumentContext()$path))



BW_scenario <- 11

subject_age <- 1.5

ac_50 = -999

scenario_number = 46



Ndays <- 123



#Environment####

library(dplyr)

library(tidyr)

library(parallel)

# number of cores availabe on current machine

tot_cores<-detectCores(all.tests = FALSE, logical = TRUE)  

cores<-tot_cores-1 # leave one core for other tasks 



minRBCCE <- function(test_daily_dose){

  

  

  # Confirm the interpolated dose is correct

  source("human_pbpk.R") # Loads model and base parameters

  source("malathion_human_parameters.R") # male and female specific parameters

  

  # Intial_parameters####

  sex = 1						 # 0=male, 1= Female

  params<-c(params[!names(params)%in%names(human_parameters[[sex+1]])],

            human_parameters[[sex+1]])

  

  #case specific parameters

  params[["TSTART"]]<-0.0             # START SIMULATION (HR)

  params[["TSTOP"]]=Ndays*24 					 # Exposure duration in hrs 

  params[["BWSW"]]=1   						# Set = 1 if bwt provided

  params[["BWST"]]=BW_scenario 					   # Body Weight in kg

  params[["AGE0"]]=subject_age

  params[["FA"]]=1.0 

  

  # combine or replace "base" parameters with case specific human parameters, carring out any calcuated paramters which are function of other specific case parameters 

  initial_params <- initial_params_fun(params)

  

  # TIMING COMMANDS ####

  MAXT=0.1       #maximum time step

  times<-seq(params[["TSTART"]],params[["TSTOP"]],by=MAXT)#

  

  # max number of points to write out to file

  POINTS_max<-10000  

  # if the more than 10000 timesteps, select evently spaced 10000 of them for reporting

  report_points<-if(length(times)<=POINTS_max) times else 

    times[seq(1,length(times),by=round(length(times)/POINTS_max))]

  table(report_points%in%times)#check all report values are in times.

  

  # Dosing ####

  # Sixed doses each day for Ndays days over 1.5 hours

  time_seq <- numeric(6*Ndays)

  time_seq[1] <- 0

  time_seq[2] <- 0.25

  time_seq[3] <- 0.5

  time_seq[4] <- 0.75

  time_seq[5] <- 1.0

  time_seq[6] <- 1.25

  for(j in 2:Ndays) {

    for(m in 1:6) {

      time_seq[1+6*(j-1)] <- 0+24*(j-1)

      time_seq[2+6*(j-1)] <- 0.25+24*(j-1)

      time_seq[3+6*(j-1)] <- 0.5+24*(j-1)

      time_seq[4+6*(j-1)] <- 0.75+24*(j-1)

      time_seq[5+6*(j-1)] <- 1+24*(j-1)

      time_seq[6+6*(j-1)] <- 1.25+24*(j-1)

    }

  }

  DORAL <- data.frame(

    time = time_seq,

    doral = c(test_daily_dose/6.0))

  

  All_Dose<-DORAL%>%

    mutate(ODOSE=doral*(params[["BWST"]]/params[["MWPAR"]])

           *params[["FA"]], # OME dose conversion (ug/kg to umol)

           Level=paste(doral[1],"ug/kg",sep="_"))

  

  #~~~~APPLY MODEL~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~#### 

  # Do parallel for speed

  c1<-makeCluster(min(cores,n_distinct(All_Dose$Level))) # cluster for parallel 

  timestamp()

  modelOutput<-parLapply(c1,split(All_Dose,All_Dose$Level), function (LL,ini_par,t){

    #load data into cores

    source("human_pbpk.R")

    # Create dataframe of "events"that describe the dosing, which informs the

    # ODE function, and needs to have columns "var" = the state_variable that needs

    # to be changed,"time"= when the changes occurs,"value"=the value being changed

    # to,& "method"= how the new value interacts with the previous state variable

    # value. See ?deSolve::lsodes and ?deSolve::events.

    

    # combine or replace "base" parameters with case specific human parameters, 

    # carring out any calcuated paramters which are function of other specific case parameters 

    ini_pars <- initial_params_fun(params=ini_par)

    # STATE####

    # Subject specific UPDATES to the initial value of state varibles

    st<-state_fun(st=state,ini_p=ini_pars)

    

    eventDat<-rbind(data.frame(var="ODOSE",time=LL$time,

                               value=LL$ODOSE ,	 

                               method="add",stringsAsFactors = FALSE),  # ("replace", "add", "multiply")

                    data.frame(var="ASTOM",time=LL$time,

                               value=LL$ODOSE ,	 

                               method="add",stringsAsFactors = FALSE))

    

    # DERIVITIVE ####

    # RUN MODEL 

    modelOutput<- ode(y = st, times = t,  #method = "lsodes",

                      func = Human_Model, parms = ini_pars,

                      events = list(data = eventDat[order(eventDat$time),]))

    result <- within(as.data.frame(modelOutput),{Level<-LL$Level[[1]]})

    return(result)

  },ini_par=params,t=times)

  stopCluster(c1)

  timestamp()

  ModelOutput<-do.call(rbind,modelOutput)##make big dataframe for evaluation

  #~~~END MODEL ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~####

  

  return(min(ModelOutput$RBCCE))

  

}



avgCBL <- function(test_daily_dose){



        

        # Confirm the interpolated dose is correct

        source("human_pbpk.R") # Loads model and base parameters

        source("malathion_human_parameters.R") # male and female specific parameters

        

        # Intial_parameters####

        sex = 1						 # 0=male, 1= Female

        params<-c(params[!names(params)%in%names(human_parameters[[sex+1]])],

                  human_parameters[[sex+1]])

        

        #case specific parameters

        params[["TSTART"]]<-0.0             # START SIMULATION (HR)

        params[["TSTOP"]]=Ndays*24 					 # Exposure duration in hrs 

        params[["BWSW"]]=1   						# Set = 1 if bwt provided

        params[["BWST"]]=BW_scenario 					   # Body Weight in kg

        params[["AGE0"]]=subject_age

        params[["FA"]]=1.0 

        

        # combine or replace "base" parameters with case specific human parameters, carring out any calcuated paramters which are function of other specific case parameters 

        initial_params <- initial_params_fun(params)

        

        # TIMING COMMANDS ####

        MAXT=0.1       #maximum time step

        times<-seq(params[["TSTART"]],params[["TSTOP"]],by=MAXT)#

        

        # max number of points to write out to file

        POINTS_max<-10000  

        # if the more than 10000 timesteps, select evently spaced 10000 of them for reporting

        report_points<-if(length(times)<=POINTS_max) times else 

          times[seq(1,length(times),by=round(length(times)/POINTS_max))]

        table(report_points%in%times)#check all report values are in times.

        

        # Dosing ####

        # Sixed doses each day for Ndays days over 1.5 hours

        time_seq <- numeric(6*Ndays)

        time_seq[1] <- 0

        time_seq[2] <- 0.25

        time_seq[3] <- 0.5

        time_seq[4] <- 0.75

        time_seq[5] <- 1.0

        time_seq[6] <- 1.25

        for(j in 2:Ndays) {

          for(m in 1:6) {

            time_seq[1+6*(j-1)] <- 0+24*(j-1)

            time_seq[2+6*(j-1)] <- 0.25+24*(j-1)

            time_seq[3+6*(j-1)] <- 0.5+24*(j-1)

            time_seq[4+6*(j-1)] <- 0.75+24*(j-1)

            time_seq[5+6*(j-1)] <- 1+24*(j-1)

            time_seq[6+6*(j-1)] <- 1.25+24*(j-1)

          }

        }

        DORAL <- data.frame(

          time = time_seq,

          doral = c(test_daily_dose/6.0))

        

        All_Dose<-DORAL%>%

          mutate(ODOSE=doral*(params[["BWST"]]/params[["MWPAR"]])

                 *params[["FA"]], # OME dose conversion (ug/kg to umol)

                 Level=paste(doral[1],"ug/kg",sep="_"))

        

        #~~~~APPLY MODEL~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~#### 

        # Do parallel for speed

        c1<-makeCluster(min(cores,n_distinct(All_Dose$Level))) # cluster for parallel 

        timestamp()

        modelOutput<-parLapply(c1,split(All_Dose,All_Dose$Level), function (LL,ini_par,t){

          #load data into cores

          source("human_pbpk.R")

          # Create dataframe of "events"that describe the dosing, which informs the

          # ODE function, and needs to have columns "var" = the state_variable that needs

          # to be changed,"time"= when the changes occurs,"value"=the value being changed

          # to,& "method"= how the new value interacts with the previous state variable

          # value. See ?deSolve::lsodes and ?deSolve::events.

          

          # combine or replace "base" parameters with case specific human parameters, 

          # carring out any calcuated paramters which are function of other specific case parameters 

          ini_pars <- initial_params_fun(params=ini_par)

          # STATE####

          # Subject specific UPDATES to the initial value of state varibles

          st<-state_fun(st=state,ini_p=ini_pars)

          

          eventDat<-rbind(data.frame(var="ODOSE",time=LL$time,

                                     value=LL$ODOSE ,	 

                                     method="add",stringsAsFactors = FALSE),  # ("replace", "add", "multiply")

                          data.frame(var="ASTOM",time=LL$time,

                                     value=LL$ODOSE ,	 

                                     method="add",stringsAsFactors = FALSE))

          

          # DERIVITIVE ####

          # RUN MODEL 

          modelOutput<- ode(y = st, times = t,  #method = "lsodes",

                            func = Human_Model, parms = ini_pars,

                            events = list(data = eventDat[order(eventDat$time),]))

          result <- within(as.data.frame(modelOutput),{Level<-LL$Level[[1]]})

          return(result)

        },ini_par=params,t=times)

        stopCluster(c1)

        timestamp()

        ModelOutput<-do.call(rbind,modelOutput)##make big dataframe for evaluation

        #~~~END MODEL ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~####

        

        return(mean(tail(ModelOutput$CBL,240)))



}





just_run_model <- function(test_daily_dose){

  

  

  # Confirm the interpolated dose is correct

  source("human_pbpk.R") # Loads model and base parameters

  source("malathion_human_parameters.R") # male and female specific parameters

  

  # Intial_parameters####

  sex = 1						 # 0=male, 1= Female

  params<-c(params[!names(params)%in%names(human_parameters[[sex+1]])],

            human_parameters[[sex+1]])

  

  #case specific parameters

  params[["TSTART"]]<-0.0             # START SIMULATION (HR)

  params[["TSTOP"]]=Ndays*24 					 # Exposure duration in hrs 

  params[["BWSW"]]=1   						# Set = 1 if bwt provided

  params[["BWST"]]=BW_scenario 					   # Body Weight in kg

  params[["AGE0"]]=subject_age

  params[["FA"]]=1.0 

  

  # combine or replace "base" parameters with case specific human parameters, carring out any calcuated paramters which are function of other specific case parameters 

  initial_params <- initial_params_fun(params)

  

  # TIMING COMMANDS ####

  MAXT=0.1       #maximum time step

  times<-seq(params[["TSTART"]],params[["TSTOP"]],by=MAXT)#

  

  # max number of points to write out to file

  POINTS_max<-10000  

  # if the more than 10000 timesteps, select evently spaced 10000 of them for reporting

  report_points<-if(length(times)<=POINTS_max) times else 

    times[seq(1,length(times),by=round(length(times)/POINTS_max))]

  table(report_points%in%times)#check all report values are in times.

  

  # Dosing ####

  # Sixed doses each day for Ndays days over 1.5 hours

  time_seq <- numeric(6*Ndays)

  time_seq[1] <- 0

  time_seq[2] <- 0.25

  time_seq[3] <- 0.5

  time_seq[4] <- 0.75

  time_seq[5] <- 1.0

  time_seq[6] <- 1.25

  for(j in 2:Ndays) {

    for(m in 1:6) {

      time_seq[1+6*(j-1)] <- 0+24*(j-1)

      time_seq[2+6*(j-1)] <- 0.25+24*(j-1)

      time_seq[3+6*(j-1)] <- 0.5+24*(j-1)

      time_seq[4+6*(j-1)] <- 0.75+24*(j-1)

      time_seq[5+6*(j-1)] <- 1+24*(j-1)

      time_seq[6+6*(j-1)] <- 1.25+24*(j-1)

    }

  }

  DORAL <- data.frame(

    time = time_seq,

    doral = c(test_daily_dose/6.0))

  

  All_Dose<-DORAL%>%

    mutate(ODOSE=doral*(params[["BWST"]]/params[["MWPAR"]])

           *params[["FA"]], # OME dose conversion (ug/kg to umol)

           Level=paste(doral[1],"ug/kg",sep="_"))

  

  #~~~~APPLY MODEL~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~#### 

  # Do parallel for speed

  c1<-makeCluster(min(cores,n_distinct(All_Dose$Level))) # cluster for parallel 

  timestamp()

  modelOutput<-parLapply(c1,split(All_Dose,All_Dose$Level), function (LL,ini_par,t){

    #load data into cores

    source("human_pbpk.R")

    # Create dataframe of "events"that describe the dosing, which informs the

    # ODE function, and needs to have columns "var" = the state_variable that needs

    # to be changed,"time"= when the changes occurs,"value"=the value being changed

    # to,& "method"= how the new value interacts with the previous state variable

    # value. See ?deSolve::lsodes and ?deSolve::events.

    

    # combine or replace "base" parameters with case specific human parameters, 

    # carring out any calcuated paramters which are function of other specific case parameters 

    ini_pars <- initial_params_fun(params=ini_par)

    # STATE####

    # Subject specific UPDATES to the initial value of state varibles

    st<-state_fun(st=state,ini_p=ini_pars)

    

    eventDat<-rbind(data.frame(var="ODOSE",time=LL$time,

                               value=LL$ODOSE ,	 

                               method="add",stringsAsFactors = FALSE),  # ("replace", "add", "multiply")

                    data.frame(var="ASTOM",time=LL$time,

                               value=LL$ODOSE ,	 

                               method="add",stringsAsFactors = FALSE))

    

    # DERIVITIVE ####

    # RUN MODEL 

    modelOutput<- ode(y = st, times = t,  #method = "lsodes",

                      func = Human_Model, parms = ini_pars,

                      events = list(data = eventDat[order(eventDat$time),]))

    result <- within(as.data.frame(modelOutput),{Level<-LL$Level[[1]]})

    return(result)

  },ini_par=params,t=times)

  stopCluster(c1)

  timestamp()

  ModelOutput<-do.call(rbind,modelOutput)##make big dataframe for evaluation

  #~~~END MODEL ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~####

  

  return(ModelOutput)

  

}





# test_dose in mg/kg/day

PODcost <- function(test_dose){

  

  test_result <- minRBCCE(test_dose*1000)

  test_error <- (test_result - 90.0)

  

  print(sprintf("%f  %f",test_dose,test_result))

  flush.console()

  return(test_error*test_error)

}



# test_dose in mg/kg/day

AEDcost <- function(test_dose){

  

  test_result <- avgCBL(test_dose*1000)

  test_error <- (test_result - ac_50)

  

  print(sprintf("%f  %f",test_dose,test_result))

  flush.console()

  return(test_error*test_error)

}



# get the vapor-phase concentration required to reproduce 90% brain AChE

optimized_dose <- optim(par = 6.37, PODcost, method = "Brent",lower = 1, upper = 1e6) # AED limits/bounds 



# finally run the model for this concentration

ModelOutput <- just_run_model(optimized_dose$par*1000)



final_dose <- optimized_dose$par

min(ModelOutput$RBCCE)

flush.console()
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# Envrionment ####

library(deSolve) # This solve the derivtive. 

if(!file.exists("Output")) dir.create("Output") #create output folder if it doesn't exist.





##Human model code



##PROGRAM parent_lifestage



#Abbreviations: 

  

#PAR--parent

#OXON--oxon

#MCA--metabolite 

#AChE--acetylcholinesterase

#BuChE--butyrlcholinesterase

#CaE--carboxylesterase



#skin compartment/dermal exposure for parent only

#lung compartment/inhalation exposure for parent only



#compartments included for liver, kidney, brain, fat, and lumped for slow and rapidly perfused. 

#exposure routes:  oral, dermal, inhalation (parent); oral (oxon)

#bioactivation (PAR -> OXON) occurs in liver

#inhibition of B-esterases (AChE, BuChE, CaE) described in liver, kidney, brain, plasma, RBCs. 



#detoxification of PAR occurs in liver, kidney, brain, plasma, RBCs (to metabolites; these are modeled as a single compartment). 

#detoxification of oxon by B-esterases is stoichiometric; the oxon-enzyme complex serves as a "trap" for the oxon.

#CaE assumed to undergo reactivation; AChE and BuChE assumed to undergo reactivation/aging.

#catalytic detoxification of oxon in liver, brain, kidney

 



# Constants####

# These are "Base" parameters, that get updated by run-specific parameters where needed

# case-specific constants should be in human parameters file

params<-{c(

 AGE0=0.0,   #INITIAL AGE

 BWSW=0.0, #SWITCH FOR AGE (SET =0) OR SET (SET =1) DETERMINATION OF BW

 BWST=0.0, #SET VALUE OF BW (KG)



# GOMPERTZ EQUATION PARAMETERS

 B1=0.0,

 B2=0.0,

 B3=0.0,

 B4=0.0,

 B5=0.0,

 B6=0.0,

 B7=0.0,

 B8=0.0,

 AGE1=0.0,

 AGE2=0.0,

 AGE3=0.0,

 SEX=0  ,



VBLC=0.0,                 #BLOOD

VBMC=0.0,             # BONE MARROW (IN SLOW)

VPC=0.0,                # PANCREAS (IN RAPID)



# COMPARTMENT VOLUME POLYNOMIAL PARAMETERS

VB0=0.0, VB1=0.0, VB2=0.0, VB3=0.0, VB4=0.0,

 VB5=0.0, VB6=0.0,

 VH0=0.0, VH1=0.0, VH2=0.0, VH3=0.0, VH4=0.0,

 VBL0=0.0, VBL1=0.0, VBL2=0.0,

 VF0=0.0, VF1=0.0, VF2=0.0, VF3=0.0, VF4=0.0,

 VF5=0.0, VF6=0.0,

 VA0=0.0, VA1=0.0, VA2=0.0, VA3=0.0, VA4=0.0,

 VA5=0.0, VA6=0.0,

 VK0=0.0, VK1=0.0,  VK2=0.0,

 VSP0=0.0, VSP1=0.0, VSP2=0.0,

 VL0=0.0, VL1=0.0, VL2=0.0,

 VGI0=0.0, VGI1=0.0, VGI2=0.0, VGI3=0.0,

 VM0=0.0, VM1=0.0, VM2=0.0, VM3=0.0, VM4=0.0,

 VSK0=0.0, VSK1=0.0, VSK2=0.0, VSK3=0.0,

 VSK4=0.0, VSK5=0.0,





# BLOOD FLOW TO EACH COMPARTMENT (L/H/KG) 

QFC=0.0,    #FAT

QHC=0.0,    #LIVER

QSC=0.0,    #SLOWLY PERFUSED

QBRC=0.0,   #BRAIN

QKC=0.0,    #KIDNEY

QRC=0.0,    #RAPIDLY PERFUSED



#PARTITION COEFFICIENTS (TISSUE:BLOOD)

#PARENT

  PparF = 0.0,    #FAT:PLASMA

  PparR = 0.0,    #RICHLY PERFUSED:PLASMA

  PparL = 0.0,    #LIVER:PLASMA

  PparK = 0.0,    #KIDNEY:PLASMA

  PparBR = 0.0,   #BRAIN:PLASMA

  PparS = 0.0 ,   #SLOWLY PERFUSED:PLASMA

  PparLung = 0.0, #LUNG:PLASMA



#OXON

   PoxonF = 0.0,   #FAT:PLASMA

   PoxonR = 0.0,   #RICHLY PERFUSED:PLASMA

   PoxonL = 0.0,   #LIVER:PLASMA

   PoxonK = 0.0,   #KIDNEY:PLASMA

   PoxonBR = 0.0,  #BRAIN:PLASMA

   PoxonS = 0.0,   #SLOWLY PERFUSED:PLASMA



#VOLUMES OF DISTRIBUTION FOR METABOLITE COMPARTMENTS (L)

  V1 = 0.0,      #MCA + DCA 



#CONSTANT HCT=0.0   #HEMATOCRIT



#METABOLISM PARAMETERS

  #MAXIMUM RATES OF METABOLISM (UMOL/HR/KG TISSUE)

  #PARENT DETOXIFICATION 

  VMAXparLC = 0.0 ,     #LIVER

  VMAXparLC_adult = 0.0, #LIVER ADULT

  VMAXparLC_juvenile = 0.0, #LIVER JUVENILE

  VMAXparBRC = 0.0,     #BRAIN

  VmaxparBRC_adult=0.0, #BRAIN ADULT

  VmaxparBRC_juvenile=0.0, #BRAIN JUVENILE

  VMAXparKC = 0.0 ,     #KIDNEY 

  VMAXparKC_adult = 0.0, #KIDNEY ADULT

  VMAXparKC_juvenile = 0.0, #KIDNEY JUVENILE



  #PARENT OXIDATION--PARENT TO OXON

  VMAXparoxonC = 0.0 ,     #LIVER 

  VMAXparoxonC_adult = 0,0, #LIVER ADULT

  VMAXparoxonC_juvenile = 0,0, #LIVER JUVENILE

  

  #OXON DETOX

  VMAXoxonLC = 0.0 ,    #LIVER

  VMAXoxonBRC = 0.0 ,    #BRAIN

  VMAXoxonKC = 0.0,     #KIDNEY



  #AFFINITY CONSTANTS (UMOL/L)

  #PARENT DETOXIFICATION

  KMparL = 0.0,    #LIVER

  KMparBR = 0.0,   #BRAIN

  KMparK = 0.0,    #KIDNEY



  #PARENT OXIDATION--PARENT TO OXON

  KMparoxon = 0.0,  #LIVER



  #OXON DETOX

  KMoxonL = 0.0,        #LIVER

  KMoxonBR = 0.0,        #BRAIN

  KMoxonK = 0.0,        #KIDNEY



  #CLEARANCE RATES

  CRparLC = 0.0,               #clearance rate parent in liver

  CRparKC = 0.0,               #clearance rate parent in kidney

  CRparBRC = 0.0,               #clearance rate parent in brain

  CRparPLC = 0.0,#	           #clearance rate parent in plasma (L/hr/L plasma)	

  CRoxonLC = 0.0,#      #clearance rate oxon in liver

  CRoxonKC = 0.0,              #clearance rate oxon in kidney

  CRoxonBRC = 0,0,              #clearance rate oxon in brain

  CRoxonPLC = 0.0,             #clearance rate oxon in plasma



 #PHARMACODYNAMICS--ESTERASE INHIBITION

  #ENZYME TURNOVER RATES (UMOL HYDROLYSIS/H/UMOL ACTIVE SITES)--NOT CHEMICAL SPECIFIC

  TRCE=0.0,   #ACHE (ALL TISSUES)

  TRBE=0.0,   #BUCHE (ALL TISSUE)

  TRCR=0.0,    #CAE  (ALL TISSUES)



 #ENZYME ACTIVITIES (UMOL/HR/KG TISSUE)--NOT CHEMICAL-SPECIFIC

  #ACHE

  BACHE=0.0,    #BRAIN ACHE

  HACHE=0.0,    #LIVER ACHE

  BLACHE=0.0,   #PLASMA ACHE

  RBCHE=0.0,    #RBC ACHE

  KACHE=0.0,    #KIDNEY ACHE



  #BUCHE

  BBUCE=0.0,    #BRAIN BUCHE

  HBUCE=0.0,    #LIVER BUCHE

  BLBUCE=0.0,   #PLASMA BUCHE

  KBUCE=0.0,    #KIDNEY BUCHE



  #CAE

  BRCE=0.0,     #BRAIN CAE

  HECE=0.0,    #LIVER CAE

  PLOCE=0.0,    #PLASMA CAE

  KECE=0.0,     #KIDNEY CAE

 

  

#CHEMICAL-SPECIFIC PARAMETERS FOR INHIBITION

  #LIVER ACHE RATE CONSTANTS

   KDHCE=0.0, # DEGRADATION OF ESTERASE (/HR)

   KIHCE=0.0, # INHIBITION OF ESTERASE (PER UMOL/L/HR)

   KRHCE=0.0, # REACTIVATION OF ESTERASE (/HR)

   KAHCE=0.0, # AGING OF ESTERASE (/HR)



 #LIVER BUCHE RATE CONSTANTS

   KDHBE=0.0, # DEGRADATION OF ESTERASE (/HR)

   KIHBE=0.0, # INHIBITION OF ESTERASE (PER UMOL/L/HR)

   KRHBE=0.0, # REACTIVATION OF ESTERASE (/HR)

   KAHBE=0.0, # AGING OF ESTERASE (/HR)



 #LIVER CAE RATE CONSTANTS

   KDHCR=0.0, # DEGRADATION OF ESTERASE (/HR)

   KIHCR=0.0, # INHIBITION OF ESTERASE (PER UMOL/L/HR)

   KAHCR=0.0, # AGING OF ESTERASE (/HR)



 #BRAIN ACHE RATE CONSTANTS

  KDBCE=0.0,  # DEGRADATION OF ESTERASE (/HR)

  KIBCE=0.0,  # INHIBITION OF ESTERASE (PER UMOL/L/HR)

  KRBCE=0.0,  # REACTIVATION OF ESTERASE (/HR)

  KABCE=0.0,  # AGING OF ESTERASE (/HR)



 #BRAIN BUCHE RATE CONSTANTS

  KDBBE=0.0,  # DEGRADATION OF ESTERASE (/HR)

  KIBBE=0.0,  # INHIBITION OF ESTERASE (PER UMOL/L/HR)

  KRBBE=0.0,  # REACTIVATION OF ESTERASE (/HR)

  KABBE=0.0,  # AGING OF ESTERASE (/HR)



 #BRAIN CAE RATE CONSTANTS

  KDBCR=0.0,  #DEGRADATION OF ESTERASE (/HR)

  KIBCR=0.0,  #INHIBITION OF ESTERASE (PER UMOL/L/HR)

  KRBCR=0.0,  #REACTIVATION OF ESTERASE (/HR)

  KABCR=0.0,  #AGING OF ESTERASE (/HR)



#KIDNEY ACHE RATE CONSTANTS

 KDKCE=0.0, # DEGRADATION OF ESTERASE (/HR)

 KIKCE=0.0, # INHIBITION OF ESTERASE (PER UMOL/L/HR)

 KRKCE=0.0, # HR-1;REACTIVATION OF ESTERASE

 KAKCE=0.0, # AGING OF ESTERASE (/HR)



#KIDNEY BUCHE RATE CONSTANTS

 KDKBE=0.0, # DEGRADATION OF ESTERASE (/HR)

 KIKBE=0.0, # INHIBITION OF ESTERASE (PER UMOL/L/HR)

 KRKBE=0.0, # REACTIVATION OF ESTERASE (/HR)

 KAKBE=0.0, # AGING OF ESTERASE (/HR)



#KIDNEY CAE RATE CONSTANTS

 KDKCR=0.0, # DEGRADATION OF ESTERASE (/HR)

 KIKCR=0.0, # INHIBITION OF ESTERASE (PER UMOL/L/HR)

 KRKCR=0.0, # REACTIVATION OF ESTERASE (/HR)

 KAKCR=0.0, # AGING OF ESTERASE (/HR)



#PLASMA ACHE RATE CONSTANTS

 KDBLCE=0.0,    # DEGRADATION OF ESTERASE (/HR)

 KIBLCE=0.0,    # INHIBITION OF ESTERASE (PER UMOL/L/HR)

 KRBLCE=0.0,    # REACTIVATION OF ESTERASE (/HR)

 KABLCE=0.0,    # AGING OF ESTERASE (/HR)



#PLASMA BUCHE RATE CONSTANTS

 KDBLBE=0.0,    # DEGRADATION OF ESTERASE (/HR)

 KIBLBE=0.0,    # INHIBITION OF ESTERASE (PER UMOL/L/HR)

 KRBLBE=0.0,    # REACTIVATION OF ESTERASE (/HR)

 KABLBE=0.0,   # AGING OF ESTERASE (/HR)



#PLASMA CAE RATE CONSTANTS

 KDBLCR=0.0,    # DEGRADATION OF ESTERASE (/HR)

 KIBLCR=0.0,    # INHIBITION OF ESTERASE (PER UMOL/L/HR)

 KRBLCR=0.0,    # REACTIVATION OF ESTERASE (/HR)

 KABLCR=0.0,    # AGING OF ESTERASE (/HR)



#RBC ACHE RATE CONSTANTS

 KDRBCE=0.0,   # DEGRADATION OF ESTERASE (/HR)

 KIRBCE=0.0,   # INHIBITION OF ESTERASE (PER UMOL/L/HR)

 KRRBCE=0.0,   # REACTIVATION OF ESTERASE (/HR)

 KARBCE=0.0,    # AGING OF ESTERASE (/HR)



#UPTAKE PARAMETERS

#PARENT

 KAS=0.0,     #TRANSFER STOMACH TO LIVER (/H)

 KSI=0.0,      #TRANSFER STOMACH TO INTESTINE (/H)

 KAI=0.0,      #TRANSFER INTESTINE TO LIVER (/H)

 FA=0.0,       #FRACTIONAL ORAL ABSORPTION

 KMUC=0.0,     #RATE CONSTANT FOR SWALLOWING PART OF AN INHALED DOSE (/H); MUCOCILLARY CLEARANCE

 FRACIN=0.0,   #FRACTION TO DEEP LUNG



#OXON

 KASO=0.0 ,      #TRANSFER STOMACH TO LIVER (/H)

 KSIO=0.0 ,      #TRANSFER STOMACH TO INTESTINE (/H)

 KAIO=0.0 ,      #TRANSFER INTESTINE TO LIVER (/H)

 FAO=0.0 ,       #FRACTIONAL ORAL ABSORPTION



#ELIMINATION RATE CONSTANTS FOR METABOLITE COMPARTMENT (/H)

 KE1=0.0,  #MCA + DCA



#INHALATION PARAMETERS

CI=0, #air concentration (umol/L)

QALV=0, #breathing rate (L/hr)

IZONE=0, #turn inhalation on



#DERMAL PARAMETERS

DERMPERCNT = 0, #percent dermal absorption (percent per hour)

DZONE=0, #turn dermal on





#MOLECULAR WEIGHTS

 MWPAR=0.0, #MOLECULAR WT OF PARENT (G/MOL)

 MWOXON=0.0, #MOLECULAR WT OF OXON (G/MOL)

  

#oral dose for child exposure

  W4 = 21,  #days exposed per year

  D4 = 7,   #days per week exposed

  P4 = 1.5,  #hr per day exposed



#DERMAL EXPOSURE

  YEAR = 364,      #DAYS

  W2 = 21,         #DAYS EXPOSED PER YEAR

  D2 = 5,          #DAYS EXPOSED/WEEK

  P2 = 8,          #HR EXPOSED/DAY



#INHALATION EXPOSURES#

  W3 = 21,      #DAYS EXPOSED PER YEAR

  D3 = 5,       #DAYS EXPOSED PER WEEK

  P3 = 8        #HR EXPOSED PER DAY



)}







# initial_Params_fun####

# calculates initial parameter values from previous defined values

initial_params_fun <-function(params){ within(as.list(params),{

  # Age dependent B4 & B8 for humans (Luecke 2007)

  if((AGE0 >= AGE1) & (AGE0 < AGE2)) {

      B4X<-B4

      B8X<-0

    } else { 

      if ((AGE0 >= AGE3)) {

        B4X<-0

        B8X<-B8

      }else{

          B4X<-0

          B8X<-0}}



  # Initial BWT (kg) (Luecke 2007)

  BWT<-if (AGE0 >= AGE2) {

    B5*exp((B6/B7)*(1-exp(-B7*AGE0)))+B8X*(AGE0-AGE3)

  }else{

    B1*exp((B2/B3)*(1-exp(-B3*AGE0)))+B4X*(AGE0-AGE1)

  }

  BWT<-BWT*(1.-BWSW)+BWST*BWSW   #use calculated or preset body weight depending on BWSW

  # BWT kg to grams for compartment volume calculations

  BWTG=BWT*1000			

  LBWT=BWT*1000



  # Initial Height (HT: fit to CDC growth chart	(human))	

  HT=19.994+(5.5408*BWT)-(0.0671*BWT**2)+0.0003*BWT**3



  # Initial compartment volumes (frac of BWT)(developed by Luecke 2007 & Young 2009; Described in Smith et al., 2013)

  #Brain

  VBRC=VB0+(VB1*LBWT)+(VB2*LBWT**2)+(VB3*LBWT**3)+(VB4*LBWT**4)+(VB5*LBWT**5)+(VB6*LBWT**6)

  #Liver

  VHC=VH0+(VH1*BWTG)+(VH2*BWTG**2)+(VH3*BWTG**3)+(VH4*BWTG**4)	

  #Blood

  VBLC=VBL0+(VBL1*BWTG)+(VBL2*BWTG**2)				

  #Fat

  VFC=VF0+(VF1*BWTG)+(VF2*BWTG**2)+(VF3*BWTG**3)+(VF4*BWTG**4)+(VF5*BWTG**5)+(VF6*BWTG**6)	

  #Adipose

  VAC=VA0+(VA1*BWTG)+(VA2*BWTG**2)+(VA3*BWTG**3)+(VA4*BWTG**4)+(VA5*BWTG**5)+(VA6*BWTG**6)	

  #Kidney

  VKC=VK0+(VK1*BWTG)+(VK2*BWTG**2)				

  #Spleen (in rapidly perfused tissues)

  VSPC=VSP0+(VSP1*BWTG)+(VSP2*BWTG**2) 	

  #Lung (in rapidly perfused tissues)		

  VLC=VL0+(VL1*BWTG)+(VL2*BWTG**2)				

  #GI, both stomach and intestine (in rapidly perfused tissues)

  VGIC=VGI0+(VGI1*BWTG)+(VGI2*BWTG**2)+(VGI3*BWTG**3)		

  #Muscle (in slowly perfused tissues)

  VMC=VM0+(VM1*BWTG)+(VM2*BWTG**2)+(VM3*BWTG**3)+(VM4*BWTG**4)

  #Skin  

  VSKC=VSK0+(VSK1*BWTG)+(VSK2*BWTG**2)+(VSK3*BWTG**3)+(VSK4*BWTG**4)+(VSK5*BWTG**5)



# VRC=VKC+VSPC+VLC+VGIC+VPC			      # Rapid

  VRC=VSPC+VLC+VGIC+VPC			      # Rapid

  VSC=VMC+VSKC+VBMC+(VAC-VFC)				# Slow



  # Compartment volumes (L)

  VBR=VBRC*BWT        #brain

  VH=VHC*BWT          #liver

  VBL=VBLC*BWT        #blood

  VAB=0.46*VBL        #arterial blood

  VF=VFC*BWT          #fat

  VR=VRC*BWT          #rapidly perfused

  VS=VSC*BWT          #slowly perfused

  VL=VLC*BWT           #lung

  VPLAS=VBL*(1-HCT)   #plasma

  VRBC=VBL*HCT        #RBC

  VK=VKC*BWT          #kidney



  # Blood flow to each compartment (L/h)

  QF=QFC*VF     #fat

  QH=QHC*VH     #liver

  QR=QRC*VR     #rapidly perfused

  QS=QSC*VS     #slowly perfused

  QBR=QBRC*VBR  #brain

  QK=QKC*VK     #kidney

  

  

  QC=QF+QH+QR+QS+QBR+QK 	#Total cardiac output (L/h)



#scaling for Vmax for parent detoxification (umol/hr/kg tissue to umol/hr)

  if(AGE0>18) {

    VMAXparLC=VMAXparLC_adult

    KMparL=KMparL_adult

  } else {

    VMAXparLC=VMAXparLC_juvenile

    KMparL=KMparL_juvenile

  }

  VMAXparL = VMAXparLC * VH                    #liver parent detox

  VMAXparBR = VMAXparBRC * VBR                 #brain parent detox

  if(AGE0>18) {

    VMAXparKC=VMAXparKC_adult

    KMparK=KMparK_adult

  } else {

    VMAXparKC=VMAXparKC_juvenile

    KMparK=KMparK_juvenile

  }

  VMAXparK = VMAXparKC * VK                    #kidney parent detox



  #oxidation- parent to oxon

  if(AGE0>18) {

    VMAXparoxonC=VMAXparoxonC_adult

    KMparoxon=KMparoxon_adult

  } else {

    VMAXparoxonC=VMAXparoxonC_juvenile

    KMparoxon=KMparoxon_juvenile

  }

  VMAXparoxon = VMAXparoxonC * VH             #liver parent to oxon



  #oxon detox

  VMAXoxonL = VMAXoxonLC*VH                    #liver oxon detox

  VMAXoxonBR = VMAXoxonBRC*VBR                 #brain oxon detox

  VMAXoxonK = VMAXoxonKC*VK                    #kidney oxon detox



  #clearance rates

  CRparPL = CRparPLC * VBL * (1-HCT)       #plasma parent detox

  CRoxonPL = CRoxonPLC * VBL* (1-HCT)      #plasma oxon detox

  CRparL = CRparLC * VH                    #liver parent detox

  CRoxonL = CRoxonLC * VH                  #liver oxon detox

  CRparK = CRparKC * VK                    #kidney parent detox

  CRoxonK = CRoxonKC * VK                  #kidney oxon detox

  CRparBR = CRparBRC * VBR                 #brain parent detox

  CRoxonBR = CRoxonBRC * VBR                #brain oxon detox

  

  #Enzyme activity (umol/h) in tissues

  #AChE

  SBACH=BACHE*VBR             #brain

  SHACH=HACHE*VH	            #liver

  SBLACH=BLACHE*VBL*(1-HCT)   #plasma

  SRBACH=RBCHE*VBL*HCT        #RBC

  SKACH=KACHE*VK              #kidney



  #BuChE

  SBBUC=BBUCE*VBR             #brain

  SHBUC=HBUCE*VH	            #liver

  SBLBUC=BLBUCE*VBL*(1-HCT)   #plasma

  SKBUC=KBUCE*VK              #kidney



  #CaE

  SBRCE=BRCE*VBR	            #brain

  SHECE=HECE*VH			          #liver

  SPLOCE=PLOCE*VBL*(1-HCT)    #plasma

  SKACE=KECE*VK               #kidney



  #calculation of esterase binding sites (umol)

  #AChE

  IBCE=SBACH/TRCE		#total brain AchE (umol)

  IHCE=SHACH/TRCE		#total liver AchE (umol)

  IBLCE=SBLACH/TRCE	#total plasma AchE (umol)

  IRBCE=SRBACH/TRCE	#total RBC AChE (umol)

  IKCE=SKACH/TRCE		#total kidney AchE (umol)



  #BuChE

  IBBE=SBBUC/TRBE		#total brain BuChE (umol)

  IHBE=SHBUC/TRBE		#total liver BuChE (umol)

  IBLBE=SBLBUC/TRBE	#total plasma BuChE (umol)

  IKBE=SKBUC/TRBE		#total kidney BuChE (umol)



  #CaE

  IBCR=SBRCE/TRCR		#total brain CaE (umol)

  IHCR=SHECE/TRCR		#total liver CaE (umol)

  IBLCR=SPLOCE/TRCR	#total plasma CaE (umol)

  IKCR=SKACE/TRCR		#total kidney CaE (umol)





  #calculation of enzyme synthesis rates in tissues (umol/hr)

  #liver

  KSHCE=IHCE*KDHCE	#AChE

  KSHBE=IHBE*KDHBE	#BuChE

  KSHCR=IHCR*KDHCR	#CaE

  #brain

  KSBCE=IBCE*KDBCE	#AChE

  KSBBE=IBBE*KDBBE	#BuChE

  KSBCR=IBCR*KDBCR	#CaE

  #kidney

  KSKCE=IKCE*KDKCE	#AChE

  KSKBE=IKBE*KDKBE	#BuChE

  KSKCR=IKCR*KDKCR	#CaE

  #plasma

  KSBLCE=IBLCE*KDBLCE	#AChE

  KSBLBE=IBLBE*KDBLBE	#BuChE

  KSBLCR=IBLCR*KDBLCR	#CaE

  #RBC

  KSRBCE=KDRBCE*IRBCE	#AChE



})}#End Initial parameter function





# TIME-dependent functions####

# Age 

AGE_fun<-function(t,age0=AGE0) age0+t/8766		# Human age (Y)

  ## use as "AGE<-AGe_fun()"  



# Body Weight Function

BWT_fun<-function(t,ini_par=initial_params){

  AGE<-AGE_fun(t,age0=ini_par[["AGE0"]])

  if((AGE >= ini_par[["AGE1"]]) & (AGE < ini_par[["AGE2"]])) {

        B4X<-ini_par[["B4"]]

        B8X<-0 

        } else {

          if (AGE >= ini_par[["AGE3"]]) {

              B4X<-0

              B8X<-ini_par[["B8"]]

          } else {

            B4X<-0

            B8X<-0}}

    # BWT (kg) Gompertz (Luecke 2007)

    if(AGE >= ini_par[["AGE2"]]) {					

      BWT=ini_par[["B5"]]*exp((ini_par[["B6"]]/ini_par[["B7"]])*

           (1-exp(-ini_par[["B7"]]*(AGE-ini_par[["AGE2"]]))))+

              B8X*(AGE-ini_par[["AGE3"]])		

      }else{

        BWT=ini_par[["B1"]]*exp((ini_par[["B2"]]/ini_par[["B3"]])*

            (1-exp(-ini_par[["B3"]]*AGE)))+B4X*(AGE-ini_par[["AGE1"]])}

    BWT=BWT*(1.-ini_par[["BWSW"]])+ini_par[["BWST"]]*ini_par[["BWSW"]]

    return(BWT)

}

  

      

# State ####

# state variables:

# IN ASCIX the "INTEG operator marks the variable as a state variable."

# That is in xxx=INTEG(yyyy), yyyy is the state varible, while xxxx is the rate (dervitive)

# The function below as been set up so that dxxx is the dertivitve.

state<-c(

  ODOSE=0,ADOSEM=0,ADOSEO=0,ODOSEO=0,ODOSEPAR=0,ODOSEOXON =0,  # Oral Doses

  DDOSE=0,TDDOSE=0,#dermal dose

  DDOSEO=0,TDDOSEO=0,#dermal dose oxon

  ASTOM =0,# receives Oral dose

  AINTM=0,ALM =0,ALM1 =0,ALM2 =0,AKM =0,AKM2 =0,AFM =0,ASMAL =0,ABRM =0,

  APB =0,ARM =0,

  ASURF=0,# receives Dermal dose 

  ASURFO=0, #receives dermal dose

  ADL=0,#

  ADLO=0,

  ASTOMO =0,AINTO =0,ALO =0,AALOD =0,AHCE=0,ANHCE=0,HOCE=0,AHPCE=0,AHBE=0,

  ANHBE=0,HOBE=0,AHPBE=0,AHCR=0,ANHCR=0,HOCR=0,AHPCR=0,AFO =0,ASO =0,ARO=0,ABRO =0,

  APOB =0,ABCE=0,ANBCE=0,BOCE=0,ABPCE=0,ABBE=0,ANBBE=0,BOBE=0,ABPBE=0,ABCR=0,ANBCR=0,

  BOCR=0,ABPCR=0,AKO =0,AAKOD =0,AKCE=0,ANKCE=0,KOCE=0,AKPCE=0,AKBE=0,ANKBE=0,KOBE=0,

  AKPBE=0,AKCR=0,ANKCR=0,KOCR=0,AKPCR=0,ABLCE=0,ANBLCE=0,BLOCE=0,ABLPCE=0,

  ABLBE=0,ANBLBE=0,BLOBE=0,ABLPBE=0,ABLCR=0,ANBLCR=0,BLOCR=0,ABLPCR=0,ARBCE=0,ANRBCE=0,

  RBCOCE=0,ARBPCE=0,AMCA =0,A1 =0,AMCAEX =0,APL=0,APLO=0,ARBC=0,ARBCO=0,

  APD=0,APOD=0,AEXCO=0,   #dermal

  CI=0, AINH=0,    #inhalation

  CI_OXON=0,AINH_OXON=0

)



state_fun<-function(st=state,ini_p=initial_params){

  # fills in states with initial values

  st[["AHCE"]]<-ini_p$IHCE    

  st[["ANHCE"]]<-ini_p$IHCE 

  st[["AHBE"]]<-ini_p$IHBE  

  st[["ANHBE"]]<-ini_p$IHBE  

  st[["AHCR"]]<-ini_p$IHCR   

  st[["ANHCR"]]<-ini_p$IHCR  

  st[["ABCE"]]<-ini_p$IBCE   

  st[["ANBCE"]]<-ini_p$IBCE  

  st[["ABBE"]]<-ini_p$IBBE   

  st[["ANBBE"]]<-ini_p$IBBE

  st[["ABCR"]]<-ini_p$IBCR  

  st[["ANBCR"]]<-ini_p$IBCR 

  st[["AKCE"]]<-ini_p$IKCE 

  st[["ANKCE"]]<-ini_p$IKCE

  st[["AKBE"]]<-ini_p$IKBE 

  st[["ANKBE"]]<-ini_p$IKBE

  st[["AKCR"]]<-ini_p$IKCR 

  st[["ANKCR"]]<-ini_p$IKCR

  st[["ABLCE"]]<-ini_p$IBLCE

  st[["ANBLCE"]]<-ini_p$IBLCE

  st[["ABLBE"]]<-ini_p$IBLBE 

  st[["ANBLBE"]]<-ini_p$IBLBE

  st[["ABLCR"]]<-ini_p$IBLCR 

  st[["ANBLCR"]]<-ini_p$IBLCR

  st[["ARBCE"]]<-ini_p$IRBCE 

  st[["ANRBCE"]]<-ini_p$IRBCE

  st[["CI"]]<-ini_p$CI

  return(st)

}  





# A function to mimic the "pulse train" determining dose on/off times for events  

pulse<-function(t,p,w){

  #t is the times, p= period, w= width

  rep_len(

  c(rep(1,which(near(w,t))),

    rep(0, if(any(near(p,t))) which(near(p,t))-which(near(w,t)) else 0  )),

  length.out = length(t)

  )

}



  

# Model####

Human_Model <- function(t,state,parameters){

  with(

    as.list(c(state,parameters)),{

# Dynamic ####

    # Depends on time

    # Age dependent B4 & B8 for humans (Luecke 2007)

    AGE<-AGE_fun(t,age0=AGE0)

    if((AGE >= AGE1) & (AGE < AGE2)) {

        B4X<-B4

        B8X<-0 

        } else {

          if (AGE >= AGE3) {

              B4X<-0

              B8X<-B8

          } else {

            B4X<-0

            B8X<-0}}

    # BWT (kg) Gompertz (Luecke 2007)

    if(AGE >= AGE2) {					

      BWT=B5*exp((B6/B7)*(1-exp(-B7*(AGE-AGE2))))+B8X*(AGE-AGE3)		

      }else{

        BWT=B1*exp((B2/B3)*(1-exp(-B3*AGE)))+B4X*(AGE-AGE1)}

    BWT=BWT*(1.-BWSW)+BWST*BWSW

    BWTG=BWT*1000		# BWT kg to grams for compartment volume calculations

    LBWT=BWT*1000

    # Compartment volumes (frac of BWT)

    #brain

    VBRC=VB0+(VB1*LBWT)+(VB2*LBWT**2)+(VB3*LBWT**3)+(VB4*LBWT**4)+(VB5*LBWT**5)+(VB6*LBWT**6)

    #liver

    VHC=VH0+(VH1*BWTG)+(VH2*BWTG**2)+(VH3*BWTG**3)+(VH4*BWTG**4)	

    #blood

    VBLC=VBL0+(VBL1*BWTG)+(VBL2*BWTG**2)				

    #fat--this is lipid content only

    VFC=VF0+(VF1*BWTG)+(VF2*BWTG**2)+(VF3*BWTG**3)+(VF4*BWTG**4)+(VF5*LBWT**5)+(VF6*LBWT**6)	

    #adipose--this is all tissue associated with adipose tissue (connective and lipid)

    VAC=VA0+(VA1*BWTG)+(VA2*BWTG**2)+(VA3*BWTG**3)+(VA4*BWTG**4)+(VA5*BWTG**5)+(VA6*BWTG**6)	

    #kidney

    VKC=VK0+(VK1*BWTG)+(VK2*BWTG**2)			

    #spleen (in rapidly perfused)

    VSPC=VSP0+(VSP1*BWTG)+(VSP2*BWTG**2)

    #lung

    VLC=VL0+(VL1*BWTG)+(VL2*BWTG**2)

    #intestines (in rapidly perfused)

    VGIC=VGI0+(VGI1*BWTG)+(VGI2*BWTG**2)+(VGI3*BWTG**3)		

    #muscle (in slowly perfused)

    VMC=VM0+(VM1*BWTG)+(VM2*BWTG**2)+(VM3*BWTG**3)+(VM4*BWTG**4)

    #skin (in slowly perfused)

    VSKC=VSK0+(VSK1*BWTG)+(VSK2*BWTG**2)+(VSK3*BWTG**3)+(VSK4*BWTG**4)+(VSK5*BWTG**5)

    VRC=VSPC+VGIC+VPC					      #Rapid

#    VRC=VKC+VSPC+VGIC+VPC					      # Rapid

    VSC=VMC+VSKC+VBMC+(VAC-VFC)					# Slow

    # Compartment volumes (L)

    VBR=VBRC*BWT      #brain

    VH=VHC*BWT        #liver

    VBL=VBLC*BWT      #blood

    VPLAS=VBL*(1-HCT) #plasma

    VRBC=VBL*HCT      #RBC

    VF=VFC*BWT        #fat

    VR=VRC*BWT        #rapidly perfused

    VS=VSC*BWT        #slow perfused

    VK=VKC*BWT        #kidney

    VL=VLC*BWT	    #lung



    VTOTCOMPARTMENTS=(VLC+VFC+VSC+VRC+VBRC+VBLC+VKC+VHC)

    BWTOTAL=(0.9*BWT)-(VL+VF+VS+VR+VBR+VBL+VK+VH) #should <10 for a human???



    # Blood flow to each compartment (L/h)

    QF=QFC*VF 

    QH=QHC*VH

    QR=QRC*VR

    QS=QSC*VS  

    QBr=QBRC*VBR

    QK=QKC*VK

    

    QC=QF+QH+QR+QS+QBr+QK 	#total cardiac output (L/h)



    #scaling for Vmax for parent detoxification (umol/hr/kg tissue to umol/hr)

    VMAXparL = VMAXparLC * VH                    #liver parent detox

    VMAXparBR = VMAXparBRC * VBR                 #brain parent detox

    VMAXparK = VMAXparKC * VK                    #kidney parent detox

    

    #oxidation--parent to oxon

    VMAXparoxon = VMAXparoxonC * VH             #liver parent to oxon

    

    #oxon detox

    VMAXoxonL = VMAXoxonLC*VH                    #liver oxon detox

    VMAXoxonBR = VMAXoxonBRC*VBR                 #brain oxon detox

    VMAXoxonK = VMAXoxonKC*VK                    #kidney oxon detox

    

    #clearance rates

    CRparPL = CRparPLC * VBL * (1-HCT)       #plasma parent detox

    CRoxonPL = CRoxonPLC *VBL*(1-HCT)        #plasma oxon detox





#Enzyme activity (umol/h) in tissues

#AChE

SBACH=BACHE*VBR             #brain

SHACH=HACHE*VH	          #liver

SBLACH=BLACHE*VBL*(1-HCT)   #plasma

SRBACH=RBCHE*VBL*HCT        #RBC

SKACH=KACHE*VK              #kidney



#BuChE

SBBUC=BBUCE*VBR             #brain

SHBUC=HBUCE*VH	          #liver

SBLBUC=BLBUCE*VBL*(1-HCT)   #plasma

SKBUC=KBUCE*VK              #kidney



#CaE

SBRCE=BRCE*VBR	          #brain

SHECE=HECE*VH		    #liver

SPLOCE=PLOCE*VBL*(1-HCT)    #plasma

SKACE=KECE*VK               #kidney



#calculation of esterase binding sites (umol)

#AChE

IBCE=SBACH/TRCE		#total brain AchE (umol)

IHCE=SHACH/TRCE		#total liver AchE (umol)

IBLCE=SBLACH/TRCE	      #total plasma AchE (umol)

IRBCE=SRBACH/TRCE	      #total RBC AChE (umol)

IKCE=SKACH/TRCE		#total kidney AchE (umol)



#BuChE

IBBE=SBBUC/TRBE		#total brain BuChE (umol)

IHBE=SHBUC/TRBE		#total liver BuChE (umol)

IBLBE=SBLBUC/TRBE	      #total plasma BuChE (umol)

IKBE=SKBUC/TRBE		#total kidney BuChE (umol)



#CaE

IBCR=SBRCE/TRCR		#total brain CaE (umol)

IHCR=SHECE/TRCR		#total liver CaE (umol)

IBLCR=SPLOCE/TRCR	      #total plasma CaE (umol)

IKCR=SKACE/TRCR		#total kidney CaE (umol)





#calculation of enzyme synthesis rates in tissues (umol/hr)

#liver

KSHCE=IHCE*KDHCE	#AChE

KSHBE=IHBE*KDHBE	#BuChE

KSHCR=IHCR*KDHCR	#CaE

#brain

KSBCE=IBCE*KDBCE	#AChE

KSBBE=IBBE*KDBBE	#BuChE

KSBCR=IBCR*KDBCR	#CaE

#kidney

KSKCE=IKCE*KDKCE	#AChE

KSKBE=IKBE*KDKBE	#BuChE

KSKCR=IKCR*KDKCR	#CaE

#plasma

KSBLCE=IBLCE*KDBLCE	#AChE

KSBLBE=IBLBE*KDBLBE	#BuChE

KSBLCR=IBLCR*KDBLCR	#CaE

#RBC

KSRBCE=KDRBCE*IRBCE	#AChE



#DERIVATIVE#####

#--------------------------------------------------------------.

#parent compound ####

#--------------------------------------------------------------.

## Oral Exposure####

#STOMACH

RSTOM = -KAS*ASTOM-KSI*ASTOM    #RATE OF CHANGE PARENT IN STOMACH (UMOL/HR)

DASTOM = RSTOM                              #AMOUNT PARENT IN STOMACH (UMOL)



## ORAL DOSE(S) ADDED TO ASTOM VIA EVENTS

DODOSE<- 0

DADOSEM<-0

DODOSEPAR<-0



#INTESTINE

RINST = KSI*ASTOM - KAI*AINTM               #RATE OF PARENT CHANGE IN INTESTINE (UMOL/HR) 

DAINTM=RINST                                #AMOUNT PARENT IN INTESTINE (UMOL)



#PLASMA & RBC 

CPL=APL/VPLAS				        #CONC PARENT IN PLASMA (UMOL/L)

CRBC=ARBC/VRBC  					  #CONC PARENT IN RBCS (UMOL/L)



RAPD=CRparPL*CPL      #RATE OF PARENT CHANGE CATALYTIC DETOX IN PLASMA (UMOL/HR)

DAPD=RAPD						  #AMT OF PARENT CATALYTIC DETOX IN PLASMA (UMOL)



#LIVER

CLM = ALM/VH                                  #CONC PARENT IN LIVER (UMOL/L)

CVLM = CLM/PparL                              #CONC PARENT IN VENOUS BLOOD LEAVING LIVER (UMOL/L)



#LIVER METABOLISM OF PAR BY CYPS--OXIDATION

RALM1 = (VMAXparoxon*CVLM*FuPAR)/(KMparoxon+CVLM*FuPAR)     #RATE OF OXON FORMATION (UMOL/HR)

DALM1 = RALM1                                   #AMT OXON FORMED (UMOL)



#LIVER FROM OXON (partial due to ordering, see below)

CLO = ALO/VH                                  #OXON CONC IN LIVER (UMOL/L)

CVLO = CLO/PparL                              #OXON CONC IN VENOUS BLOOD LEAVING LIVER (UMOL/L)



#LIVER DETOXICATION OF PARENT

if(USEKM_PARL) {

  if(USECOMINH_PARL) {

    RALM2 = (VMAXparL*CVLM*FuPAR*(FCXB*(AHCR/ANHCR)+(1-FCXB)))/(KMparL+CVLM*FuPAR)           #RATE OF PARENT LIVER METABOLISM (umol/hr)

    DALM2 = RALM2                                   #AMT OF METABOLITE FORMED (mol)

  } else {        

    RALM2 = (VMAXparL*CVLM*FuPAR)/(KMparL+CVLM*FuPAR)           #RATE OF PARENT LIVER METABOLISM (umol/hr)

    DALM2 = RALM2                                   #AMT OF METABOLITE FORMED (mol)

  }

} else {

  if(USECOMINH_PARL) {

    RALM2 = CRparL*CVLM*FuPAR*(FCXB*(AHCR/ANHCR)+(1-FCXB))     #RATE OF PARENT LIVER METABOLISM (umol/hr)

    DALM2 = RALM2

  } else {

    RALM2 = CRparL*CVLM*FuPAR                       #RATE OF PARENT LIVER METABOLISM (umol/hr)

    DALM2 = RALM2                                    #AMT OF METABOLITE FORMED (mol)

  }

}                                #AMOUNT OF METABOLITES FORMED IN LIVER (UMOL)



#LIVER RATE OF CHANGE

RALM=QH*CPL-QH*CVLM+KAI*AINTM+KAS*ASTOM-RALM1-RALM2    #RATE OF PARENT CHANGE IN LIVER (UMOL/HR)

DALM = RALM                                            #AMT PARENT IN LIVER (UMOL)



#KIDNEY

CKM = AKM/VK                                         #CONC PARENT IN KIDNEY (UMOL/L)

CVKM = CKM/PparK                                     #CONC PARENT IN VENOUS BLOOD LEAVING KIDNEY (UMOL/L)



#KIDNEY (FROM OXON, partial due to ordering, see below)

CKO = AKO/VK                                      #OXON CONC IN KIDNEY (UMOL/L)

CVKO = CKO/PoxonK                                  #OXON CONC IN VENOUS BLOOD LEAVING KIDNEY  (UMOL/L)



#KIDNEY- CATALYTIC METABOLISM OF PARENT

if(USEKM_PARK) {

  if(USECOMINH_PARK) {

    RAKM2 = VMAXparK*CVKM*FuPAR*(FCXB*(AKCR/ANKCR)+(1-FCXB))/(KMparK+CVKM*FuPAR)               #RATE OF METABOLITES FORMED IN KIDNEY (UMOL/HR)

    DAKM2 = RAKM2  

  } else {  

    RAKM2 = VMAXparK*CVKM*FuPAR/(KMparK+CVKM*FuPAR)               #RATE OF METABOLITES FORMED IN KIDNEY (UMOL/HR)

    DAKM2 = RAKM2                                     #AMOUNT OF METABOLITES FORMED IN KIDNEY (UMOL)

  }

} else {

  if(USECOMINH_PARK) {

    RAKM2 = CRparK*CVKM*FuPAR*(FCXB*(AKCR/ANKCR)+(1-FCXB))       #RATE OF METABOLITES FORMED IN KIDNEY (UMOL/HR)

    DAKM2 = RAKM2                                     #AMOUNT OF METABOLITES FORMED IN KIDNEY (UMOL)

  } else {   

    RAKM2 = CRparK*CVKM*FuPAR                                #RATE OF METABOLITES FORMED IN KIDNEY (UMOL/HR)

    DAKM2 = RAKM2                                       #AMOUNT OF METABOLITES FORMED IN KIDNEY (UMOL)

  }  

}



#KIDNEY RATE OF CHANGE

RAKM = QK*CPL-QK*CVKM - RAKM2                     #RATE OF PARENT CHANGE IN KIDNEY (UMOL/HR)

DAKM = RAKM                                       #AMT PARENT IN KIDNEY (UMOL)



#FAT

CFM = AFM/VF                    #CONC PARENT IN FAT (UMOL/L)

CVFM = CFM/PparF                #CONC PARENT IN VENOUS BLOOD LEAVING FAT (UMOL/L)

RAFM = QF*CPL-QF*CVFM           #RATE OF PARENT CHANGE IN FAT (UMOL/HR)

DAFM = RAFM                     #AMT PARENT IN FAT (UMOL)



#SLOWLY PERFUSED

CSM = ASMAL/VS                  #CONC PARENT IN SLOWLY PERFUSED (UMOL/L)

CVSM = CSM/PparS                #CONC PARENT IN VENOUS BLOOD LEAVING SLOWLY PERFUSED (UMOL/L)

RASM = QS*CPL-QS*CVSM           #RATE OF PARENT CHANGE IN SLOWLY PERFUSED (UMOL/HR)

DASMAL = RASM                   #AMT PARENT IN SLOWLY PERFUSED (UMOL)



#BRAIN

CBRM = ABRM/VBR                 #CONC PARENT IN BRAIN (UMOL/L)

CVBRM = CBRM/PparBR             #CONC PARENT IN VENOUS BLOOD LEAVING BRAIN (UMOL/L)



#BRAIN - OXON (partial due to ordering)

CBRO = ABRO/VBR                             #OXON CONC IN BRAIN (UMOL/L)

CVBRO = CBRO/VBR                            #OXON CONC IN VENOUS BLOOD LEAVING BRAIN (UMOL/L)



#BRAIN - PARENT CATALYTIC METABOLISM

if(USEKM_PARB) {

  if(USECOMINH_PARB) {

    RAPB = (VMAXparBR*CVBRM*FuPAR*(FCXB*(ABCR/ANBCR)+(1-FCXB)))/(KMparBR+CVBRM*FuPAR)  	   #RATE OF CHANGE PARENT CATALYTIC DETOX IN BRAIN

    DAPB=RAPB 					                           #AMT OF PARENT CATALYTIC DETOX IN BRAIN

  } else {  

    RAPB = (VMAXparBR*CVBRM*FuPAR)/(KMparBR+CVBRM*FuPAR)  	   #RATE OF CHANGE PARENT CATALYTIC DETOX IN BRAIN

    DAPB=RAPB 					                           #AMT OF PARENT CATALYTIC DETOX IN BRAIN

  }

} else {

  if(USECOMINH_PARB) {

    RAPB = CRparBR*CVBRM*FuPAR*(FCXB*(ABCR/ANBCR)+(1-FCXB))   #RATE OF CHANGE PARENT CATALYTIC DETOX IN BRAIN

    DAPB = RAPB                                   #AMT OF PARENT CATALYTIC DETOX IN BRAIN

  } else {  

    RAPB = CRparBR*CVBRM*FuPAR                          #RATE OF CHANGE PARENT CATALYTIC DETOX IN BRAIN

    DAPB = RAPB                                   #AMT OF PARENT CATALYTIC DETOX IN BRAIN

  }

}



#BRAIN - RATE OF CHANGE

RABRM = QBR*CPL-QBR*CVBRM-RAPB           #RATE OF PARENT CHANGE IN BRAIN (UMOL/HR)

DABRM = RABRM                              #AMT PARENT IN BRAIN (UMOL)



#RAPIDLY PERFUSED TISSUES

CRM = ARM/VR                               #CONC PARENT IN RAPIDLY PERFUSED (UMOL/L)

CVRM = CRM/PparR                           #CONC PARENT IN VENOUS BLOOD LEAVING RAPIDLY PERFUSED (UMOL/L)

RARM = QR*CPL-QR*CVRM                      #RATE OF PARENT CHANGE IN RAPIDLY PERFUSED (UMOL/HR)

DARM = RARM                                #AMT PARENT IN RAPIDLY PERFUSED (UMOL)



#PLASMA

CV=(QH*CVLM+QF*CVFM+QK*CVKM+QS*CVSM+QBR*CVBRM+QR*CVRM)/QC   #CONC PARENT IN VENOUS PLASMA (UMOL/L)



#PLASMA (FROM OXON, DUE TO ORDERING)

CPLO=APLO/VPLAS



## DERMAL EXPOSURE####    

RASURF=-DERMPERCNT*ASURF*DZONE                          #RATE OF PARENT CHANGE AT SKIN SURFACE (UMOL/HR)

DASURF=RASURF                                           #AMT PARENT AT SKIN SURFACE (UMOL)

DDDOSE<-RASURF                                          #Cumulative amount at surface

DTDDOSE<-0                                              #Tracks cumulative total dermal dose

RADL=DERMPERCNT*ASURF*DZONE                             #RATE OF PARENT UPTAKE INTO SKIN TISSUE FROM SKIN SURFACE (UMOL/HR)

DADL=RADL                                               #AMT PARENT UPTAKE (UMOL)



#INHALATION EXPOSURES

RINH <- IZONE*QALV*ABS_INH*CI                     #RATE OF INHALATION UMOLE/HR

DINH <- RINH                              #RATE OF INHALATION, UMOLE/HR

DCI <- 0                                  #CI is constant





# Tissues####

#PLASMA

RAPL=QC*(CV-CPL)-PTORBC*(CPL-CRBC/PparRBC)-RAPD+RADL+RINH          #RATE OF PARENT CHANGE IN PLASMA (UMOL/HR)

DAPL=RAPL                     						                        #AMOUNT PARENT IN PLASMA (UMOL)



#RBC

RRBC=PTORBC*(CPL-CRBC/PparRBC)							#RATE OF PARENT CHANGE IN RBC (UMOL/HR)

DRBC=RRBC										            #AMT PARENT IN RBC (UMOL/HR)



#WHOLE BLOOD

ABL=APL+ARBC									#AMT PARENT IN MIXED BLOOD (UMOL)

CBL=ABL/VBL										#CONC PARENT IN MIXED BLOOD (UMOL/L)



#WHOLE BLOOD (FROM OXON, PARTIAL DUE TO ORDERING)

ABLO=ARBCO+APLO							 #MASS OXON IN WHOLE BLOOD (UMOL)

CBLO=ABLO/VBL							 #CONC OXON IN WHOLE BLOOD (UMOL/L)



#-------------------------------------------------------------------------------.

#OXON####

#-------------------------------------------------------------------------------.



## Oral Exposure####

#STOMACH

RASTOMO = -KSIO*ASTOMO-KASO*ASTOMO     #RATE OF OXON CHANGE IN STOMACH (UMOL/HR) 

DASTOMO = RASTOMO                     #AMT OXON IN STOMACH (UMOL)



#ODOSEO, ADOSEO, ODOSEOXON Added to ASTOMO via Events

DODOSEO<-0  #ODOSEO

DODOSEOXON<-0 #ODOSEOXON

DADOSEO<-0 #ADOSEO



#INTESTINE

RAINTO = -KAIO*AINTO+KSIO*ASTOMO                  #RATE OF OXON CHANGE IN INTESTINE (UMOL/HR)

DAINTO = RAINTO                                   #AMOUNT OXON IN INTESTINE (UMOL)



#LIVER

RHPCE=AHCE*KIHCE*CLO*FuOXON                              #RATE OF OXON CONSUMPTION BY LIVER ACHE (UMOL/HR)

DAHPCE=RHPCE                                      #AMT OF OXON CONSUMED BY LIVER ACHE (UMOL)



RHPBE=AHBE*KIHBE*CLO*FuOXON                              #RATE OF OXON CONSUMPTION BY LIVER BCHE (UMOL/HR)

DAHPBE=RHPBE                                      #AMT OF OXON CONSUMED BY LIVER BCHE (UMOL)



RHPCR=AHCR*KIHCR*CLO*FuOXON                              #RATE OF OXON CONSUMPTION BY LIVER CAE  (UMOL/HR)

DAHPCR=RHPCR                                      #AMT OF OXON CONSUMED BY LIVER CAE (UMOL)







#OXON DETOX--CATALYTIC

if (USEKM_OXONL) {

  RALOD = (VMAXoxonL*CVLO*FuOXON)/(KMoxonL+CVLO*FuOXON)            #RATE OXON CATALYTIC DETOX IN LIVER

  DAALOD = RALOD                                     #AMT OF OXON CATALYTIC DETOX IN LIVER

} else {

  RALOD = CRoxonL*CVLO*FuOXON                               #RATE OXON CATALYTIC DETOX IN LIVER

  DAALOD = RALOD                                     #AMT OF OXON CATALYTIC DETOX IN LIVER

}	



#LIVER RATE OF CHANGE

RALO = QH*(CPLO-CVLO)+KAIO*AINTO+KASO*ASTOMO-RALOD+RALM1-(RHPCE+RHPBE+RHPCR) #RATE OF CHANGE IN LIVER (UMOL/HR)

DALO = RALO                                                                  #AMT IN LIVER (UMOL)



#ACHE ACTIVITY--LIVER

RHCE=KSHCE-AHCE*(KDHCE+KIHCE*CLO*FuOXON)+HOCE*KRHCE      #RATE OF ACHE ACTIVITY (UMOL/HR)

DAHCE=RHCE                                        #LIVER ACHE ACTIVITY (UMOL)

RNHCE=KSHCE-ANHCE*KDHCE                           #RATE OF BASELINE ACHE ACTIVITY (UMOL/HR)

DANHCE=RNHCE                                      #AMT OF BASELINE ACHE (UMOL)

RHOCE=AHCE*KIHCE*CLO*FuOXON-HOCE*(KAHCE+KRHCE)           #RATE OF ACHE INHIBITION (UMOL/HR)

DHOCE=RHOCE                                       #AMT OF LIVER ACHE INHIBITED (UMOL)



#BUCHE ACTIVITY--LIVER

RHBE=KSHBE-AHBE*(KDHBE+KIHBE*CLO*FuOXON)+HOBE*KRHBE      #RATE OF BUCHE ACTIVITY (UMOL/HR)

DAHBE=RHBE                                        #LIVER BUCHE ACTIVITY (UMOL)

RNHBE=KSHBE-ANHBE*KDHBE                           #RATE OF BASELINE BUCHE ACT (UMOL/HR)

DANHBE=RNHBE                                      #AMT OF BASELINE BUCHE (UMOL)

RHOBE=AHBE*KIHBE*CLO*FuOXON-HOBE*(KAHBE+KRHBE)           #RATE OF BUCHE INHIBITION (UMOL/HR)

DHOBE=RHOBE                                       #AMOUNT OF LIVER BUCHE INHIBITED (UMOL)



#CAE ACTIVITY--LIVER

RHCR=KSHCR-AHCR*(KDHCR+KIHCR*CLO*FuOXON)+HOCR*KRHCR      #RATE OF CAE ACTIVITY (UMOL/HR)

DAHCR=RHCR                                        #LIVER CAE ACTIVITY (UMOL)

RNHCR=KSHCR-ANHCR*KDHCR                           #RATE OF BASELINE CAE ACT (UMOL/HR)

DANHCR=RNHCR                                      #AMT OF BASELINE CAE (UMOL)

RHOCR=AHCR*KIHCR*CLO*FuOXON-HOCR*(KAHCR+KRHCR)           #RATE OF CAE INHIBITION (UMOL/HR)

DHOCR=RHOCR                                       #AMOUNT OF LIVER CAE INHIBITED (UMOL)



#LIVER B-ESTERASE (ACHE, BUCHE, AND CAE) ACTIVITY

HBE=AHCE+AHBE+AHCR                                #TOTAL B-ESTERASE=ACHE+BUCHE+CAE (UMOL)

IHE=100*(HBE/(ANHCE+ANHBE+ANHCR))                 #% TOTAL B-ESTERASE INHIBITION

HCE=100*(AHCE/ANHCE)                              #% ACHE INHIBITION

HBES=100*(AHBE/ANHBE)                             #% BUCHE INHIBITION

HCR=100*(AHCR/ANHCR)                              #% CAE INHIBITION



#FAT

CFO = AFO/VF                                      #CONC OXON IN FAT (UMOL/L)

CVFO = CFO/PoxonF                                 #CONC OXON IN VENOUS BLOOD LEAVING FAT (UMOL/L)

RAFO = QF*CPLO-QF*CVFO                            #RATE OF PARENT CHANGE IN FAT (UMOL/HR)

DAFO = RAFO                                       #AMT IN PARENT FAT (UMOL)



#SLOWLY PERFUSED

CSO = ASO/VS                            #CONC OXON IN SLOWLY PERFUSED (UMOL/L)

CVSO = CSO/PoxonS                       #CONC OXON IN VENOUS BLOOD LEAVING SLOWLY PERFUSED (UMOL/L)

RASO = QS*CPLO-QS*CVSO                  #RATE OF OXON CHANGE IN SLOWLY PERFUSED (UMOL/HR)

DASO = RASO                             #AMT OXON IN SLOWLY PERFUSED (UMOL)



#RAPIDLY PERFUSED TISSUES

CRO = ARO/VR                          #CONC OXON IN RAPIDLY PERFUSED (UMOL/L)

CVRO = CRO/PoxonR                     #CONC OXON IN VENOUS BLOOD LEAVING RAPIDLY PERFUSED (UMOL/L)

RARO = QR*CPLO-QR*CVRO                #RATE OF OXON CHANGE IN RAPIDLY PERFUSED (UMOL/HR)

DARO = RARO                           #AMT OXON IN RAPIDLY PERFUSED (UMOL)



#BRAIN

CBRO = ABRO/VBR                                      #CONC OXON IN BRAIN (UMOL/L)

CVBRO = CBRO/PoxonBR                                  #CONC OXON IN VENOUS BLOOD LEAVING BRAIN (UMOL/L)



RBPCE=ABCE*KIBCE*CBRO*FuOXON                                #RATE OF OXON CONSUMPTION BY ACHE IN BRAIN (UMOL/HR)

DABPCE=RBPCE                                         #AMT OF OXON CONSUMED BY ACHE IN BRAIN (UMOL)



RBPBE=ABBE*KIBBE*CBRO*FuOXON                                #RATE OF OXON CONSUMPTION BY BCHE IN BRAIN (UMOL/HR)

DABPBE=RBPBE                                         #AMT OF OXON CONSUMED BY BCHE IN BRAIN (UMOL)



RBPCR=ABCR*KIBCR*CBRO*FuOXON                                #RATE OF OXON CONSUMPTION BY CAE IN BRAIN (UMOL/HR)

DABPCR=RBPCR                                        #AMT OF OXON CONSUMED BY CAE IN BRAIN (UMOL)





#BRAIN - CATALYTIC DETOX OF OXON

if (USEKM_OXONB) {

  RAPOB = (VMAXoxonBR*CVBRO*FuOXON)/(KMoxonBR+CVBRO*FuOXON)  	    #RATE OF CHANGE OXON CATALYTIC DETOX IN BRAIN

  DAPOB=RAPOB 					                            #AMT OF OXON CATALYTIC DETOX IN BRAIN

} else {

  RAPOB = CRoxonBR*CVBRO*FuOXON                      	    #RATE OF CHANGE OXON CATALYTIC DETOX IN BRAIN

  DAPOB=RAPOB 					                            #AMT OF OXON CATALYTIC DETOX IN BRAIN

}



RABRO = QBR*CPLO-QBR*CVBRO-RAPOB-(RBPCE+RBPBE+RBPCR)#RATE OF OXON CHANGE IN BRAIN (UMOL/HR)

DABRO = RABRO                                        #AMT OXON IN BRAIN (UMOL)



#ACHE ACTIVITY--BRAIN

RBCE=KSBCE-ABCE*(KDBCE+KIBCE*CBRO*FuOXON)+BOCE*KRBCE        #RATE OF ACHE ACTIVITY (UMOL/HR)

DABCE=RBCE                                           #BRAIN ACHE ACTIVITY (UMOL)

RNBCE=KSBCE-ANBCE*KDBCE                              #RATE OF BASELINE ACHE ACT (UMOL/HR)

DANBCE=RNBCE                                         #AMT OF BASELINE ACHE (UMOL)

RBOCE=ABCE*KIBCE*CBRO*FuOXON-BOCE*(KABCE+KRBCE)             #RATE OF ACHE INHIBITION (UMOL/HR)

DBOCE=RBOCE                                          #AMOUNT OF BRAIN ACHE INHIBITED (UMOL)

        

#BUCHE ACTIVITY--BRAIN

RBBE=KSBBE-ABBE*(KDBBE+KIBBE*CBRO*FuOXON)+BOBE*KRBBE        #RATE OF BUCHE ACTIVITY (UMOL/HR)

DABBE=RBBE                                           #BRAIN BUCHE ACTIVITY (UMOL)

RNBBE=KSBBE-ANBBE*KDBBE                              #RATE OF BASELINE BUCHE ACT (UMOL/HR)

DANBBE=RNBBE                                         #AMT OF BASELINE BUCHE (UMOL)

RBOBE=ABBE*KIBBE*CBRO*FuOXON-BOBE*(KABBE+KRBBE)             #RATE OF BUCHE INHIBITION (UMOL/HR)

DBOBE=RBOBE                                          #AMOUNT OF BRAIN BUCHE INHIBITED (UMOL)

        

#CAE ACTIVITY--BRAIN

RBCR=KSBCR-ABCR*(KDBCR+KIBCR*CBRO*FuOXON)+BOCR*KRBCR        #RATE OF CAE ACTIVITY (UMOL/HR)

DABCR=RBCR                                           #BRAIN CAE ACTIVITY (UMOL)

RNBCR=KSBCR-ANBCR*KDBCR                              #RATE OF BASELINE CAE ACT (UMOL/HR)

DANBCR=RNBCR                                         #AMT OF BASELINE CAE (UMOL)

RBOCR=ABCR*KIBCR*CBRO*FuOXON-BOCR*(KABCR+KRBCR)             #RATE OF CAE INHIBITION (UMOL/HR)

DBOCR=RBOCR                                          #AMOUNT OF BRAIN CAE INHIBITED (UMOL)



#BRAIN B-ESTERASE (ACHE, BUCHE, AND CAE) ACTIVITY

BBE=ABCE+ABBE+ABCR                                  #TOTAL B-ESTERASE=ACHE+BUCHE+CAE (UMOL)

IBE=100*(BBE/(ANBCE+ANBBE+ANBCR))                   #TOTAL B-ESTERASE INHIBITION

BCE=100*(ABCE/ANBCE)                                #% ACHE INHIBITION

BBES=100*(ABBE/ANBBE)                               #% BUCHE INHIBITION

BCR=100*(ABCR/ANBCR)                                #% CAE INHIBITION





#KIDNEY



RKPCE=AKCE*KIKCE*CKO*FuOXON                               #RATE OF OXON CONSUMPTION BY ACHE IN KIDNEY (UMOL/HR)

DAKPCE=RKPCE                                       #AMT OF OXON CONSUMED (UMOL)



RKPBE=AKBE*KIKBE*CKO*FuOXON                               #RATE OF OXON CONSUMPTION BY BCHE IN KIDNEY (UMOL/HR)

DAKPBE=RKPBE                                       #AMT OF OXON CONSUMED BY BCHE IN KIDNEY (UMOL)



RKPCR=AKCR*KIKCR*CKO*FuOXON                               #RATE OF OXON CONSUMPTION BY CAE IN KIDNEY (UMOL/HR)

DAKPCR=RKPCR                                       #AMT OF OXON CONSUMED BY CAE IN KIDNEY (UMOL)



#CATALYTIC OXON DETOX IN THE KIDNEY

if (USEKM_OXONK) {

  RAKOD = (VMAXoxonK*CVKO*FuOXON)/(KMoxonK+CVKO*FuOXON)	         #RATE OF OXON CATALYTIC DETOX IN KIDNEY (UMOL/HR)

  DAAKOD = RAKOD 						                       #AMT OF OXON CATALYTIC DETOX IN KIDNEY (UMOL)

} else {

  RAKOD = CRoxonK*CVKO*FuOXON                  	         #RATE OF OXON CATALYTIC DETOX IN KIDNEY (UMOL/HR)

  DAAKOD = RAKOD 						                       #AMT OF OXON CATALYTIC DETOX IN KIDNEY (UMOL)

}  



#EXCRETION FROM THE KIDNEY

REXCO = KEO*AKO

DEXCO = REXCO



#RATE OF CHANGE IN KIDNEY

RAKO = QK*CPLO-QK*CVKO-(RKPCE+RKPBE+RKPCR)-RAKOD-REXCO #RATE OF OXON CHANGE IN KIDNEY (UMOL/HR)

DAKO = RAKO                                       #AMT OXON IN KIDNEY (UMOL)



# ACHE ACTIVITY--KIDNEY

RKCE=KSKCE-AKCE*(KDKCE+KIKCE*CKO*FuOXON)+KOCE*KRKCE       #RATE OF ACHE ACTIVITY (UMOL/HR)

DAKCE=RKCE                                         #KIDNEY ACHE ACTIVITY (UMOL)

RNKCE=KSKCE-ANKCE*KDKCE                            #RATE OF BASELINE ACHE ACT (UMOL/HR)

DANKCE=RNKCE                                       #AMT OF BASELINE ACHE (UMOL)

RKOCE=AKCE*KIKCE*CKO*FuOXON-KOCE*(KAKCE+KRKCE)            #RATE OF ACHE INHIBITION (UMOL/HR)

DKOCE=RKOCE                                       #AMOUNT OF KIDNEY ACHE INHIBITED (UMOL)



# BUCHE ACTIVITY--KIDNEY

RKBE=KSKBE-AKBE*(KDKBE+KIKBE*CKO*FuOXON)+KOBE*KRKBE       #RATE OF BUCHE ACTIVITY (UMOL/HR)

DAKBE=RKBE                                         #KIDNEY BUCHE ACTIVITY (UMOL)

RNKBE=KSKBE-ANKBE*KDKBE                            #RATE OF BASELINE BUCHE ACT (UMOL/HR)

DANKBE=RNKBE                                       #AMT OF BASELINE BUCHE (UMOL)

RKOBE=AKBE*KIKBE*CKO*FuOXON-KOBE*(KAKBE+KRKBE)            #RATE OF BUCHE INHIBITION (UMOL/HR)

DKOBE=RKOBE                                        #AMOUNT OF KIDNEY BUCHE INHIBITED (UMOL)



# CAE ACTIVITY--KIDNEY

RKCR=KSKCR-AKCR*(KDKCR+KIKCR*CKO*FuOXON)+KOCR*KRKCR       #RATE OF CAE ACTIVITY (UMOL/HR)

DAKCR=RKCR                                         #KIDNEY CAE ACTIVITY (UMOL)

RNKCR=KSKCR-ANKCR*KDKCR                            #RATE OF BASELINE CAE ACT (UMOL/HR)

DANKCR=RNKCR                                       #AMT OF BASELINE CAE (UMOL)

RKOCR=AKCR*KIKCR*CKO*FuOXON-KOCR*(KAKCR+KRKCR)            #RATE OF CAE INHIBITION (UMOL/HR)

DKOCR=RKOCR                                        #AMOUNT OF KIDNEY CAE INHIBITED (UMOL)



#KIDNEY B-ESTERASE (ACHE, BUCHE, AND CAE) ACTIVITY

KBE=AKCE+AKBE+AKCR                                 #TOTAL B-ESTERASE=ACHE+BUCHE+CAE (UMOL)

IKE=100*(KBE/(ANKCE+ANKBE+ANKCR))                  #% TOTAL B-ESTERASE INHIBITION

KCE=100*(AKCE/ANKCE)                               #% ACHE INHIBITION

KBES=100*(AKBE/ANKBE)                              #% BUCHE INHIBITION

KCR=100*(AKCR/ANKCR)                               #% CAE INHIBITION



#PLASMA

CVO=(QH*CVLO+QF*CVFO+QS*CVSO+QR*CVRO+QBR*CVBRO+QK*CVKO)/QC   #CONC OXON IN VENOUS PLASMA (UMOL/L)



#RBC

CRBCO = ARBCO/VRBC                             #CONC OXON IN RBC (umol/L)

ARBCO = CRBCO*VRBC                             #AMT OXON RBC (umol)



RBLPCE=ABLCE*KIBLCE*CBLO*FuOXON                       #RATE OF OXON CONSUMPTION BY ACHE IN PLASMA (UMOL/HR)

DABLPCE=RBLPCE                                 #AMT OF OXON CONSUMED BY ACHE IN PLASMA (UMOL)



RBLPBE=ABLBE*KIBLBE*CBLO*FuOXON                       #RATE OF OXON CONSUMPTION BY BCHE IN PLASMA (UMOL/HR)

DABLPBE=RBLPBE                                 #AMT OF OXON CONSUMED BY BCHE IN PLASMA (UMOL)



RBLPCR=ABLCR*KIBLCR*CBLO*FuOXON                       #RATE OF OXON CONSUMPTION BY CAE IN PLASMA (UMOL/HR)

DABLPCR=RBLPCR                                 #AMT OF OXON CONSUMED BY CAE IN PLASMA (UMOL)



RRBPCE=ARBCE*KIRBCE*CRBCO*FuOXON                      #RATE OF OXON CONSUMPTION ACHE IN RBCS (UMOL/HR)

DARBPCE=RRBPCE                                 #AMT OF OXON CONSUMED BY ACHE IN RBCS (UMOL)



#OXON DETOXICATION IN PLASMA

if(USEKM_OXONP) {

  RAPOD=(VMAXoxonP*CPLO*FuOXON)/(KMoxonP+CPLO*FuOXON) #RATE OF CHANGE CATALYTIC OXON DETOX IN PLASMA

  DAPOD=RAPOD                           #AMT OF OXON CATALYTIC DETOX IN PLASMA

} else {

  RAPOD = CRoxonPL*CPLO*FuOXON  	    		       #RATE OF CHANGE CATALYTIC OXON DETOX IN PLASMA

  DAPOD=RAPOD 					                 #AMT OF OXON CATALYTIC DETOX IN PLASMA

}



#Inhalation exposure to oxon

RINH_OXON <- IZONE*QALV*ABS_INH*CI_OXON   # rate of oxon inhalation (umol/h) 

DINH_OXON <- RINH_OXON                    # rate of oxon inhalation (umol/h) 

DCI_OXON <- 0                             # CI_OXON is constant              



#dermal exposure to oxon (10 March 2022; DRH)

RASURFO=-DERMPERCNT*ASURFO*DZONE                          #RATE OF OXON CHANGE AT SKIN SURFACE (UMOL/HR)

DASURFO=RASURFO                                           #AMT OXON AT SKIN SURFACE (UMOL)

DDDOSEO<-RASURFO                                          #Cumulative amount at surface

DTDDOSEO<-0                                              #Tracks cumulative total dermal dose

RADLO=DERMPERCNT*ASURFO*DZONE                             #RATE OF OXON UPTAKE INTO SKIN TISSUE FROM SKIN SURFACE (UMOL/HR)

DADLO=RADLO                                               #AMT OXON UPTAKE (UMOL)



#PLASMA RATE OF CHANGE

RAPLO=QC*(CVO-CPLO)-PTORBC*(CPLO-CRBCO/PoxonRBC)-(RBLPBE+RBLPCR+RBLPCE)-RAPOD        #RATE OF CHANGE OF OXON IN PLASMA (UMOL/HR)

DAPLO=RAPLO                                               					 #AMOUNT OXON IN PLASMA (UMOL)



#RBCS

RRBCO=PTORBC*(CPLO-CRBCO/PoxonRBC)-RRBPCE		       #RATE OF OXON CHANGE IN RBC (umol/hr)

DRBCO=RRBCO                                            #AMT OXON IN RBC (umol/hr)



# ACHE ACTIVITY--PLASMA

RBLCE=KSBLCE-ABLCE*(KDBLCE+KIBLCE*CBLO*FuOXON)+BLOCE*KRBLCE  # RATE OF ACHE ACTIVITY (UMOL/HR)

DABLCE=RBLCE                                          # PLASMA ACHE ACTIVITY (UMOL)

RNBLCE=KSBLCE-ANBLCE*KDBLCE                           # RATE OF BASELINE ACHE ACT (UMOL/HR)

DANBLCE=RNBLCE                                        # AMT OF BASELINE ACHE (UMOL)

RBLOCE=ABLCE*KIBLCE*CBLO*FuOXON-BLOCE*(KABLCE+KRBLCE)        # RATE OF ACHE INHIBITION (UMOL/HR)

DBLOCE=RBLOCE                                         # AMOUNT OF PLASMA ACHE INHIBITED (UMOL)



# BUCHE ACTIVITY--PLASMA

RBLBE=KSBLBE-ABLBE*(KDBLBE+KIBLBE*CBLO*FuOXON)+BLOBE*KRBLBE  # RATE OF BUCHE ACTIVITY (UMOL/HR)

DABLBE=RBLBE                                          # PLASMA BUCHE ACTIVITY (UMOL)

RNBLBE=KSBLBE-ANBLBE*KDBLBE                           # RATE OF BASELINE BUCHE ACT (UMOL/HR)

DANBLBE=RNBLBE                                        # AMT OF BASELINE BUCHE (UMOL)

RBLOBE=ABLBE*KIBLBE*CBLO*FuOXON-BLOBE*(KABLBE+KRBLBE)        # RATE OF BUCHE INHIBITION (UMOL/HR)

DBLOBE=RBLOBE                                         # AMOUNT OF PLASMA BUCHE INHIBITED (UMOL)



# CAE ACTIVITY--PLASMA

RBLCR=KSBLCR-ABLCR*(KDBLCR+KIBLCR*CBLO*FuOXON)+BLOCR*KRBLCR  # RATE OF CAE ACTIVITY (UMOL/HR)

DABLCR=RBLCR                                          # PLASMA CAE ACTIVITY (UMOL)

RNBLCR=KSBLCR-ANBLCR*KDBLCR                           # RATE OF BASELINE CAE ACT (UMOL/HR)

DANBLCR=RNBLCR                                        # AMT OF BASELINE CAE (UMOL)

RBLOCR=ABLCR*KIBLCR*CBLO*FuOXON-BLOCR*(KABLCR+KRBLCR)        # RATE OF CAE INHIBITION (UMOL/HR)

DBLOCR=RBLOCR                                         # AMOUNT OF PLASMA CAE INHIBITED (UMOL)





# ACHE ACTIVITY--RBCS

RRBCCE=KSRBCE-ARBCE*(KDRBCE+KIRBCE*CBLO*FuOXON)+RBCOCE*KRRBCE  # RATE OF ACHE ACTIVITY (UMOL/HR)

DARBCE=RRBCCE                                           # RBC ACHE ACTIVITY (UMOL)

RNRBCCE=KSRBCE-ANRBCE*KDRBCE                            # RATE OF BASELINE ACHE ACT (UMOL/HR)

DANRBCE=RNRBCCE                                         # AMT OF BASELINE ACHE (UMOL)

RRBOCE=ARBCE*KIRBCE*CBLO*FuOXON-RBCOCE*(KARBCE+KRRBCE)         # RATE OF ACHE INHIBITION (UMOL/HR)

DRBCOCE=RRBOCE                                          # AMOUNT OF RBC ACHE INHIBITED (UMOL)





#PLASMA B-ESTERASE (ACHE, BUCHE, AND CAE) ACTIVITY

BLBE=ABLCE+ABLBE+ABLCR                        #TOTAL B-ESTERASE=ACHE+BUCHE+CAE (UMOL)

IBLE=100*(BLBE/(ANBLCE+ANBLBE+ANBLCR))        # % TOTAL B-ESTERASE INHIBITION IN PLASMA

BLCE=100*(ABLCE/ANBLCE)                       # % ACHE INHIBITION IN PLASMA

BLBES=100*(ABLBE/ANBLBE)                      # % BUCHE INHIBITION IN PLASMA

BLCR=100*(ABLCR/ANBLCR)                       # % CAE INHIBITION IN PLASMA



#RBC B-ESTERASE (ACHE ONLY)ACTIVITY

RBCCE=100*(ARBCE/ANRBCE)                      # % ACHE INHIBITION IN RBCS

RBCPERC=100-RBCCE                             # % INHIBITED VERSUS INHIBITION





#-------------------------------------------------------------------------------.

#METABOLITE EXCRETION####

#METABOLITES--COMPARTMENT 1

RAMCA = RAKM2+RAPB+RALM2+RAPD        #TOTAL RATE OF METABOLITE FORMATION (UMOL/HR)

DAMCA = RAMCA                          #AMOUNT OF METABOLITE (UMOL)

RAMCAEX = A1*KE1                       #RATE OF METABOLITE EXCRETION (UMOL/HR)

RA1 = RAMCA-RAMCAEX                    #RATE OF CHANGE OF METABOLITE IN COMPARTMENT 1 (UMOL/HR)

DA1 = RA1                              #AMOUNT OF METABOLITE IN COMPARTMENT 1 (UMOL)

CBMCA = A1/V1                          #CONCENTRATION OF METABOLITE IN COMPARTMENT 1 (UMOL/L)

DAMCAEX = RAMCAEX                      #AMOUNT OF METABOLITE EXCRETED (UMOL)





#-------------------------------------------------------------------------------.

#MASS BALANCE####

TMASSpar=ASTOM+AINTM+ALM+AKM+AFM+ASMAL+ABRM+ARM+APL+ARBC #Oral and tissues

TMASSoxon=ASTOMO+AINTO+ALO+AFO+ASO+AKO+ARO+ABRO+APLO+ARBCO         #UMOL Oral and tissues

TMASSMCA=A1+AMCAEX                                          #UMOL  detox (metabolite in compartment + excreted)    

TMASSODT=AALOD+AAKOD+APOB+APOD                             #CATALYTIC OXON DETOX  (UMOL) 

TMASSOXONNC=AHPCE+AHPBE+AHPCR+ABPCE+ABPBE+ABPCR+AKPCE+AKPBE+AKPCR+ABLPCE+ABLPBE+ABLPCR+ARBPCE     #NON-CATALYTIC OXON DETOX (UMOL)         

TMASSEXC=AEXCO                                                #OXON EXCRETION

TMASSSURF=ASURF+ASURFO                                               #MASS REMAINING ON SURFACE

TMASSTOTAL=TMASSpar+TMASSoxon+TMASSODT+TMASSOXONNC+TMASSMCA+TMASSEXC #UMOL 

 

TDOSE=ODOSE+ODOSEPAR+ODOSEOXON+ADOSEM+ADOSEO+ODOSEO+AINH+ADL+ADLO+AINH_OXON #TOTAL DOSE (UMOL) 

MASSBAL=TMASSTOTAL/(TDOSE+1E-99)  #SHOULD EQUAL 1 (OR REALLY CLOSE TO IT)

    #FROM THE ODE HELP:"THE RETURN VALUE OF FUNC SHOULD BE A LIST, WHOSE FIRST

    #ELEMENT IS A VECTOR CONTAINING THE DERIVATIVES OF Y WITH RESPECT TO TIME,

    #AND WHOSE NEXT ELEMENTS ARE GLOBAL VALUES THAT ARE REQUIRED AT EACH POINT

    #IN TIMES. THE DERIVATIVES MUST BE SPECIFIED IN THE SAME ORDER AS THE STATE

    #VARIABLES Y." 

    list(#DERVATIVES

          c(DODOSE,DADOSEM,DADOSEO,DODOSEO,DODOSEPAR,DODOSEOXON,

            DDDOSE,DTDDOSE,

            DDDOSEO,DTDDOSEO,

            DASTOM ,DAINTM,DALM ,DALM1 ,DALM2 ,DAKM ,DAKM2 ,DAFM ,DASMAL ,DABRM ,

            DAPB ,DARM ,DASURF,DADL,DASURFO,DADLO,

            DASTOMO ,DAINTO ,DALO ,DAALOD ,DAHCE,DANHCE,DHOCE,DAHPCE,

            DAHBE,DANHBE,DHOBE,DAHPBE,DAHCR,DANHCR,DHOCR,DAHPCR,DAFO ,DASO ,DARO ,

            DABRO ,DAPOB ,DABCE,DANBCE,DBOCE,DABPCE,DABBE,DANBBE,DBOBE,DABPBE,

            DABCR,DANBCR,DBOCR,DABPCR,DAKO ,DAAKOD ,DAKCE,DANKCE,DKOCE,DAKPCE,

            DAKBE,DANKBE,DKOBE,DAKPBE,DAKCR,DANKCR,DKOCR,DAKPCR,DABLCE,DANBLCE,

            DBLOCE,DABLPCE,DABLBE,DANBLBE,DBLOBE,DABLPBE,DABLCR,DANBLCR,DBLOCR,

            DABLPCR,DARBCE,DANRBCE,DRBCOCE,DARBPCE,DAMCA ,DA1 ,DAMCAEX,

            DAPL,DAPLO,DRBC,DRBCO,DAPD,DAPOD,DEXCO,

            DCI, DINH,DCI_OXON,DINH_OXON

            ),

          #'GLOBAL VALUES TO BE RETURNED.

          BCE=BCE,

          RBCCE=RBCCE,

          CBMCA=CBMCA,

          BLBES=BLBES,

          CPL=CPL,

          CPLO=CPLO,

          CLM=CLM,

          CLO=CLO,

          CKM=CKM,

          CKO=CKO,

          CBRM=CBRM,

          CBRO=CBRO,

          CFM=CFM,

          CFO=CFO,

          CSM=CSM,

          CSO=CSO,

          CRM=CRM,

          CRO=CRO,

          CRBC=CRBC,

          CRBCO=CRBCO,

          CBL=CBL,

          CBLO=CBLO,

          CV=CV,

          CVO=CVO,

          VMAXparLC=VMAXparLC,

          VMAXparLC_adult=VMAXparLC_adult,

          VMAXparLC_juvenile=VMAXparLC_juvenile,

          VMAXparL=VMAXparL,

          VMAXparoxonC=VMAXparoxonC,

          VMAXparoxon=VMAXparoxon,

          KMparL=KMparL,

          KMparL_adult=KMparL_adult,

          KMparL_juvenile=KMparL_juvenile,

          KMparoxon=KMparoxon,

          KMparoxon_adult=KMparoxon_adult,

          KMparoxon_juvenile=KMparoxon_juvenile,

          AGE0=AGE0,

          HCR=HCR,

          QC=QC,

          QALV=QALV,

          BWT=BWT,

          VTOTCOMPARTMENTS=VTOTCOMPARTMENTS,

          VLC=VLC,

          VFC=VFC,

          VSC=VSC,

          VRC=VRC,

          VBRC=VBRC,

          VBLC=VBLC,

          VKC=VKC,

          VHC=VHC,

          BWTOTAL=BWTOTAL,#SHOULD <10 FOR A HUMAN

          TDOSE=TDOSE,

          TMASSTOTAL=TMASSTOTAL,

          MASSBAL=MASSBAL,

          TMASSpar=TMASSpar,

          TMASSoxon=TMASSoxon,

          TMASSMCA=TMASSMCA,

          TMASSODT=TMASSODT,

          TMASSEXC=TMASSEXC,

          TMASSOXONNC=TMASSOXONNC,

          TMASSSURF=TMASSSURF,

          CVLM=CVLM

         )

})

}#END DERIVATIVE FUNCTION###
















# Malathion human PBPK parameters



# Gender neutral or male specific values, except for female BTW and fat available

# Set sex=1 to access female parameters



#MALE####

human_parameters_male<-c(

# Gompertz BWT Parameters (Luecke 2007)

B1=3.42826,B2=2.188189,B3=1.506303,B5=34.35453,B6=0.179781,B7=0.221175,

B4=2.462428,B8=-0.0911, AGE0=30,

AGE1=2.949004,AGE2=11,AGE3=21.66022,



# Dynamic organ volumes

# VBrC Parameters (Refit Valentine 2002 & Young 2009)

VB6=0,VB5=0,VB4=5.132e-22,VB3=-2.463e-16,VB2=4.354e-11,

VB1=-3.465e-6,VB0=1.216e-1,

# VLC (Refit Valentine 2002 & Young 2009)

VH4=1.701E-22,VH3=-7.393E-17,VH2=1.082E-11,VH1=-6.789E-7,VH0=3.917E-2,  

# VBL (Young 2009)

VBL2=6.54E-13,VBL1=-3.50E-7,VBL0=8.97E-2,

# VFC (Refit, JNS w/ Valentin 2002 & Lafortuna 2005)

VF6=-2.036e-30,VF5=1.203e-24,VF4=-2.718e-19,VF3=2.892e-14,VF2=-1.422e-09,

VF1=2.803e-05,VF0=3.484e-02,





# VAC (Fit, JNS w/ Valentin 2002 & Lafortuna 2005 fat/.8)

VA6=-2.353e-30,VA5=1.387e-24,VA4=-3.116e-19,VA3=3.268e-14,VA2=-1.542e-9,VA1=2.617e-05,

VA0=2.044e-01,

# VLC (Young 2009)

VL2=0,VL1=-4.55e-8,VL0=1.86e-2,

# VKC (Young 2009)

VK2=3.33e-13,VK1=-6.69e-8,VK0=7.26e-3,

# VSPC (Young 2009)

VSP2=0,VSP1=-5.57e-9,VSP0=3.12e-3,

# VGIC (Brown 1997, sum of stom and both intestines)

VGI3=0,VGI2=0,VGI1=0,VGI0=0.0165,

# VMC (Refit, JNS w/ Valentin 2002 & Janssen 2000)

VM4=-5.061e-21,VM3=2.052e-15,VM2=-2.865e-10,VM1=1.436e-5,VM0=1.268e-1,

# VSKC (Young 2009)

VSK5=-1.1e-27,VSK4=8.62e-22,VSK3=-2.58e-16,VSK2=3.68e-11,

VSK1=-2.56e-6,VSK0=1.03e-1,





# Constant organ volumes

VBMC=0.021,	  # Brown 1997 (red only, yellow is in adipose)

VPC=0.00148, 	# Young 2009, Brown 1997





# Blood flows (L/h/kg tissue)

QBRC=30.6,	# Price 2003

QFC=1.45,	# Luecke 2007, Cowles 1971, Price 2003

QHC=50.4,	# Hepatic art, Price 2003

QSC=1.8,	 # Bone marrow, Price 2003

QRC=61.8,	# Adrenal/spleen mean, Luecke 2007

QKC=200,   # Luecke 2007 and Brown 1997

HCT=0.45, #Timchalk 2002



#molecular weights

MWPAR=330.36,     #molecular wt of malathion (g/mol)

MWOXON=314.29,     #molecular wt of malaoxon (g/mol)





#partition coefficients (tissue:plasma)# All values calculated with EPA's httk R package

#Malathion is one of the chemicals in the httk library but a new chemical was added to 

#to represent malathion without protein binding per below.  Malaoxon is not in the chemical

#library and was added with a logp=1.38 from Leonard et al. (2016)

PparF = 19.1,#    #fat:plasma

PparR = 31.7,     #richly perfused:plasma

PparL = 31.7,     #liver:plasma

PparK = 26.1,     #kidney:plasma

PparBR = 7.5,   #brain:plasma

PparS = 5.5,     #slowly perfused:plasma

PparRBC = 2.2,   #RBC:plasma

PparLung = 1000,     #lung:plasma



#malaoxon

PoxonF = 4.9,  #fat:blood

PoxonR = 9.6,   #richly perfused:blood

PoxonL = 9.6,   #liver:blood

PoxonK = 8.6,  #kidney:blood

PoxonBR = 2.4, #brain:blood

PoxonS = 2.0,  #slowly perfused: blood

PoxonRBC = 1.5, #plasma:RBC



#Fraction of metabolism from carboxylesterase based on data from rat metabolism study showing

#roughly 90% of metabolites are from carboxylesterase pathway (Bradway and Shafik, 1977)

FCXB = 0.95,



#transfer rate from plasma to RBC

PTORBC=100,



#variable to select using KM/VMAX or clearance rate

USEKM_PARL = TRUE,

USEKM_PARK = TRUE,

USEKM_PARB = TRUE,

USEKM_PARP = FALSE,

USEKM_OXONL = FALSE,

USEKM_OXONK = TRUE,

USEKM_OXONB = FALSE,

USEKM_OXONP = FALSE,



# variable to select whether to account for competitive inhibition 

USECOMINH_PARL = TRUE,

USECOMINH_PARK = TRUE,

USECOMINH_PARB = TRUE,

USECOMINH_PARP = TRUE,



#metabolism parameters

#maximum rates of metabolism (umol/hr/kg tissue)

#malathion detoxification

VMAXparLC_adult = 511434*0.85, #697419, #liver Kassahun (2019) MRID 50927802 FITTED at 85% of measured value

VMAXparLC_juvenile = 242946*0.38, #331290, liver Kassahun (2019) MRID 50927802 FITTED at 38% of measured value

VMAXparKC_adult = 511434*0.85*0.6, #697419*0.6  #kidney (60% of liver per Talcott, 1979) FITTED at 85% per liver fit

VMAXparKC_juvenile = 242946*0.38*0.6, #331290*0.6 #kidney (60% of liver per Talcott, 1979) FITTED at 38% per liver fit

VMAXparBRC = 10000, #brain - FITTED VALUE - fits for brain not optimized because brain inhibition is not

#relevant to risk assessment



#malathion oxidation--malathion to oxon 

VMAXparoxonC_adult = 1624,     #liver - CYPS, adult Kassahun (2019) MRID 50927802

VMAXparoxonC_juvenile = 1382,  #liver - CYPS, juvenile Kassahun (2019) MRID 50927802



#oxon detox - NOT Used for liver, brain, and plasma.  Clearance rates used instead. No

#oxon metabolism assumed in kidney

VMAXoxonLC = 0,                 #liver

VMAXoxonKC = 0,                     #kidney

VMAXoxonBRC = 0,                    #brain





#affinity constants (umol/L)

#malathion detoxification

KMparL_adult = 8.17*1.5,         #liver - adult Kassahun (2019) MRID 50927802

KMparL_juvenile = 2.99*1.5,      #liver, juvenile Kassahun (2019) MRID 50927802

KMparBR = 2.0,        #brain FITTED value

KMparK_adult = 8.17*1.5,         #kidney, adult - assumed same as liver

KMparK_juvenile = 2.99*1.5,      #kidney, juvenile -assumed same as liver





#malathion oxidation--malathion to oxon

KMparoxon_adult = 12.0,       #liver, adult Kassahun (2019) MRID 50927802

KMparoxon_juvenile = 3.89,    #liver, juvenile Kassahun (2019) MRID 50927802



#oxon detox - NOT used; clearance rates used instead

KMoxonL = 0.01,         #liver

KMoxonBR = 0.01,         #brain

KMoxonK = 0.01,         #kidney



#clearance rates (only applicable if USEKM variable is TRUE)

CRparLC = 0.0,               #clearance rate parent in liver

CRparKC = 0.0,               #clearance rate parent in kidney

CRparBRC = 0.0,               #clearance rate parent in brain

CRparPLC = 0.0,	           #clearance rate parent in plasma (L/hr/L plasma)	

CRoxonLC = 10828*0.25, #10828,#      #clearance rate oxon in liver Chambers and Meek (2019) MRID 50927801 

CRoxonKC = 0.0,              #clearance rate oxon in kidney

CRoxonBRC = 500,              #clearance rate oxon in brain - FITTED Value

CRoxonPLC = 2579*0.15,#2579		       #clearance rate oxon in plasma (L/hr/L plasma) Chambers and Meek (2019) MRID 50927801 



#Plasma protein binding

FuPAR = 1.0,        #parent binding

FuOXON = 1.0,       #oxon binding



#volumes of distribution for metabolite compartments (L)

V1 = 3.6,      #MCA/DCA



#uptake parameters

#dimethoate

KAS=0.0,  		 #transfer stomach to liver (/h)

KSI=0.2,	     #transfer stomach to intestine (/h)

KAI=0.2,       #transfer intestine to liver (/h)

FA=1,          #Fractional oral Absorption



#oxon

KASO=0.0,		 #transfer stomach to liver (/h)

KSIO=0.5,	   #transfer stomach to intestine (/h)

KAIO=0.5,     #transfer intestine to liver (/h)

FAO=1,        #Fractional oral Absorption



#dermal parameters

DERMPERCNT = 0.031/8,        #dermal absorption percent per hour

DZONE = 0,                  #include dermal exposure (DZONE=1)



#Inhalation parameters

QALV =0,                   #volumetric flow (L/hr)  

CI=0.0,                        #air concentration (mg/m3)

IZONE = 0,                    #include inhalaiton exposure (IZONE=1)

ABS_INH=1.0,



#elimation rate for oxon (1/hr)

KEO = 0.0,



#elimination rate constants for metabolite compartments (/h)

KE1 = 1.5, #MCA/DCA



#pharmacodynamic parameters



# AChE activity (umol/hr/kg tissue) 

BACHE=4.40e5,		 #brain, Maxwell 1987

BLACHE=2.33e4,    #plasma, Timchalk 2002

HACHE=1.02e4,     #liver, Maxwell 1987

RBCHE=4.27e5,		 #RBCs, Timchalk 2002

KACHE=5.4e3,      #Kidney, Maxwell 1987



# BuChE activity (umol/hr/kg tissue) 

HBUCE=3.0e4,     #liver, Maxwell 1987

BLBUCE=2.64e5,	 #plasma, Timchalk 2002

KBUCE=1.02e4,    #kidney, Maxwell 1987

BBUCE=4.68e4,    #brain, Poet et al. 2014



# CaE activity (umol/hr/kg tissue) 

BRCE=2.88e5,	 #brain, Timchalk 2002

HECE=1.27e6, #liver, Timchalk 2002  

PLOCE=0,	 #plasma, Timchalk 2002

KECE=1.79e6,   #kidney CaE, Maxwell 1987





#Degradation of esterase (1/h)--Gearhart et al. 1990, Timchalk et al. 2002 and Poet et al 2014.

#Gearhart inlcudes original values of 0.1 per hour for BChE from Traina and Serpietri (1984) and

#0.01 per hour from Wenthold et al. (1974).  Timchalk cites Gearhart for these values but

#uses somewhat different values in some cases.  Poet, an update to Timchalk, uses different values 

#than both Timchalk and Gearhart.  We reverted to the measured values as cited by Gearhart

#except for carboxylestearse where there are no available measurements.  In this case, we 

#used the fitted values from Poet et al. 2014.  Poet al. 2014 does not have a value for kidney

#so we used the value for liver.

KDBBE=0.1,#                #BuChE (brain)   

KDBCE=0.01,#                 #AChE (brain)  

KDBCR=0.000754,#             #CaE (brain)

KDBLBE=0.1,#                #BuChE (blood/plasma) 

KDBLCE=0.01,#                 #AChE (blood/plasma)

KDBLCR=0.001,#              #CaE (blood/plasma)   

KDHBE=0.1,#                #BuChE (liver)

KDHCE=0.01,#                 #AChE (liver)   

KDHCR=0.001,#               #CaE (liver)

KDRBCE=0.01,#                #AChE (RBC)   

KDKBE=0.1,#                #BuChE (kidney)

KDKCE=0.01,#                #AChE (kidney)

KDKCR=0.001,#               #CaE (kidney)





#Esterase aging rates (1/h)--chemical-specific 

#AChE aging rate from Mason et al 2000 (human RBC AChE for azinphos-methyl, also a dimethoxy OP)

#BuChE aging rate from Mason et al 2000 (human plasma BuChE for azinphos-methyl, also a dimethoxy OP)

#CaE set to 0.001 based on Maxwell and Brecht (2001) finding no ageing (differs from chlorpyrifos model)

KABBE=0.116,#              #BuChE (brain)

KABCE=0.022,#              #AChE (brain)

KABCR=0.001,#               #CaE (brain)

KABLBE=0.116,#             #BuChE (blood/plasma)

KABLCE=0.022,#             #AChE (blood/plasma)

KABLCR=0.001,#              #CaE (blood/plasma)

KAHBE=0.116,#              #BuChE (liver)

KAHCE=0.022,#              #AChE (liver)

KAHCR=0.001,#               #CaE (liver)

KARBCE=0.022,#             #AChE (RBC)

KAKBE=0.116,#              #BuChE (kidney)

KAKCE=0.022,#              #AChE (kidney)

KAKCR=0.001,#               #CaE (kidney)





#Inhibition of esterase (L/umol/h)--chemical-specific. 

#AChE from Chambers et al. (MRID 50773501) 

#BuChE from Herzsprung 1992 for human plasma BuChE

#CaE assumed the same as Timchalk

KIBBE=1.26,#             #BuChE (brain)

KIBCE=4.9*2,#             #AChE (brain) - 

KIBCR=4.9*1.75,#              #CaE (brain)

KIBLBE=1.26,#           #BuChE (blood/plasma)

KIBLCE=4.9*2,#            #AChE (blood/plasma) - 

KIBLCR=4.9*1.75,#             #CaE (blood/plasma)

KIHBE=1.26,#            #BuChE (liver)

KIHCE=4.9*2,#             #AChE (liver) - 

KIHCR=4.9*1.75,#             #CaE (liver)

KIRBCE=4.9*2,#            #AChE (RBCs) - 

KIKBE=1.26,#            #BuChE (kidney)

KIKCE=4.9*2,#             #AChE (kidney) - 

KIKCR=4.9*1.75,#             #CaE (kidney)



#Reactivation of esterase (1/h)--chemical specific 

# AChE reactivation rate from Mason et al 2000 (human RBC AChE for azinphos-methyl, also a dimethoxy OP)

# BuChE reactivation rate from Mason et al 2000 (human plasma BuChE for azinphos-methyl, also a dimethoxy OP)

# CaE was fit. THere are no available data and Timchalk assumed same rate as for AChE.  Fitted value is somewhat lower

# than for AChE

KRBBE=0.03,#                #BuChE (brain)

KRBCE=0.018,#               #AChE (brain)

KRBCR=0.001,               #CaE (brain)

KRBLBE=0.03,#               #BuChE (blood/plasma)

KRBLCE=0.018,#              #AChE (blood/plasma)

KRBLCR=0.001,#              #CaE (blood/plasma)

KRHBE=0.03,#                #BuChE (liver)

KRHCE=0.018,#               #AChE (liver)

KRHCR=0.001,#               #CaE (liver)

KRRBCE=0.018,#              #AChE (RBCs)

KRKBE=0.03,#                #BuChE (kidney)

KRKCE=0.018,#               #AChE (kidney)

KRKCR=0.001,#               #CaE (kidney)





# Enzyme turnover rate (substrate hydrolysis/h/active site) (Maxwell 1987)

TRCE=1.17e7,      #AChE

TRCR=1.086e5,     #CaE

TRBE=3.66e6)      #BuChE





#FEMALE####

human_parameters_female<-c(

# Gompertz BWT Parameters (Luecke 2007)

AGE0=30,

# set Female BWT Parameters

B1=3.4,B2=2.07402,B3=1.504154,B5=34.8806,B6=0.2120837,B7=0.443786,

B4=2.672665,B8=0.31127,

AGE1=2.949004,AGE2=11,AGE3=21.86533,



# Dynamic organ volumes

# VBrC Parameters (Refit Valentine 2002 & Young 2009)

VB6=0,VB5=0,VB4=5.132e-22,VB3=-2.463e-16,VB2=4.354e-11,

VB1=-3.465e-6,VB0=1.216e-1,

# VLC (Refit Valentine 2002 & Young 2009)

VH4=1.701E-22,VH3=-7.393E-17,VH2=1.082E-11,VH1=-6.789E-7,VH0=3.917E-2,  

# VBL (Young 2009)

VBL2=6.54E-13,VBL1=-3.50E-7,VBL0=8.97E-2,



# VFC (Refit, JNS w/ Valentin 2002 & Lafortuna 2005)

# set Female VFC

VF6=-1.273e-30,VF5=7.249e-25,VF4=-1.558e-19,VF3=1.540e-14,VF2=-6.787e-10,

VF1=1.401e-05,VF0=9.217e-02,



# VAC (Fit, JNS w/ Valentin 2002 & Lafortuna 2005 fat/.8)

VA6=-2.353e-30,VA5=1.387e-24,VA4=-3.116e-19,VA3=3.268e-14,VA2=-1.542e-9,VA1=2.617e-05,

VA0=2.044e-01,

# VLC (Young 2009)

VL2=0,VL1=-4.55e-8,VL0=1.86e-2,

# VKC (Young 2009)

VK2=3.33e-13,VK1=-6.69e-8,VK0=7.26e-3,

# VSPC (Young 2009)

VSP2=0,VSP1=-5.57e-9,VSP0=3.12e-3,

# VGIC (Brown 1997, sum of stom and both intestines)

VGI3=0,VGI2=0,VGI1=0,VGI0=0.0165,

# VMC (Refit, JNS w/ Valentin 2002 & Janssen 2000)

VM4=-5.061e-21,VM3=2.052e-15,VM2=-2.865e-10,VM1=1.436e-5,VM0=1.268e-1,

# VSKC (Young 2009)

VSK5=-1.1e-27,VSK4=8.62e-22,VSK3=-2.58e-16,VSK2=3.68e-11,

VSK1=-2.56e-6,VSK0=1.03e-1,





# Constant organ volumes

VBMC=0.021,	  # Brown 1997 (red only, yellow is in adipose)

VPC=0.00148, 	# Young 2009, Brown 1997



# Blood flows (L/h/kg tissue)

QBRC=30.6,	# Price 2003

QFC=1.45,	# Luecke 2007, Cowles 1971, Price 2003

QHC=50.4,	# Hepatic art, Price 2003

QSC=1.8,	 # Bone marrow, Price 2003

QRC=61.8,	# Adrenal/spleen mean, Luecke 2007

QKC=200,   # Luecke 2007 and Brown 1997

HCT=0.45,  #Timchalk 2012



#molecular weights

MWPAR=330.36,     #molecular wt of malathion (g/mol)

MWOXON=314.29,     #molecular wt of malaoxon (g/mol)





#partition coefficients (tissue:plasma)# All values calculated with EPA's httk R package

#Malathion is one of the chemicals in the httk library but a new chemical was added to 

#to represent malathion without protein binding per below.  Malaoxon is not in the chemical

#library and was added with a logp=1.38 from Leonard et al. (2016)

PparF = 19.1,#    #fat:plasma

PparR = 31.7,     #richly perfused:plasma

PparL = 31.7,     #liver:plasma

PparK = 26.1,     #kidney:plasma

PparBR = 7.5,   #brain:plasma

PparS = 5.5,     #slowly perfused:plasma

PparRBC = 2.2,   #RBC:plasma

PparLung = 1000,     #lung:plasma



#malaoxon

PoxonF = 4.9,  #fat:blood

PoxonR = 9.6,   #richly perfused:blood

PoxonL = 9.6,   #liver:blood

PoxonK = 8.6,  #kidney:blood

PoxonBR = 2.4, #brain:blood

PoxonS = 2.0,  #slowly perfused: blood

PoxonRBC = 1.5, #plasma:RBC



#Fraction of metabolism from carboxylesterase based on data from rat metabolism study showing

#roughly 90% of metabolites are from carboxylesterase pathway (Bradway and Shafik, 1977)

FCXB = 0.95,



#transfer rate from plasma to RBC

PTORBC=100,



#variable to select using KM/VMAX or clearance rate

USEKM_PARL = TRUE,

USEKM_PARK = TRUE,

USEKM_PARB = TRUE,

USEKM_PARP = FALSE,

USEKM_OXONL = FALSE,

USEKM_OXONK = TRUE,

USEKM_OXONB = TRUE,

USEKM_OXONP = FALSE,



# variable to select whether to account for competitive inhibition 

USECOMINH_PARL = TRUE,

USECOMINH_PARK = TRUE,

USECOMINH_PARB = TRUE,

USECOMINH_PARP = TRUE,



#metabolism parameters

#maximum rates of metabolism (umol/hr/kg tissue)

#malathion detoxification

VMAXparLC_adult = 511434*0.85, #697419, #liver Kassahun (2019) MRID 50927802 FITTED at 85% of measured value

VMAXparLC_juvenile = 242946*0.38, #331290, liver Kassahun (2019) MRID 50927802 FITTED at 38% of measured value

VMAXparKC_adult = 511434*0.6*0.85, #697419*0.6  #kidney (60% of liver per Talcott, 1979) FITTED at 85% per liver fit

VMAXparKC_juvenile = 242946*0.6*0.38, #331290*0.6 #kidney (60% of liver per Talcott, 1979) FITTED at 38% per liver fit

VMAXparBRC = 10000, #brain - FITTED VALUE - fits for brain not optimized because brain inhibition is not

#relevant to risk assessment



#malathion oxidation--malathion to oxon 

VMAXparoxonC_adult = 1624,     #liver - CYPS, adult Kassahun (2019) MRID 50927802

VMAXparoxonC_juvenile = 1382,  #liver - CYPS, juvenile Kassahun (2019) MRID 50927802



#oxon detox - NOT Used for liver, brain, and plasma.  Clearance rates used instead. No

#oxon metabolism assumed in kidney

VMAXoxonLC = 0,                 #liver

VMAXoxonKC = 0,                     #kidney

VMAXoxonBRC = 0,                    #brain



#affinity constants (umol/L)

#malathion detoxification

KMparL_adult = 8.17*1.5,         #liver - adult Kassahun (2019) MRID 50927802

KMparL_juvenile = 2.99*1.5,      #liver, juvenile Kassahun (2019) MRID 50927802

KMparBR = 2.0,        #brain FITTED value

KMparK_adult = 8.17*1.5,         #kidney, adult - assumed same as liver

KMparK_juvenile = 2.99*1.5,      #kidney, juvenile -assumed same as liver





#malathion oxidation--malathion to oxon

KMparoxon_adult = 12.0,       #liver, adult Kassahun (2019) MRID 50927802

KMparoxon_juvenile = 3.89,    #liver, juvenile Kassahun (2019) MRID 50927802



#affinity constants (umol/L)

#malathion detoxification

KMparL_adult = 8.17*1.5,         #liver - adult Kassahun (2019) MRID 50927802

KMparL_juvenile = 2.99*1.5,      #liver, juvenile Kassahun (2019) MRID 50927802

KMparBR = 2.0,        #brain FITTED value

KMparK_adult = 8.17*1.5,         #kidney, adult - assumed same as liver

KMparK_juvenile = 2.99*1.5,      #kidney, juvenile -assumed same as liver





#malathion oxidation--malathion to oxon

KMparoxon_adult = 12.0,       #liver, adult Kassahun (2019) MRID 50927802

KMparoxon_juvenile = 3.89,    #liver, juvenile Kassahun (2019) MRID 50927802



#oxon detox - NOT used; clearance rates used instead

KMoxonL = 0.01,         #liver

KMoxonBR = 0.01,         #brain

KMoxonK = 0.01,         #kidney



#clearance rates (only applicable if USEKM variable is TRUE)

CRparLC = 0.0,               #clearance rate parent in liver

CRparKC = 0.0,               #clearance rate parent in kidney

CRparBRC = 0.0,               #clearance rate parent in brain

CRparPLC = 0.0,	           #clearance rate parent in plasma (L/hr/L plasma)	

CRoxonLC = 10828*0.25, #10828,#      #clearance rate oxon in liver Chambers and Meek (2019) MRID 50927801 

CRoxonKC = 0.0,              #clearance rate oxon in kidney

CRoxonBRC = 500,              #clearance rate oxon in brain - FITTED Value

CRoxonPLC = 2579*0.15,#2579		       #clearance rate oxon in plasma (L/hr/L plasma) Chambers and Meek (2019) MRID 50927801 



#Plasma protein binding

FuPAR = 1.0,        #parent binding

FuOXON = 1.0,       #oxon binding



#volumes of distribution for metabolite compartments (L)

V1 = 3.6,      #MCA/DCA



#uptake parameters

#dimethoate

KAS=0.0,  		 #transfer stomach to liver (/h)

KSI=0.2,	     #transfer stomach to intestine (/h)

KAI=0.2,       #transfer intestine to liver (/h)

FA=1,          #Fractional oral Absorption



#oxon

KASO=0.0,		 #transfer stomach to liver (/h)

KSIO=0.5,	   #transfer stomach to intestine (/h)

KAIO=0.5,     #transfer intestine to liver (/h)

FAO=1,        #Fractional oral Absorption



#dermal parameters

DERMPERCNT = 0.031/8,        #dermal absorption percent per hour

DZONE = 0,                  #include dermal exposure (DZONE=1)



#Inhalation parameters

QALV =0.0,                   #volumetric flow (cm3/hr) - value selected by user

CI=0.0,                        #air concentration (mg/m3)

IZONE = 0,                    #include inhalaiton exposure (IZONE=1)

ABS_INH=1.0,



#elimination rate for oxon (1/hr)

KEO = 0.0,



#elimination rate constants for metabolite compartments (/h)

KE1 = 1.5, #MCA/DCA



#pharmacodynamic parameters



# AChE activity (umol/hr/kg tissue) 

BACHE=4.40e5,		 #brain, Maxwell 1987

BLACHE=2.33e4,    #plasma, Timchalk 2002

HACHE=1.02e4,     #liver, Maxwell 1987

RBCHE=4.27e5,		 #RBCs, Timchalk 2002

KACHE=5.4e3,      #Kidney, Maxwell 1987



# BuChE activity (umol/hr/kg tissue) 

HBUCE=3.0e4,     #liver, Maxwell 1987

BLBUCE=2.64e5,	 #plasma, Timchalk 2002

KBUCE=1.02e4,    #kidney, Maxwell 1987

BBUCE=4.68e4,    #brain, Poet et al. 2014



# CaE activity (umol/hr/kg tissue) 

BRCE=2.88e5,	 #brain, Timchalk 2002

HECE=1.27e6, #liver, Timchalk 2002  

PLOCE=0,	 #plasma, Timchalk 2002

KECE=1.79e6,   #kidney CaE, Maxwell 1987





#Degradation of esterase (1/h)--Gearhart et al. 1990, Timchalk et al. 2002 and Poet et al 2014.

#Gearhart inlcudes original values of 0.1 per hour for BChE from Traina and Serpietri (1984) and

#0.01 per hour from Wenthold et al. (1974).  Timchalk cites Gearhart for these values but

#uses somewhat different values in some cases.  Poet, an update to Timchalk, uses different values 

#than both Timchalk and Gearhart.  We reverted to the measured values as cited by Gearhart

#except for carboxylestearse where there are no available measurements.  In this case, we 

#used the fitted values from Poet et al. 2014.  Poet al. 2014 does not have a value for kidney

#so we used the value for liver.

KDBBE=0.1,#                #BuChE (brain)   

KDBCE=0.01,#                 #AChE (brain)  

KDBCR=0.000754,#             #CaE (brain)

KDBLBE=0.1,#                #BuChE (blood/plasma) 

KDBLCE=0.01,#                 #AChE (blood/plasma)

KDBLCR=0.001,#              #CaE (blood/plasma)   

KDHBE=0.1,#                #BuChE (liver)

KDHCE=0.01,#                 #AChE (liver)   

KDHCR=0.001,#               #CaE (liver)

KDRBCE=0.01,#                #AChE (RBC)   

KDKBE=0.1,#                #BuChE (kidney)

KDKCE=0.01,#                #AChE (kidney)

KDKCR=0.001,#               #CaE (kidney)





#Esterase aging rates (1/h)--chemical-specific 

#AChE aging rate from Mason et al 2000 (human RBC AChE for azinphos-methyl, also a dimethoxy OP)

#BuChE aging rate from Mason et al 2000 (human plasma BuChE for azinphos-methyl, also a dimethoxy OP)

#CaE set to 0.001 based on Maxwell and Brecht (2001) finding no ageing (differs from chlorpyrifos model)

KABBE=0.116,#              #BuChE (brain)

KABCE=0.022,#              #AChE (brain)

KABCR=0.001,#               #CaE (brain)

KABLBE=0.116,#             #BuChE (blood/plasma)

KABLCE=0.022,#             #AChE (blood/plasma)

KABLCR=0.001,#              #CaE (blood/plasma)

KAHBE=0.116,#              #BuChE (liver)

KAHCE=0.022,#              #AChE (liver)

KAHCR=0.001,#               #CaE (liver)

KARBCE=0.022,#             #AChE (RBC)

KAKBE=0.116,#              #BuChE (kidney)

KAKCE=0.022,#              #AChE (kidney)

KAKCR=0.001,#               #CaE (kidney)





#Inhibition of esterase (L/umol/h)--chemical-specific. 

#AChE from Chambers et al. (MRID 50773501) -geometric mean

#BuChE from Herzsprung 1992 for human plasma BuChE

#CaE assumed the same as Timchalk

KIBBE=1.26,#             #BuChE (brain)

KIBCE=4.9*2,#             #AChE (brain) - 

KIBCR=4.9*1.75,#              #CaE (brain)

KIBLBE=1.26,#           #BuChE (blood/plasma)

KIBLCE=4.9*2,#            #AChE (blood/plasma) - 

KIBLCR=4.9*1.75,#             #CaE (blood/plasma)

KIHBE=1.26,#            #BuChE (liver)

KIHCE=4.9*2,#             #AChE (liver) - 

KIHCR=4.9*1.75,#             #CaE (liver)

KIRBCE=4.9*2,#            #AChE (RBCs) - 

KIKBE=1.26,#            #BuChE (kidney)

KIKCE=4.9*2,#             #AChE (kidney) - 

KIKCR=4.9*1.75,#             #CaE (kidney)



#Reactivation of esterase (1/h)--chemical specific 

# AChE reactivation rate from Mason et al 2000 (human RBC AChE for azinphos-methyl, also a dimethoxy OP)

# BuChE reactivation rate from Mason et al 2000 (human plasma BuChE for azinphos-methyl, also a dimethoxy OP)

# CaE was fit. THere are no available data and Timchalk assumed same rate as for AChE.  Fitted value is somewhat lower

# than for AChE

KRBBE=0.03,#                #BuChE (brain)

KRBCE=0.018,#               #AChE (brain)

KRBCR=0.001,               #CaE (brain)

KRBLBE=0.03,#               #BuChE (blood/plasma)

KRBLCE=0.018,#              #AChE (blood/plasma)

KRBLCR=0.001,#              #CaE (blood/plasma)

KRHBE=0.03,#                #BuChE (liver)

KRHCE=0.018,#               #AChE (liver)

KRHCR=0.001,#               #CaE (liver)

KRRBCE=0.018,#              #AChE (RBCs)

KRKBE=0.03,#                #BuChE (kidney)

KRKCE=0.018,#               #AChE (kidney)

KRKCR=0.001,#               #CaE (kidney)





# Enzyme turnover rate (substrate hydrolysis/h/active site) (Maxwell 1987)

TRCE=1.17e7,      #AChE

TRCR=1.086e5,     #CaE

TRBE=3.66e6)







human_parameters<-list(male=human_parameters_male,female=human_parameters_female)













#













#


#clear workspace

rm(list = ls())



#set the working directory to the location of these scripts

#setwd(dirname(rstudioapi::getActiveDocumentContext()$path))



# malathion AC50

ac_50 = -999 #set to an arbitrary value



BW_scenario <- 0.25  # kg

drm_pct = 0.107/24    # in vivo dermal absorption for rats; MRID 50974501

ndays = 25            # days to simulate; test conditions in MRID 43266601

dpw   = 7             # days per week; test conditions in MRID 43266601

hpd   = 6             # hours per day; test conditions in MRID 43266601



#Environment####

library(readxl)

library(ggplot2)

library(dplyr)

library(tidyr)



#load the model and rat parameters

source("adult_rat_pbpk_mod.R")

source("malathion_adult_rat_parameters.R") 	        # rat parameters



# Initial_parameters



params[["TSTART"]]    = 0.0           # START SIMULATION (HR)

params[["TSTOP"]]     = ndays*24		  # Simulation duration = 1 day

params[["BW"]]        = BW_scenario   # kg

params[["DERMPERCNT"]]= drm_pct       #10.7% over 24 hours, rat in vivo

params[["DZONE"]]     = 1             #turn dermal on

params[["TCHNG"]]     = ndays*24 			# Total exposure duration - h 



params[["YEAR"]] = 364              # days in a year

params[["W3"]] = ndays              # days exposed per year

params[["D3"]] = dpw                # days exposed per week

params[["P3"]] = hpd                # hours exposed per day



# combine or replace "base" parameters with case specific parameters

initial_params <- initial_params_fun(params)



# get blood concentration resulting from inhalation

avgBloodConc <-function(dose){

  

  DERM <- dose			# dermal dose (ug/kg/day)

  

  # TIMING COMMANDS ####

  MAXT=0.1       #maximum time step

  times<-seq(initial_params[["TSTART"]],initial_params[["TSTOP"]],by=MAXT)#

  

  # max number of points to write out to file

  POINTS_max<-10000  

  # if the more than 10000 timesteps, select evently spaced 10000 of them for reporting

  report_points<-if(length(times)<=POINTS_max) times else 

    times[seq(1,length(times),by=round(length(times)/POINTS_max))]

  table(report_points%in%times)#check all report values are in times.

  

  

  # STATE####

  # Subject specific UPDATES to the initial value of state varibles

  state<-state_fun()

  

  All_Dose<-data.frame(time=times)%>%

    mutate(Level=DERM,

           BWt=BW_scenario,

           ddOSE=((DERM*BWt)/initial_params[["MWPAR"]]),#total dermal dose (umol); use when dose is ug/kg

           pulse1=pulse(t=time,

                        p=initial_params[["YEAR"]]*24,

                        w=initial_params[["W3"]]*24),

           pulse2=pulse(t=time,

                        p=7*24,

                        w=initial_params[["D3"]]*24),

           pulse3=pulse(t=time,

                        p=24,

                        w=initial_params[["P3"]]),

           pulse=pulse1*pulse2*pulse3,

           DDOSE=ddOSE*pulse,

           is.change=c(1,diff(pulse)))%>%

    filter(is.change!=0)

  

  #~~~~APPLY MODEL~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~#### 

  

  timestamp()

  modelOutput<-lapply(split(All_Dose,All_Dose$Level), function (LL,ini_par,st,t){

    

    # Create dataframe of "events"that describe the dosing, which informs the

    # ODE function, and needs to have columns "var" = the state_variable that needs

    # to be changed,"time"= when the changes occurs,"value"=the value being changed

    # to,& "method"= how the new value interacts with the previous state variable

    # value. See ?deSolve::lsodes and ?deSolve::events.

    

    eventDat<-rbind(data.frame(var="TDDOSE",time=LL$time,

                               value=LL$DDOSE,	 

                               method="add",stringsAsFactors = FALSE),  # ("replace", "add", "multiply")

                    data.frame(var="ASURF",time=LL$time,

                               value=LL$DDOSE,	 

                               method="replace",stringsAsFactors = FALSE),

                    data.frame(var="DDOSE",time=LL$time,

                               value=LL$DDOSE,	 

                               method="add",stringsAsFactors = FALSE)

    )

    

    # DERIVITIVE ####

    # RUN MODEL 

    modelOutput<- ode(y = st, times = t,  #method = "lsodes",

                      func = adult_rat_Model, parms = ini_par,

                      events = list(data = eventDat[order(eventDat$time),]))

    result <- within(as.data.frame(modelOutput),{Level<-LL$Level[[1]]})

    return(result)

  },ini_par=initial_params,st=state,t=times)

  timestamp()

  ModelOutput<-do.call(rbind,modelOutput)##make big dataframe for evaluation

  

  return(mean(tail(ModelOutput$CBL,240)))

}



# get maximum AChE inhibition resulting from inhalation

minAChE <-function(dose){

  

  DERM <- dose			# dermal dose (ug/kg/day)

  

  # TIMING COMMANDS ####

  MAXT=0.1       #maximum time step

  times<-seq(initial_params[["TSTART"]],initial_params[["TSTOP"]],by=MAXT)#

  

  # max number of points to write out to file

  POINTS_max<-10000  

  # if the more than 10000 timesteps, select evently spaced 10000 of them for reporting

  report_points<-if(length(times)<=POINTS_max) times else 

    times[seq(1,length(times),by=round(length(times)/POINTS_max))]

  table(report_points%in%times)#check all report values are in times.

  

  

  # STATE####

  # Subject specific UPDATES to the initial value of state varibles

  state<-state_fun()

  

  All_Dose<-data.frame(time=times)%>%

    mutate(Level=DERM,

           BWt=BW_scenario,

           ddOSE=((DERM*BWt)/initial_params[["MWPAR"]]),#total dermal dose (umol); use when dose is ug/kg

           pulse1=pulse(t=time,

                        p=initial_params[["YEAR"]]*24,

                        w=initial_params[["W3"]]*24),

           pulse2=pulse(t=time,

                        p=7*24,

                        w=initial_params[["D3"]]*24),

           pulse3=pulse(t=time,

                        p=24,

                        w=initial_params[["P3"]]),

           pulse=pulse1*pulse2*pulse3,

           DDOSE=ddOSE*pulse,

           is.change=c(1,diff(pulse)))%>%

    filter(is.change!=0)

  

  #~~~~APPLY MODEL~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~#### 

  

  timestamp()

  modelOutput<-lapply(split(All_Dose,All_Dose$Level), function (LL,ini_par,st,t){

    

    # Create dataframe of "events"that describe the dosing, which informs the

    # ODE function, and needs to have columns "var" = the state_variable that needs

    # to be changed,"time"= when the changes occurs,"value"=the value being changed

    # to,& "method"= how the new value interacts with the previous state variable

    # value. See ?deSolve::lsodes and ?deSolve::events.

    

    eventDat<-rbind(data.frame(var="TDDOSE",time=LL$time,

                               value=LL$DDOSE,	 

                               method="add",stringsAsFactors = FALSE),  # ("replace", "add", "multiply")

                    data.frame(var="ASURF",time=LL$time,

                               value=LL$DDOSE,	 

                               method="replace",stringsAsFactors = FALSE),

                    data.frame(var="DDOSE",time=LL$time,

                               value=LL$DDOSE,	 

                               method="add",stringsAsFactors = FALSE)

    )

    

    # DERIVITIVE ####

    # RUN MODEL 

    modelOutput<- ode(y = st, times = t,  #method = "lsodes",

                      func = adult_rat_Model, parms = ini_par,

                      events = list(data = eventDat[order(eventDat$time),]))

    result <- within(as.data.frame(modelOutput),{Level<-LL$Level[[1]]})

    return(result)

  },ini_par=initial_params,st=state,t=times)

  timestamp()

  ModelOutput<-do.call(rbind,modelOutput)##make big dataframe for evaluation

  

  return(min(ModelOutput$RBCCE))

}



# get maximum AChE inhibition resulting from inhalation

run_model <-function(dose){

  

  DERM <- dose			# dermal dose (ug/kg/day)

  

  # TIMING COMMANDS ####

  MAXT=0.1       #maximum time step

  times<-seq(initial_params[["TSTART"]],initial_params[["TSTOP"]],by=MAXT)#

  

  # max number of points to write out to file

  POINTS_max<-10000  

  # if the more than 10000 timesteps, select evently spaced 10000 of them for reporting

  report_points<-if(length(times)<=POINTS_max) times else 

    times[seq(1,length(times),by=round(length(times)/POINTS_max))]

  table(report_points%in%times)#check all report values are in times.

  

  

  # STATE####

  # Subject specific UPDATES to the initial value of state varibles

  state<-state_fun()

  

  All_Dose<-data.frame(time=times)%>%

    mutate(Level=DERM,

           BWt=BW_scenario,

           ddOSE=((DERM*BWt)/initial_params[["MWPAR"]]),#total dermal dose (umol); use when dose is ug/kg

           pulse1=pulse(t=time,

                        p=initial_params[["YEAR"]]*24,

                        w=initial_params[["W3"]]*24),

           pulse2=pulse(t=time,

                        p=7*24,

                        w=initial_params[["D3"]]*24),

           pulse3=pulse(t=time,

                        p=24,

                        w=initial_params[["P3"]]),

           pulse=pulse1*pulse2*pulse3,

           DDOSE=ddOSE*pulse,

           is.change=c(1,diff(pulse)))%>%

    filter(is.change!=0)

  

  #~~~~APPLY MODEL~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~#### 

  timestamp()

  modelOutput<-lapply(split(All_Dose,All_Dose$Level), function (LL,ini_par,st,t){

    # Create dataframe of "events"that describe the dosing, which informs the

    # ODE function, and needs to have columns "var" = the state_variable that needs

    # to be changed,"time"= when the changes occurs,"value"=the value being changed

    # to,& "method"= how the new value interacts with the previous state variable

    # value. See ?deSolve::lsodes and ?deSolve::events.

    

    eventDat<-rbind(data.frame(var="TDDOSE",time=LL$time,

                               value=LL$DDOSE,	 

                               method="add",stringsAsFactors = FALSE),  # ("replace", "add", "multiply")

                    data.frame(var="ASURF",time=LL$time,

                               value=LL$DDOSE,	 

                               method="replace",stringsAsFactors = FALSE),

                    data.frame(var="DDOSE",time=LL$time,

                               value=LL$DDOSE,	 

                               method="add",stringsAsFactors = FALSE)

    )

    

    # DERIVITIVE ####

    # RUN MODEL 

    modelOutput<- ode(y = st, times = t,  #method = "lsodes",

                      func = adult_rat_Model, parms = ini_par,

                      events = list(data = eventDat[order(eventDat$time),]))

    result <- within(as.data.frame(modelOutput),{Level<-LL$Level[[1]]})

    return(result)

  },ini_par=initial_params,st=state,t=times)

  timestamp()

  ModelOutput<-do.call(rbind,modelOutput)##make big dataframe for evaluation

  

  return(ModelOutput)

}



# cost based on maximum AChE inhibition

POD_cost <- function(dose){

  

  test_result <- minAChE(dose*1000)

  test_error <- (test_result - 90.0)

  print(sprintf("%f  %f",dose,test_result))

  

  return(test_error*test_error)

}



# cost based on final 24-hour plasma oxon conc. average

AED_cost <- function(dose){

  

  test_result <- avgBloodConc(dose*1000)

  test_error <- (test_result - ac_50)

  print(sprintf("%f  %f",dose,test_result))

  

  return(test_error*test_error)

}





# get the air concentration (ppm) required to reproduce the ac_50 or 10% AChE inhibition

derm_dose <- optim(par = 2666, POD_cost, method = "Brent",lower = 1500, upper = 3000, control = list(reltol = 1e-3)) # AChE-based (POD)

#derm_dose <- optim(par = 12, AED_cost, method = "Brent",lower = 0.1, upper = 1e4, control = list(reltol = 1e-3)) # AC50-based (AED)



#run the model and get the output

result = run_model(derm_dose$par*1000)



print(derm_dose$par) #mkd dose

print(min(result$RBCCE)) #min RBC AChE inhibition


# "PROGRAM adult_rat #####



# Envrionment ####

library(deSolve) # This solves the derivative. 

library(readxl)

library(ggplot2)

library(dplyr)

library(tidyr)

library(parallel)

if(!file.exists("Output")) dir.create("Output") #create output folder if it doesn't exist.

tot_cores<-detectCores(all.tests = FALSE, logical = TRUE)  # number of cores avaiable on current machine



#INITIAL ####

  #Abbreviations: 

  #PAR -- Parent  

  #OXON -- Oxon  

  #AChE--acetylcholinesterase

  #BuChE--butyrlcholinesterase

  #CaE--carboxylesterase



  #compartments included for liver, kidney, brain, fat, and lumped for slow and

  #rapidly perfused. exposure routes:  oral only 2-compartment model for oral

  #exposure includes stomach and intestine (no blood flow) bioactivation (PARENT ->

  #OXON) occurs in liver inhibition of B-esterases (AChE, BuChE, CaE) described

  #in liver, kidney, brain, plasma, RBCs.



  #detoxification of Parent occurs in liver, kidney, brain, and plasma (to

  #metabolites; these are modeled as a single compartment). detoxification of oxon

  #by B-esterases is stoichiometric; the oxon-enzyme complex serves as a "trap"

  #for the oxon. CaE assumed to undergo reactivation; AChE and BuChE assumed to

  #undergo reactivation/aging. catalytic detoxification of oxon in liver,

  #plasma, brain, kidney



# Initial parameter function####

# inputs basic and runspecifc parameters to calculate full set of initial parameters

initial_params_fun <-function(params){ within(as.list(params),{

  # SCALING FOR PLASMA FLOWS

  # Flows are plasma flows as opposed to whole blood flows.  Mass gets into RBCs

  # through transfer from plasma into RBC and vice versa

  QC = QCC*(BW**0.75)* (1-HCT)     #CARDIAC OUTPUT (L/H) adjusted for plasma

  QCf= QCC*(BW**0.75)              #Full cardiac output (L/H)

  QK = QKC*QC                      #KIDNEY (L/H)

  QF = QFC*QC                      #FAT (L/H)

  QH = QHC*QC                      #LIVER (L/H)

  QBR = QBRC*QC                    #BRAIN (L/H)

  QR = QRC*QC                      #RAPIDLY PERFUSED TISSUES (L/H)

  QS = QSC*QC                      #SLOWLY PERFUSED TISSUES (L/H)

  

  QBAL = QC-(QF+QH+QBR+QR+QS+QK)  #BALANCE CHECK

  

  #SCALING FOR TISSUE VOLUMES (L)

  VBL = VBLC*BW                    #BLOOD

  VPLAS = VBL*(1-HCT)              #PLASMA

  VRBC = VBL*HCT                   #RBCS

  VF = VFC*BW                      #FAT

  VH =  VHC*BW                     #LIVER

  VBR = VBRC*BW                    #BRAIN

  VK = VKC*BW                      #KIDNEY

  VR = VRC*BW                      #RAPIDLY PERFUSED TISSUES

  VS = VSC*BW                      #SLOWLY PERFUSED TISSUES

  

  #SCALING FOR VMAX FOR PARENT DETOXIFICATION (UMOL/HR/KG TISSUE TO UMOL/HR)

  VMAXparL = VMAXparLC*VH                      #LIVER PARENT DETOX

  VMAXparBR = VMAXparBRC*VBR                   #BRAIN PARENT DETOX

  VMAXparK = VMAXparKC*VK                      #KIDNEY PARENT DETOX

  VMAXparP = VMAXparPC*VPLAS                   #PLASMA PARENT DETOX

  CRparL = CRparLC*VH                          #LIVER PARENT DETOX

  CRparBR = CRparBRC*VBR                       #BRAIN PARENT DETOX

  CRparK = CRparKC*VK                          #KIDNEY PARENT DETOX

  CRparPL = CRparPLC*VPLAS                     #PLASMA PARENT DETOX

  

  #OXIDATION--PARENT to OXON

  VMAXparoxon = VMAXparoxonC*VH               #LIVER--CYPS

  

  #OXON DETOX

  VMAXoxonL = VMAXoxonLC*VH                   #LIVER OXON DETOX

  VMAXoxonBR = VMAXoxonBRC*VBR                #BRAIN OXON DETOX

  VMAXoxonK = VMAXoxonKC*VK                   #KIDNEY OXON DETOX

  VMAXoxonP = VMAXoxonPC*VPLAS                #PLASMA OXON DETOX

  CRoxonL = CRoxonLC*VH                       #LIVER OXON DETOX

  CRoxonBR = CRoxonBRC*VBR                    #BRAIN OXON DETOX

  CRoxonK = CRoxonKC*VK                       #KIDNEY OXON DETOX

  CRoxonPL = CRoxonPLC*VPLAS                  #PLASMA OXON DETOX

  

  #ENZYME ACTIVITY (UMOL/H) IN TISSUES

  #ACHE

  SBACH=BACHE*VBR             #BRAIN

  SHACH=HACHE*VH              #LIVER

  SBLACH=BLACHE*VBL*(1-HCT)   #PLASMA

  SRBACH=RBCHE*VRBC           #RBC

  SKACH=KACHE*VK              #KIDNEY

  

  #BUCHE

  SBBUC=BBUCE*VBR             #BRAIN

  SHBUC=HBUCE*VH              #LIVER

  SBLBUC=BLBUCE*VBL*(1-HCT)   #PLASMA

  SKBUC=KBUCE*VK              #KIDNEY

  

  #CAE

  SBRCE=BRCE*VBR              #BRAIN

  SHECE=HECE*VH               #LIVER

  SPLOCE=PLOCE*VBL*(1-HCT)    #PLASMA

  SKACE=KECE*VK               #KIDNEY

  

  #CALCULATION OF ESTERASE BINDING SITES (UMOL)

  #ACHE

  IBCE=SBACH/TRCE   #TOTAL BRAIN ACHE (UMOL)

  IHCE=SHACH/TRCE   #TOTAL LIVER ACHE (UMOL)

  IBLCE=SBLACH/TRCE #TOTAL PLASMA ACHE (UMOL)

  IRBCE=SRBACH/TRCE #TOTAL RBC ACHE (UMOL)

  IKCE=SKACH/TRCE   #TOTAL KIDNEY ACHE (UMOL)

  

  #BUCHE

  IBBE=SBBUC/TRBE   #TOTAL BRAIN BUCHE (UMOL)

  IHBE=SHBUC/TRBE   #TOTAL LIVER BUCHE (UMOL)

  IBLBE=SBLBUC/TRBE #TOTAL PLASMA BUCHE (UMOL)

  IKBE=SKBUC/TRBE   #TOTAL KIDNEY BUCHE (UMOL)

  

  #CAE

  IBCR=SBRCE/TRCR   #TOTAL BRAIN CAE (UMOL)

  IHCR=SHECE/TRCR   #TOTAL LIVER CAE (UMOL)

  IBLCR=SPLOCE/TRCR #TOTAL PLASMA CAE (UMOL)

  IKCR=SKACE/TRCR   #TOTAL KIDNEY CAE (UMOL)



  #CALCULATION OF ENZYME SYNTHESIS RATES IN TISSUES (UMOL/HR)

  #LIVER

  KSHCE=IHCE*KDHCE  #ACHE

  KSHBE=IHBE*KDHBE  #BUCHE

  KSHCR=IHCR*KDHCR  #CAE

  #BRAIN

  KSBCE=IBCE*KDBCE  #ACHE

  KSBBE=IBBE*KDBBE  #BUCHE

  KSBCR=IBCR*KDBCR  #CAE

  #KIDNEY

  KSKCE=IKCE*KDKCE  #ACHE

  KSKBE=IKBE*KDKBE  #BUCHE

  KSKCR=IKCR*KDKCR  #CAE

  #PLASMA

  KSBLCE=IBLCE*KDBLCE #ACHE

  KSBLBE=IBLBE*KDBLBE #BUCHE

  KSBLCR=IBLCR*KDBLCR #CAE

  #RBC

  KSRBCE=KDRBCE*IRBCE #ACHE

})}



#Report Point####



report_fn<-function(pmax=10000,tms=times){

  if(length(times)<=pmax) tms else 

  tms[seq(1,length(tms),by=round(length(tms)/pmax))]

}





# State ####

# state variables,set intially to zero

state<-c(ODOSE=0,ODOSEO=0,

         ASTOM=0, AINTM=0, ALM=0, ALM1=0, ALM2=0, AKM=0,  AFM=0, ASpar=0, 

         ABRM=0,  ARM=0, APL=0,  ASTOMO=0, AINTO=0, ALO=0, 

         AALOD=0, AHCE=0, ANHCE=0, HOCE=0, AHPCE=0, AHBE=0, ANHBE=0, HOBE=0, 

         AHPBE=0, AHCR=0, ANHCR=0, HOCR=0, AHPCR=0, AFO =0, ASO =0, ARO =0, 

         ABRO =0,  ABCE=0, ANBCE=0, BOCE=0, ABPCE=0, ABBE=0, ANBBE=0, 

         BOBE=0, ABPBE=0, ABCR=0, ANBCR=0, BOCR=0, ABPCR=0, AKO =0, 

         AKCE=0, ANKCE=0, KOCE=0, AKPCE=0, AKBE=0, ANKBE=0, KOBE=0, AKPBE=0,

         AKCR=0, ANKCR=0, KOCR=0, AKPCR=0, ABLCE=0, ANBLCE=0,

         BLOCE=0, ABLPCE=0, ABLBE=0, ANBLBE=0, BLOBE=0, ABLPBE=0, ABLCR=0,

         ANBLCR=0, BLOCR=0, ABLPCR=0, ARBCE=0, ANRBCE=0, RBCOCE=0, ARBPCE=0,

         APLO=0, APOD=0, APD=0, ARBCO=0, APB=0, APOB=0, ARBC=0,

         AKM2=0, AAKOD=0, AEXCO=0,

         CI=0, AINH=0,

         CIO=0,AINHO=0,

         ASURF=0,ADL=0,DDOSE=0,TDDOSE=0,

         ASURFO=0,ADLO=0,DDOSEO=0,TDDOSEO=0)



# Function to update intial states where needed. 

state_fun<-function(st=state,ini_p=initial_params){

  st[["AHCE"]]<-ini_p$IHCE

  st[["ANHCE"]]<-ini_p$IHCE

  st[["AHBE"]]<-ini_p$IHBE			

  st[["ANHBE"]]<-ini_p$IHBE

  st[["AHCR"]]<-ini_p$IHCR	

  st[["ANHCR"]]<-ini_p$IHCR

  st[["ABCE"]]<-ini_p$IBCE

  st[["ANBCE"]]<-ini_p$IBCE

  st[["ABBE"]]<-ini_p$IBBE

  st[["ANBBE"]]<-ini_p$IBBE

  st[["ABCR"]]<-ini_p$IBCR

  st[["ANBCR"]]<-ini_p$IBCR

  st[["AKCE"]]<-ini_p$IKCE

  st[["ANKCE"]]<-ini_p$IKCE

  st[["AKBE"]]<-ini_p$IKBE	

  st[["ANKBE"]]<-ini_p$IKBE

  st[["AKCR"]]<-ini_p$IKCR

  st[["ANKCR"]]<-ini_p$IKCR

  st[["ABLCE"]]<-ini_p$IBLCE 

  st[["ANBLCE"]]<-ini_p$IBLCE

  st[["ABLBE"]]<-ini_p$IBLBE

  st[["ANBLBE"]]<-ini_p$IBLBE

  st[["ABLCR"]]<-ini_p$IBLCR

  st[["ANBLCR"]]<-ini_p$IBLCR

  st[["ARBCE"]]<-ini_p$IRBCE

  st[["ANRBCE"]]<-ini_p$IRBCE

return(st)

}



# A function to mimic the "pulse train" determining dose on/off times for events  

pulse<-function(t,p,w){

  #t is the times, p= period, w= width

  rep_len(

    c(rep(1,which(near(w,t))),

      rep(0, if(any(near(p,t))) which(near(p,t))-which(near(w,t)) else 0  )),

    length.out = length(t)

  )

}



# DERIVATIVE FUNCTION ####

adult_rat_Model <- function(t,state,parameters){

  with(

    as.list(c(state,parameters)),{

    #DOSING

    #--------------------------------------------------------------.

    #PARENT COMPOUND####

    #---------------------------------------------------------------.

    #Parent ORAL DOSING####

    #STOMACH

    ## Oral Dose(s) added to ASTOM via events

    RSTOM = -KAS*ASTOM-KSI*ASTOM                      #RATE OF CHANGE PARENT IN STOMACH (UMOL/HR)

    DASTOM = RSTOM                                    #AMOUNT PARENT IN STOMACH (UMOL)

    DODOSE <- 0        #The dose itself does not change, used to track total dose



    #INTESTINE

    RINST = KSI*ASTOM- KAI*AINTM                     #RATE OF PARENT CHANGE IN INTESTINE (UMOL/HR)

    DAINTM=RINST                                     #AMOUNT PARENT IN INTESTINE (UMOL)                     

    

    #PLASMA & RBC

    CPL=APL/VPLAS                                   #CONC PARENT IN PLASMA (umol/L)

    CRBC=ARBC/VRBC                                  #CONC PARENT IN RBC (umol/L)

    

    #PLASMA (FROM OXON, due to ordering, see below) - Assume Rapid equilibration with RBCs via PTORBC

    CPLO=APLO/VPLAS                                #CONC OXON IN PLASMA (umol/L)



    #PLASMA CATALYTIC DETOX 

    if(USEKM_PARP) {

      if(USECOMINH_PARP) {

        RAPD = (VMAXparP*CPL*FuPAR*(FCXB*(ABLCR/ANBLCR)+(1-FCXB)))/(KMparP+CPL*FuPAR)      #RATE OF PARENT CATALYTIC DETOX IN PLASMA

        DAPD = RAPD                                        #AMT OF PARENT CATALYTIC DETOX IN PLASMA

      } else {  

        RAPD = (VMAXparP*CPL*FuPAR)/(KMparP+CPL*FuPAR)             #RATE OF PARENT CATALYTIC DETOX IN PLASMA

        DAPD = RAPD                                      #AMT OF PARENT CATALYTIC DETOX IN PLASMA

      }

    } else {

      if(USECOMINH_PARP) {

        RAPD = CRparPL*(FCXB*(ABLCR/ANBLCR)+(1-FCXB))*CPL*FuPAR           #RATE OF PARENT CATALYTIC DETOX IN PLASMA

        DAPD = RAPD 					                            #AMT OF PARENT CATALYTIC DETOX IN PLASMA

      } else {  

        RAPD = CRparPL*CPL*FuPAR    	    		            #RATE OF PARENT CATALYTIC DETOX IN PLASMA

        DAPD = RAPD 					                            #AMT OF PARENT CATALYTIC DETOX IN PLASMA

      }

    }

    

    #LIVER

    CLM = ALM/VH                                    #CONC PARENT IN LIVER (UMOL/L)

    CVLM = CLM/PparL                                #CONC PARENT IN VENOUS BLOOD LEAVING LIVER (UMOL/L)

    

    #LIVER METABOLISM OF PAR BY CYPS--OXIDATION

    RALM1 = (VMAXparoxon*CVLM*FuPAR)/(KMparoxon+CVLM*FuPAR)     #RATE OF OXON FORMATION (UMOL/HR)

    DALM1 = RALM1                                   #AMT OXON FORMED (UMOL)

    

    #LIVER FROM OXON (partial due to ordering, see below)

    CLO = ALO/VH                                    #CONC OXON IN LIVER (UMOL/L)

    CVLO = CLO/PoxonL                               #CONC OXON IN VENOUS BLOOD LEAVING LIVER (UMOL/L)

    

    #LIVER DETOXICATION OF PARENT

    if(USEKM_PARL) {

      if(USECOMINH_PARL) {

        RALM2 = (VMAXparL*CVLM*FuPAR*(FCXB*(AHCR/ANHCR)+(1-FCXB)))/(KMparL+CVLM*FuPAR)           #RATE OF PARENT LIVER METABOLISM (umol/hr)

        DALM2 = RALM2                                   #AMT OF METABOLITE FORMED (mol)

      } else {        

        RALM2 = (VMAXparL*CVLM*FuPAR)/(KMparL+CVLM*FuPAR)           #RATE OF PARENT LIVER METABOLISM (umol/hr)

        DALM2 = RALM2                                   #AMT OF METABOLITE FORMED (mol)

      }

    } else {

      if(USECOMINH_PARL) {

        RALM2 = CRparL*CVLM*FuPAR*(FCXB*(AHCR/ANHCR)+(1-FCXB))     #RATE OF PARENT LIVER METABOLISM (umol/hr)

        DALM2 = RALM2

      } else {

        RALM2 = CRparL*CVLM*FuPAR                       #RATE OF PARENT LIVER METABOLISM (umol/hr)

        DALM2 = RALM2                                    #AMT OF METABOLITE FORMED (mol)

      }

    }

      

    #RATE OF CHANGE IN LIVER

    RALM=QH*CPL-QH*CVLM+KAI*AINTM+KAS*ASTOM-RALM1-RALM2     #RATE OF PARENT CHANGE IN LIVER (UMOL/HR)

    DALM = RALM                                             #AMOUNT PARENT IN LIVER (UMOL)

    

    #KIDNEY

    CKM = AKM/VK                                    #CONC PARENT IN KIDNEY (UMOL/L)

    CVKM = CKM/PparK                                #CONC PARENT IN VENOUS BLOOD LEAVING KIDNEY (UMOL/L)

    

    #KIDNEY (FROM OXON, due to ordering, see below)

    CKO = AKO/VK                                   #CONC OXON IN KIDNEY (UMOL/L)

    CVKO = CKO/PoxonK                               #CONC OXON IN VENOUS BLOOD LEAVING KIDNEY (UMOL/L)

    

    #KIDNEY- CATALYTIC METABOLISM OF PARENT

    if(USEKM_PARK) {

      if(USECOMINH_PARK) {

        RAKM2 = VMAXparK*CVKM*FuPAR*(FCXB*(AKCR/ANKCR)+(1-FCXB))/(KMparK+CVKM*FuPAR)               #RATE OF METABOLITES FORMED IN KIDNEY (UMOL/HR)

        DAKM2 = RAKM2  

      } else {  

        RAKM2 = VMAXparK*CVKM*FuPAR/(KMparK+CVKM*FuPAR)               #RATE OF METABOLITES FORMED IN KIDNEY (UMOL/HR)

        DAKM2 = RAKM2                                     #AMOUNT OF METABOLITES FORMED IN KIDNEY (UMOL)

      }

    } else {

      if(USECOMINH_PARK) {

        RAKM2 = CRparK*CVKM*FuPAR*(FCXB*(AKCR/ANKCR)+(1-FCXB))       #RATE OF METABOLITES FORMED IN KIDNEY (UMOL/HR)

        DAKM2 = RAKM2                                     #AMOUNT OF METABOLITES FORMED IN KIDNEY (UMOL)

      } else {   

        RAKM2 = CRparK*CVKM*FuPAR                                #RATE OF METABOLITES FORMED IN KIDNEY (UMOL/HR)

        DAKM2 = RAKM2                                       #AMOUNT OF METABOLITES FORMED IN KIDNEY (UMOL)

      }  

    }

    

    #KIDNEY RATE OF CHANGE

    RAKM = QK*CPL-QK*CVKM -RAKM2                   #RATE OF PARENT CHANGE IN KIDNEY (UMOL/HR)

    DAKM = RAKM                                    #AMT IN PARENT KIDNEY (UMOL)

   

    #FAT

    CFM = AFM/VF                                   #CONC PARENT IN FAT (UMOL/L)

    CVFM = CFM/PparF                               #CONC PARENT IN VENOUS BLOOD LEAVING FAT (UMOL/L)

    RAFM = QF*CPL-QF*CVFM                          #RATE OF PARENT CHANGE IN FAT (UMOL/HR)

    DAFM = RAFM                                    #AMT PARENT IN FAT (UMOL)



    #SLOWLY PERFUSED

    CSM = ASpar/VS                                 #CONC PARENT IN SLOWLY PERFUSED (UMOL/L)

    CVSM = CSM/PparS                               #CONC PARENT IN VENOUS BLOOD LEAVING SLOWLY PERFUSED (UMOL/L)

    RASM = QS*CPL-QS*CVSM                          #RATE OF PARENT CHANGE IN SLOWLY PERFUSED (UMOL/HR)

    DASpar = RASM                                  #AMT PARENT IN SLOWLY PERFUSED (UMOL)



    #BRAIN

    CBRM = ABRM/VBR                                #CONC OXON IN BRAIN (UMOL/L)

    CVBRM = CBRM/PparBR                            #CONC OXON IN VENOUS BLOOD LEAVING BRAIN (UMOL/L)

    

    #BRAIN (FROM OXON, due to ordering, see below)

    CBRO = ABRO/VBR                                #CONC OXON IN BRAIN (UMOL/L)

    CVBRO = CBRO/PoxonBR                           #CONC OXON IN VENOUS BLOOD LEAVING BRAIN (UMOL/L)



    #BRAIN - PARENT CATALYTIC METABOLISM

    if(USEKM_PARB) {

      if(USECOMINH_PARB) {

        RAPB = (VMAXparBR*CVBRM*FuPAR*(FCXB*(ABCR/ANBCR)+(1-FCXB)))/(KMparBR+CVBRM*FuPAR)  	   #RATE OF CHANGE PARENT CATALYTIC DETOX IN BRAIN

        DAPB=RAPB 					                           #AMT OF PARENT CATALYTIC DETOX IN BRAIN

      } else {  

        RAPB = (VMAXparBR*CVBRM*FuPAR)/(KMparBR+CVBRM*FuPAR)  	   #RATE OF CHANGE PARENT CATALYTIC DETOX IN BRAIN

        DAPB=RAPB 					                           #AMT OF PARENT CATALYTIC DETOX IN BRAIN

      }

    } else {

      if(USECOMINH_PARB) {

        RAPB = CRparBR*CVBRM*FuPAR*(FCXB*(ABCR/ANBCR)+(1-FCXB))   #RATE OF CHANGE PARENT CATALYTIC DETOX IN BRAIN

        DAPB = RAPB                                   #AMT OF PARENT CATALYTIC DETOX IN BRAIN

      } else {  

        RAPB = CRparBR*CVBRM*FuPAR                          #RATE OF CHANGE PARENT CATALYTIC DETOX IN BRAIN

        DAPB = RAPB                                   #AMT OF PARENT CATALYTIC DETOX IN BRAIN

      }

    }

    

    RABRM = QBR*CPL-QBR*CVBRM-RAPB                 #RATE OF PARENT CHANGE IN BRAIN (UMOL/HR)

    DABRM = RABRM                                  #AMT PARENT IN BRAIN (UMOL)



    #RAPIDLY PERFUSED TISSUES

    CRM = ARM/VR                                   #CONC PARENT  IN RAPIDLY PERFUSED (UMOL/L)

    CVRM = CRM/PparR                               #CONC PARENT IN VENOUS BLOOD LEAVING RAPIDLY PERFUSED (UMOL/L)

    RARM = QR*CPL-QR*CVRM                          #RATE OF PARENT CHANGE IN RAPIDLY PERFUSED (UMOL/HR)

    DARM = RARM                                    #AMT PARENT IN RAPIDLY PERFUSED (UMOL)



    #VENOUS PLASMA

    CV=(QH*CVLM+QF*CVFM+QK*CVKM+QS*CVSM+QBR*CVBRM+QR*CVRM)/QC   #CONC PARENT FREE IN VENOUS PLASMA (UMOL/L)

  

    ## DERMAL EXPOSURE####    

    RASURF=-DERMPERCNT*ASURF*DZONE                          #RATE OF PARENT CHANGE AT SKIN SURFACE (UMOL/HR)

    DASURF=RASURF                                           #AMT PARENT AT SKIN SURFACE (UMOL)

    DDDOSE<-RASURF                                          #Cumulative amount at surface

    DTDDOSE<-0                                              #Tracks cumulative total dermal dose

    RADL=DERMPERCNT*ASURF*DZONE                             #RATE OF PARENT UPTAKE INTO SKIN TISSUE FROM SKIN SURFACE (UMOL/HR)

    DADL=RADL                                               #AMT PARENT UPTAKE (UMOL)

    

    #INHALATION EXPOSURES

    RINH <- IZONE*QALV*ABS_INH*CI                     #RATE OF INHALATION UMOLE/HR

    DINH <- RINH                              #RATE OF INHALATION, UMOLE/HR

    DCI <- 0                                  #CI is constant

    

    # Tisues####

    #PLASMA

    RAPL=QC*(CV-CPL)-PTORBC*(CPL-CRBC/PparRBC)-RAPD+RADL+RINH

    DAPL=RAPL                           		      #AMT PARENT IN PLASMA (UMOL)

    

    #RBC

    RRBC=PTORBC*(CPL-CRBC/PparRBC)			   #RATE OF PARENT CHANGE IN RBC (umol/hr)

    DRBC=RRBC                                      #AMT PARENT IN RBC (umol/hr)

    

    #WHOLE BLOOD 

    ABL = APL+ARBC                                 #AMT PARENT IN MIXED BLOOD(umol)

    CBL=ABL/VBL                                    #CONC PARENT IN MIXED BLOOD (UMOL/L)



    #-------------------------------------------------------------------------------.

    #OXON###

    ##SOME OXON EQUATIONS ARE ABOVE FOR ORDERING

    #-------------------------------------------------------------------------------.

    # OXON ORAL DOSING####

    #STOMACH

    ## Dose(s) added to ASTOMO via events

    RASTOMO = -KSIO*ASTOMO-KASO*ASTOMO             #RATE OF CHANGE OXON IN STOMACH (UMOL/HR)

    DASTOMO = RASTOMO

    DODOSEO <- 0

    

    #INTESTINE

    RAINTO = -KAIO*AINTO+KSIO*ASTOMO                 #RATE OF CHANGE OXON IN INTESTINE (UMOL/HR)

    DAINTO = RAINTO                                  #AMT OXON IN INTESTINE (UMOL)

    

    #LIVER

    RHPCE=AHCE*KIHCE*CLO*FuOXON	                     #RATE OF NON-CATALYTIC OXON CONSUMPTION BY LIVER ACHE(UMOL/HR)

    DAHPCE=RHPCE                                     #AMT OF NON-CATALYTIC OXON CONSUMED BY LIVER ACHE (UMOL)

    

    RHPBE=AHBE*KIHBE*CLO*FuOXON			                 #RATE OF NON-CATALYTIC OXON CONSUMPTION BY LIVER BCHE (UMOL/HR)

    DAHPBE=RHPBE                                     #AMT OF NON-CATALYTIC OXON CONSUMED BY LIVER BCHE (UMOL)

    

    RHPCR=AHCR*KIHCR*CLO*FuOXON			                 #RATE OF NON-CATALYTIC OXON CONSUMPTION BY LIVER CAE (UMOL/HR)

    DAHPCR=RHPCR                                     #AMT OF NON-CATALYTIC OXON CONSUMED BY LIVER CAE (UMOL)



    #OXON DETOXICATION IN LIVER

    

    if (USEKM_OXONL) {

      RALOD = (VMAXoxonL*CVLO*FuOXON)/(KMoxonL+CVLO*FuOXON)            #RATE OXON CATALYTIC DETOX IN LIVER

      DAALOD = RALOD                                     #AMT OF OXON CATALYTIC DETOX IN LIVER

    } else {

      RALOD = CRoxonL*CVLO*FuOXON                               #RATE OXON CATALYTIC DETOX IN LIVER

      DAALOD = RALOD                                     #AMT OF OXON CATALYTIC DETOX IN LIVER

    }					    

    

    RALO = QH*(CPLO-CVLO)+RALM1-(RHPCE+RHPBE+RHPCR)+KAIO*AINTO+KASO*ASTOMO-RALOD  #RATE OF OXON CHANGE IN LIVER (UMOL/HR)

    DALO = RALO                                      #AMT OXON IN LIVER (UMOL)

    

    #ACHE ACTIVITY--LIVER

    RHCE=KSHCE-AHCE*(KDHCE+KIHCE*CLO*FuOXON)+HOCE*KRHCE	    #RATE OF ACHE ACTIVITY (UMOL/HR)

    DAHCE=RHCE                                            #LIVER ACHE ACTIVITY (UMOL)

    RNHCE=KSHCE-ANHCE*KDHCE				          #RATE OF BASELINE ACHE ACTIVITY (UMOL/HR)

    DANHCE=RNHCE            			                #AMT OF BASELINE ACHE (UMOL)

    RHOCE=AHCE*KIHCE*CLO*FuOXON-HOCE*(KAHCE+KRHCE)		    #RATE OF ACHE INHIBITION (UMOL/HR)

    DHOCE=RHOCE               	                      #AMT OF LIVER ACHE INHIBITED (UMOL)



    #BUCHE ACTIVITY--LIVER

    RHBE=KSHBE-AHBE*(KDHBE+KIHBE*CLO*FuOXON)+HOBE*KRHBE	    #RATE OF BUCHE ACTIVITY (UMOL/HR)

    DAHBE=RHBE            			                #LIVER BUCHE ACTIVITY (UMOL)

    RNHBE=KSHBE-ANHBE*KDHBE				          #RATE OF BASELINE BUCHE ACT (UMOL/HR)

    DANHBE=RNHBE          				          #AMT OF BASELINE BUCHE (UMOL)

    RHOBE=AHBE*KIHBE*CLO*FuOXON-HOBE*(KAHBE+KRHBE)		    #RATE OF BUCHE INHIBITION (UMOL/HR)

    DHOBE=RHOBE           			                #AMT OF LIVER BUCHE INHIBITED (UMOL)



    #CAE ACTIVITY--LIVER

    RHCR=KSHCR-AHCR*(KDHCR+KIHCR*CLO*FuOXON)+HOCR*KRHCR	    #RATE OF CAE ACTIVITY (UMOL/HR)

    DAHCR=RHCR                                            #LIVER CAE ACTIVITY (UMOL)

    RNHCR=KSHCR-ANHCR*KDHCR				          #RATE OF BASELINE CAE ACT (UMOL/HR)

    DANHCR=RNHCR            			                #AMT OF BASELINE CAE (UMOL)

    RHOCR=AHCR*KIHCR*CLO*FuOXON-HOCR*(KAHCR+KRHCR)		    #RATE OF CAE INHIBITION (UMOL/HR)

    DHOCR=RHOCR           			                #AMT OF LIVER CAE INHIBITED (UMOL)



    #TOTAL AMOUNT DETOXIFIED--NON-CATALYTIC IN LIVER

    AHTOTNC=AHPCE+AHPBE+AHPCR                          #UMOL OXON DETOXIFIED IN LIVER

    

    #LIVER B-ESTERASE (ACHE, BUCHE, AND CAE) ACTIVITY

    HBE=AHCE+AHBE+AHCR			                       #TOTAL B-ESTERASE=ACHE+BUCHE+CAE (UMOL)

    IHE=100*(HBE/(ANHCE+ANHBE+ANHCR))	                 #% TOTAL B-ESTERASE ACTIVITY

    HCE=100*(AHCE/ANHCE)			                 #% ACHE ACTIVITY

    HBES=100*(AHBE/ANHBE)			                 #% BUCHE ACTIVITY

    HCR=100*(AHCR/ANHCR)			                 #% CAE ACTIVITY

    

    #FAT

    CFO = AFO/VF                                       #CONC OXON IN FAT (UMOL/L)

    CVFO = CFO/PoxonF                                  #CONC OXON IN VENOUS BLOOD LEAVING FAT (UMOL/L)

    RAFO = QF*CPLO-QF*CVFO                             #RATE OF OXON CHANGE IN FAT (UMOL/HR)

    DAFO = RAFO                                        #AMT OXON IN FAT (UMOL)

    

    #SLOWLY PERFUSED

    CSO = ASO/VS                                       #CONC OXON IN SLOWLY PERFUSED (UMOL/L)

    CVSO = CSO/PoxonS                                  #CONC OXON IN VENOUS BLOOD LEAVING SLOWLY PERFUSED (UMOL/L)

    RASO = QS*CPLO-QS*CVSO                             #RATE OF OXON CHANGE IN SLOWLY PERFUSED (UMOL/HR)

    DASO = RASO                                        #AMT OXON IN SLOWLY PERFUSED (UMOL)



    #RAPIDLY PERFUSED TISSUES

    CRO = ARO/VR                                      #CONC OXON IN RAPIDLY PERFUSED (UMOL/L)

    CVRO = CRO/PoxonR                                 #CONC OXON IN VENOUS BLOOD LEAVING RAPIDLY PERFUSED (UMOL/L)

    RARO = QR*CPLO-QR*CVRO                            #RATE OF OXON CHANGE IN RAPIDLY PERFUSED (UMOL/HR)

    DARO = RARO                                       #AMT OXON IN RAPIDLY PERFUSED (UMOL)

    

    #BRAIN

    CBRO = ABRO/VBR                                   #CONC OXON IN BRAIN (UMOL/L)

    CVBRO = CBRO/PoxonBR                              #CONC OXON IN VENOUS BLOOD LEAVING BRAIN (UMOL/L)

  

    RBPCE=ABCE*KIBCE*CBRO*FuOXON                      #RATE OF NON-CATALYTIC OXON CONSUMPTION BY ACHE IN BRAIN (UMOL/HR)

    DABPCE=RBPCE                                      #AMT OF NON-CATALYTIC OXON CONSUMED BY ACHE IN BRAIN (UMOL)

    

    RBPBE=ABBE*KIBBE*CBRO*FuOXON 	                    #RATE OF NON-CATALYTIC  OXON CONSUMPTION BY BCHE IN BRAIN(UMOL/HR)

    DABPBE=RBPBE                                      #AMT OF NON-CATALYTIC OXON CONSUMED BY BCHE IN BRAIN (UMOL)

    

    RBPCR=ABCR*KIBCR*CBRO*FuOXON                      #RATE OF NON-CATALYTIC OXON CONSUMPTION BY CAE (UMOL/HR)

    DABPCR=RBPCR                                      #AMT OF NON-CATALYTIC OXON CONSUMED BY CAE (UMOL)



    #BRAIN - CATALYTIC DETOX OF OXON

    if (USEKM_OXONB) {

      RAPOB = (VMAXoxonBR*CVBRO*FuOXON)/(KMoxonBR+CVBRO*FuOXON)  	    #RATE OF CHANGE OXON CATALYTIC DETOX IN BRAIN

      DAPOB=RAPOB 					                            #AMT OF OXON CATALYTIC DETOX IN BRAIN

    } else {

      RAPOB = CRoxonBR*CVBRO*FuOXON                      	    #RATE OF CHANGE OXON CATALYTIC DETOX IN BRAIN

      DAPOB=RAPOB 					                            #AMT OF OXON CATALYTIC DETOX IN BRAIN

    }

      

    RABRO = QBR*(CPLO-CVBRO)-(RBPCE+RBPBE+RBPCR)-RAPOB    #RATE OF OXON CHANGE IN BRAIN (UMOL/HR)

    DABRO = RABRO                                         #AMT OXON IN BRAIN (UMOL)

    

    #ACHE ACTIVITY--BRAIN

    RBCE=KSBCE-ABCE*(KDBCE+KIBCE*CBRO*FuOXON)+BOCE*KRBCE	#RATE OF ACHE ACTIVITY (UMOL/HR)

    DABCE=RBCE            			                  #BRAIN ACHE ACTIVITY (UMOL)

    RNBCE=KSBCE-ANBCE*KDBCE				                #RATE OF BASELINE ACHE ACT (UMOL/HR)

    DANBCE=RNBCE          				                #AMT OF BASELINE ACHE (UMOL)

    RBOCE=ABCE*KIBCE*CBRO*FuOXON-BOCE*(KABCE+KRBCE)	    #RATE OF ACHE INHIBITION (UMOL/HR)

    DBOCE=RBOCE	        			                    #AMOUNT OF BRAIN ACHE INHIBITED (UMOL)



    #BUCHE ACTIVITY--BRAIN

    RBBE=KSBBE-ABBE*(KDBBE+KIBBE*CBRO*FuOXON)+BOBE*KRBBE	#RATE OF BUCHE ACTIVITY (UMOL/HR)

    DABBE=RBBE 			                              #BRAIN BUCHE ACTIVITY (UMOL)

    RNBBE=KSBBE-ANBBE*KDBBE				                #RATE OF BASELINE BUCHE ACT (UMOL/HR)

    DANBBE=RNBBE        		                      #AMT OF BASELINE BUCHE (UMOL)

    RBOBE=ABBE*KIBBE*CBRO*FuOXON-BOBE*(KABBE+KRBBE)	    #RATE OF BUCHE INHIBITION (UMOL/HR)

    DBOBE=RBOBE           		                    #AMOUNT OF BRAIN BUCHE INHIBITED (UMOL)



    #CAE ACTIVITY--BRAIN

    RBCR=KSBCR-ABCR*(KDBCR+KIBCR*CBRO*FuOXON)+BOCR*KRBCR	#RATE OF CAE ACTIVITY (UMOL/HR)

    DABCR=RBCR                                    #BRAIN CAE ACTIVITY (UMOL)

    RNBCR=KSBCR-ANBCR*KDBCR				                #RATE OF BASELINE CAE ACT (UMOL/HR)

    DANBCR=RNBCR            		                  #AMT OF BASELINE CAE (UMOL)

    RBOCR=ABCR*KIBCR*CBRO*FuOXON-BOCR*(KABCR+KRBCR)	   	#RATE OF CAE INHIBITION (UMOL/HR)

    DBOCR=RBOCR        			                      #AMOUNT OF BRAIN CAE INHIBITED (UMOL)



    #BRAIN B-ESTERASE (ACHE, BUCHE, AND CAE) ACTIVITY

    BBE=ABCE+ABBE+ABCR			                  #TOTAL B-ESTERASE=ACHE+BUCHE+CAE (UMOL)

    IBE=100*(BBE/(ANBCE+ANBBE+ANBCR))	            #TOTAL B-ESTERASE ACTIVITY

    BCE=100*(ABCE/ANBCE)			            #% ACHE ACTIVITY

    BBES=100*(ABBE/ANBBE)			            #% BUCHE ACTIVITY

    BCR=100*(ABCR/ANBCR)			            #% CAE ACTIVITY

    

    #KIDNEY

    RKPCE=AKCE*KIKCE*CKO*FuOXON				      #RATE OF NON-CATALYTIC OXON CONSUMPTION VIA ACHE (UMOL/HR)

    DAKPCE=RKPCE                                      #AMT OF NON-CATALYTIC OXON CONSUMED VIA ACHE(UMOL)

    

    RKPBE=AKBE*KIKBE*CKO*FuOXON 				      #RATE OF NON-CATALYTIC OXON CONSUMPTION VIA BCEE (UMOL/HR)

    DAKPBE=RKPBE                                      #AMT OF NON-CATALYTIC  OXON CONSUMED VIA BCHE(UMOL)

    

    RKPCR=AKCR*KIKCR*CKO*FuOXON				      #RATE OF NON-CATALYTIC OXON CONSUMPTION VIA CAE (UMOL/HR)

    DAKPCR=RKPCR                                      #AMT OF NON-CATALYTIC OXON CONSUMED VIA CAE (UMOL)

    

    #CATALYTIC OXON DETOX IN THE KIDNEY

    if (USEKM_OXONK) {

      RAKOD = (VMAXoxonK*CVKO*FuOXON)/(KMoxonK+CVKO*FuOXON)	         #RATE OF OXON CATALYTIC DETOX IN KIDNEY (UMOL/HR)

      DAAKOD = RAKOD 						                       #AMT OF OXON CATALYTIC DETOX IN KIDNEY (UMOL)

    } else {

      RAKOD = CRoxonK*CVKO*FuOXON                  	         #RATE OF OXON CATALYTIC DETOX IN KIDNEY (UMOL/HR)

      DAAKOD = RAKOD 						                       #AMT OF OXON CATALYTIC DETOX IN KIDNEY (UMOL)

    }  

    

    #EXCRETION FROM THE KIDNEY

    REXCO = KEO*AKO

    DEXCO = REXCO

    

    #RATE OF CHANGE IN KIDNEY

    RAKO = QK*CPLO-QK*CVKO-(RKPCE+RKPBE+RKPCR)-RAKOD-REXCO #RATE OF OXON CHANGE IN KIDNEY (UMOL/HR)

    DAKO = RAKO                                       #AMT OXON IN KIDNEY (UMOL)



    # ACHE ACTIVITY--KIDNEY

    RKCE=KSKCE-AKCE*(KDKCE+KIKCE*CKO*FuOXON)+KOCE*KRKCE	#RATE OF ACHE ACTIVITY (UMOL/HR)

    DAKCE=RKCE   				                  #KIDNEY ACHE ACTIVITY (UMOL)

    RNKCE=KSKCE-ANKCE*KDKCE				      #RATE OF BASELINE ACHE ACT (UMOL/HR)

    DANKCE=RNKCE                                      #AMT OF BASELINE ACHE (UMOL)

    RKOCE=AKCE*KIKCE*CKO*FuOXON-KOCE*(KAKCE+KRKCE)		#RATE OF ACHE INHIBITION (UMOL/HR)

    DKOCE=RKOCE  				                  #AMOUNT OF KIDNEY ACHE INHIBITED (UMOL)



    # BUCHE ACTIVITY--KIDNEY

    RKBE=KSKBE-AKBE*(KDKBE+KIKBE*CKO*FuOXON)+KOBE*KRKBE	#RATE OF BUCHE ACTIVITY (UMOL/HR)

    DAKBE=RKBE                            		#KIDNEY BUCHE ACTIVITY (UMOL)

    RNKBE=KSKBE-ANKBE*KDKBE 			            #RATE OF BASELINE BUCHE ACT (UMOL/HR)

    DANKBE=RNKBE  				            #AMT OF BASELINE BUCHE (UMOL)

    RKOBE=AKBE*KIKBE*CKO*FuOXON-KOBE*(KAKBE+KRKBE)	      #RATE OF BUCHE INHIBITION (UMOL/HR)

    DKOBE=RKOBE 				                  #AMOUNT OF KIDNEY BUCHE INHIBITED (UMOL)



    # CAE ACTIVITY--KIDNEY

    RKCR=KSKCR-AKCR*(KDKCR+KIKCR*CKO*FuOXON)+KOCR*KRKCR	#RATE OF CAE ACTIVITY (UMOL/HR)

    DAKCR=RKCR                                        #KIDNEY CAE ACTIVITY (UMOL)

    RNKCR=KSKCR-ANKCR*KDKCR	                        #RATE OF BASELINE CAE ACT (UMOL/HR)

    DANKCR=RNKCR  				                        #AMT OF BASELINE CAE (UMOL)

    RKOCR=AKCR*KIKCR*CKO*FuOXON-KOCR*(KAKCR+KRKCR)           #RATE OF CAE INHIBITION (UMOL/HR)

    DKOCR=RKOCR 		 	                        #AMOUNT OF KIDNEY CAE INHIBITED (UMOL)

    

    #KIDNEY B-ESTERASE (ACHE, BUCHE, AND CAE) ACTIVITY

    KBE=AKCE+AKBE+AKCR			                  #TOTAL B-ESTERASE=ACHE+BUCHE+CAE (UMOL)

    IKE=100*(KBE/(ANKCE+ANKBE+ANKCR))	            #% TOTAL B-ESTERASE ACTIVITY

    KCE=100*(AKCE/ANKCE)			            #% ACHE ACTIVITY

    KBES=100*(AKBE/ANKBE)			            #% BUCHE ACTIVITY

    KCR=100*(AKCR/ANKCR)		                  #% CAE ACTIVITY

    

    #PLASMA

    CVO=(QH*CVLO+QF*CVFO+QS*CVSO+QR*CVRO+QBR*CVBRO+QK*CVKO)/QC   #CONC OXON IN VENOUS PLASMA (UMOL/L)

    

    #RBC

    CRBCO = ARBCO/VRBC                              #CONC OXON IN RBC (UMOL/L)



    RBLPBE=ABLBE*KIBLBE*CPLO*FuOXON  			                #RATE OF NON-CATALYTIC OXON CONSUMPTION VIA BCHE PLASMA (UMOL/HR)

    DABLPBE=RBLPBE                                  #AMT OF NON-CATALYTIC OXON CONSUMED VIA BCHE PLASMA (UMOL)

    

    RBLPCR=ABLCR*KIBLCR*CPLO*FuOXON                        #RATE OF NON-CATALYTIC OXON CONSUMPTION VIA PLASMA CAE (UMOL/HR)

    DABLPCR=RBLPCR                                  #AMT OF NON-CATALYTIC OXON CONSUMED VIA PLASMA CAE (UMOL)

    

    RBLPCE=ABLCE*KIBLCE*CPLO*FuOXON                        #RATE OF NON-CATALYTIC OXON CONSUMPTION VIA ACHE PLASMA (UMOL/HR)

    DABLPCE=RBLPCE                                  #AMT OF NON-CATALYTIC OXON CONSUMED VIA ACHE PLASMA (UMOL)

    

    RRBPCE=ARBCE*KIRBCE*CRBCO*FuOXON                       #RATE OF NON-CATALYTIC OXON CONSUMPTION VIA ACHE RBCs (UMOL/HR)

    DARBPCE=RRBPCE                                  #AMT OF NON-CATALYTIC OXON CONSUMED VIA ACHE RBCs(UMOL)

   

    #OXON DETOXICATION IN PLASMA

    if(USEKM_OXONP) {

      RAPOD=(VMAXoxonP*CPLO*FuOXON)/(KMoxonP+CPLO*FuOXON) #RATE OF CHANGE CATALYTIC OXON DETOX IN PLASMA

      DAPOD=RAPOD                           #AMT OF OXON CATALYTIC DETOX IN PLASMA

    } else {

      RAPOD = CRoxonPL*CPLO*FuOXON  	    		       #RATE OF CHANGE CATALYTIC OXON DETOX IN PLASMA

      DAPOD=RAPOD 					                 #AMT OF OXON CATALYTIC DETOX IN PLASMA

    }

    

    ## INHALATION EXPOSURE ##

    ## Inhalation exposure to oxon (11 May 2022; DRH)

    RINHO <- IZONE*QALV*ABS_INH*CIO   # rate of oxon inhalation (umol/h) 

    DINHO <- RINHO                    # rate of oxon inhalation (umol/h)

    DCIO  <- 0                        # inhaled concentration is constant 

    

    ## DERMAL OXON EXPOSURE####

    ## Dermal exposure to oxon (11 May 2022; DRH)

    RASURFO=-DERMPERCNT*ASURFO*DZONE                          #RATE OF PARENT CHANGE AT SKIN SURFACE (UMOL/HR)

    DASURFO=RASURFO                                           #AMT PARENT AT SKIN SURFACE (UMOL)

    DDDOSEO<-RASURFO                                          #Cumulative amount at surface

    DTDDOSEO<-0                                              #Tracks cumulative total dermal dose

    RADLO=DERMPERCNT*ASURFO*DZONE                             #RATE OF PARENT UPTAKE INTO SKIN TISSUE FROM SKIN SURFACE (UMOL/HR)

    DADLO=RADLO                                               #AMT PARENT UPTAKE (UMOL)

    

    #PLASMA - assume rapid equilibration with RBC via PTORBC

    #RATE OF CHANGE IN PLASMA

    RAPLO=QC*(CVO-CPLO)-PTORBC*(CPLO-CRBCO/PoxonRBC)-(RBLPBE+RBLPCR+RBLPCE)-RAPOD+RADLO+RINHO	  #RATE OF OXON CHANGE IN PLASMA (umol/hr)

    DAPLO=RAPLO                                     		                    #AMT OXON IN PLASMA (umol)



    #RBCs

    RRBCO=PTORBC*(CPLO-CRBCO/PoxonRBC)-RRBPCE			 #RATE OF OXON CHANGE IN RBC (umol/hr)

    DRBCO=RRBCO                                              #AMT OXON IN RBC (umol/hr)



    #WHOLE BLOOD

    ABLO=ARBCO+APLO							 #MASS OXON IN WHOLE BLOOD (UMOL)

    CBLO=ABLO/VBL								 #CONC OXON IN WHOLE BLOOD (UMOL/L)



    # ACHE ACTIVITY--PLASMA

    RBLCE=KSBLCE-ABLCE*(KDBLCE+KIBLCE*CPLO*FuOXON)+BLOCE*KRBLCE	#RATE OF ACHE ACTIVITY (UMOL/HR)

    DABLCE=RBLCE                  				                #PLASMA ACHE ACTIVITY (UMOL)

    RNBLCE=KSBLCE-ANBLCE*KDBLCE				                    #RATE OF BASELINE ACHE ACT (UMOL/HR)

    DANBLCE=RNBLCE              			                    #AMT OF BASELINE ACHE (UMOL)

    RBLOCE=ABLCE*KIBLCE*CPLO*FuOXON-BLOCE*(KABLCE+KRBLCE)	    	#RATE OF ACHE INHIBITION (UMOL/HR)

    DBLOCE=RBLOCE           					                    #AMOUNT OF PLASMA ACHE INHIBITED (UMOL)



    # BUCHE ACTIVITY--PLASMA

    RBLBE=KSBLBE-ABLBE*(KDBLBE+KIBLBE*CPLO*FuOXON)+BLOBE*KRBLBE	#RATE OF BUCHE ACTIVITY (UMOL/HR)

    DABLBE=RBLBE            				                      #PLASMA BUCHE ACTIVITY (UMOL)

    RNBLBE=KSBLBE-ANBLBE*KDBLBE				                    #RATE OF BASELINE BUCHE ACT (UMOL/HR)

    DANBLBE=RNBLBE            				                    #AMT OF BASELINE BUCHE (UMOL)

    RBLOBE=ABLBE*KIBLBE*CPLO*FuOXON-BLOBE*(KABLBE+KRBLBE)	    	#RATE OF BUCHE INHIBITION (UMOL/HR)

    DBLOBE=RBLOBE         					                     #AMOUNT OF PLASMA BUCHE INHIBITED (UMOL)



    # CAE ACTIVITY--PLASMA

    RBLCR=KSBLCR-ABLCR*(KDBLCR+KIBLCR*CPLO*FuOXON)+BLOCR*KRBLCR	#RATE OF CAE ACTIVITY (UMOL/HR)

    DABLCR=RBLCR                		                      #PLASMA CAE ACTIVITY (UMOL)

    RNBLCR=KSBLCR-ANBLCR*KDBLCR				                    #RATE OF BASELINE CAE ACT (UMOL/HR)

    DANBLCR=RNBLCR            				                    #AMT OF BASELINE CAE (UMOL)

    RBLOCR=ABLCR*KIBLCR*CPLO*FuOXON-BLOCR*(KABLCR+KRBLCR)		    #RATE OF CAE INHIBITION (UMOL/HR)

    DBLOCR=RBLOCR                                         #AMOUNT OF PLASMA CAE INHIBITED (UMOL)



    #PLASMA B-ESTERASE (ACHE, BUCHE, AND CAE) ACTIVITY

    BLBE=ABLCE+ABLBE+ABLCR				            #TOTAL B-ESTERASE=ACHE+BUCHE+CAE (UMOL)

    IBLE=100*(BLBE/(ANBLCE+ANBLBE+ANBLCR))		#% TOTAL B-ESTERASE ACTIVITY IN PLASMA

    BLCE=100*(ABLCE/ANBLCE)				            #% ACHE ACTIVITY IN PLASMA

    BLBES=100*(ABLBE/ANBLBE)			            #% BUCHE ACTIVITY IN PLASMA

    BLCR=100*(ABLCR/ANBLCR)				            #% CAE ACTIVITY IN PLASMA

    

    # ACHE ACTIVITY--RBCS

    RRBCCE=KSRBCE-ARBCE*(KDRBCE+KIRBCE*CRBCO*FuOXON)+RBCOCE*KRRBCE	#RATE OF ACHE ACTIVITY (UMOL/HR)

    DARBCE=RRBCCE             		  	                      #RBC ACHE ACTIVITY (UMOL)

    RNRBCCE=KSRBCE-ANRBCE*KDRBCE				                    #RATE OF BASELINE ACHE ACT (UMOL/HR)

    DANRBCE=RNRBCCE            				                      #AMT OF BASELINE ACHE (UMOL)

    RRBOCE=ARBCE*KIRBCE*CRBCO*FuOXON-RBCOCE*(KARBCE+KRRBCE)	 	    #RATE OF ACHE INHIBITION (UMOL/HR)

    DRBCOCE=RRBOCE        				                          #AMOUNT OF RBC ACHE INHIBITED (UMOL)

    

    #RBC B-ESTERASE (ACHE ONLY)ACTIVITY

    RBCCE=100*(ARBCE/ANRBCE)			                  #% ACHE ACTIVITY IN RBCS

    

    

    #----------------------------------------------------------------------------------.

    #MASS BALANCE####

    TMASSpar=ASTOM+AINTM+ALM+AKM+AFM+ASpar+ABRM+ARM+APL+ARBC    #UMOL

    TMASSoxon=ASTOMO+AINTO+ALO+AFO+ASO+AKO+ARO+ABRO+APLO+ARBCO   #UMOL

    TMASSMETAB=ALM2+AKM2+APD+APB                                #CATALYTIC PARENT DETOX (UMOL)

    TMASSODT=AALOD+APOD+APOB+AAKOD                              #CATALYTIC OXON DETOX (UMOL)

    TMASSOXONNC=AHPCE+AHPBE+AHPCR+ABPCE+ABPBE+ABPCR+AKPCE+AKPBE+AKPCR+ABLPCE+ABLPBE+ABLPCR+ARBPCE #NON-CATALYTIC OXON DETOX (UMOL)  

    TMASSEXC=AEXCO                                                #OXON EXCRETION

    TMASSTOTAL=TMASSpar+TMASSoxon+TMASSODT+TMASSOXONNC+TMASSMETAB+TMASSEXC #UMOL 

    

    TDOSE=ODOSE+ODOSEO+AINH+ASURF         #TOTAL DOSE (UMOL)

    MASSBAL=TMASSTOTAL/(TDOSE+1E-99)       #SHOULD EQUAL 1 (OR REALLY CLOSE TO IT)

    

    

    #FROM THE ODE HELP:"THE RETURN VALUE OF FUNC SHOULD BE A LIST, WHOSE FIRST

    #ELEMENT IS A VECTOR CONTAINING THE DERIVATIVES OF Y WITH RESPECT TO TIME,

    #AND WHOSE NEXT ELEMENTS ARE GLOBAL VALUES THAT ARE REQUIRED AT EACH POINT

    #IN TIMES. THE DERIVATIVES MUST BE SPECIFIED IN THE SAME ORDER AS THE STATE

    #VARIABLES Y." 

    list(#DERVATIVES

          c(DODOSE,DODOSEO,

            DASTOM, DAINTM, DALM, DALM1, DALM2, DAKM,  DAFM, DASpar,  

            DABRM,  DARM, DAPL,  DASTOMO, DAINTO, DALO, DAALOD, 

            DAHCE, DANHCE, DHOCE, DAHPCE, DAHBE, DANHBE, DHOBE, DAHPBE, DAHCR,

            DANHCR, DHOCR, DAHPCR, DAFO, DASO, DARO, DABRO,  DABCE,  

            DANBCE, DBOCE, DABPCE, DABBE, DANBBE, DBOBE, DABPBE, DABCR, DANBCR,

            DBOCR, DABPCR, DAKO,  DAKCE, DANKCE, DKOCE, DAKPCE, DAKBE, 

            DANKBE, DKOBE, DAKPBE, DAKCR, DANKCR, DKOCR, DAKPCR,  

            DABLCE, DANBLCE, DBLOCE, DABLPCE, DABLBE, DANBLBE, DBLOBE, DABLPBE,

            DABLCR, DANBLCR, DBLOCR, DABLPCR, DARBCE, DANRBCE, DRBCOCE, DARBPCE,

            DAPLO, DAPOD, DAPD, DRBCO, DAPB, DAPOB, DRBC, DAKM2,DAAKOD,DEXCO,

            DCI, DINH,

            DCIO,DINHO,

            DASURF,DADL,DDDOSE,DTDDOSE,

            DASURFO,DADLO,DDDOSEO,DTDDOSEO),

          #'GLOBAL VALUES TO BE RETURNED.

          BCE=BCE,

          RBCCE=RBCCE,

          BLBES=BLBES,

          HCR=HCR,

          ABL=ABL,

          ABLO=ABLO,

          CPL=CPL,

          CPLO=CPLO,

          CLM=CLM,

          CLO=CLO,

          CKM=CKM,

          CKO=CKO,

          CBRM=CBRM,

          CBRO=CBRO,

          CFM=CFM,

          CFO=CFO,

          CSM=CSM,

          CSO=CSO,

          CRM=CRM,

          CRO=CRO,

          CRBC=CRBC,

          CRBCO=CRBCO,

          CBL=CBL,

          CBLO=CBLO,

          CV=CV,

          CVO=CVO,

          QCf=QCf,

          QSC=QSC,

          QC=QC,

          QFC=QFC,

          QHC=QHC,

          QRC=QRC,

          QKC=QKC,

          BW=BW,

          QALV=QALV,

          TDOSE=TDOSE,

          TMASSTOTAL=TMASSTOTAL,

          MASSBAL=MASSBAL,

          TMASSpar=TMASSpar,

          TMASSoxon=TMASSoxon,

          TMASSMETAB=TMASSMETAB,

          TMASSODT=TMASSODT,

          TMASSOXONNC=TMASSOXONNC,

          TMASSEXC=TMASSEXC,

          QBAL=QBAL,

          CVLM=CVLM,

          VMAXparoxon=VMAXparoxon,

          KMparoxon=KMparoxon,

          VMAXparL=VMAXparL,

          KMparL=KMparL

         )

})

}#end derivative function###



























 


# ======================== Script  Information =================================

# Adult rat parameters for use in malathion PBPK/PD model

# 

# PROJECT INFORMATION:

#   Name:   Rick Reiss/Anne Loccisano/Andy Deines

#   Number: Version 1

#   QAID:   1200734.002

#

# HISTORY:----

#   Date            Remarks

#  -----------	   -------------------------------------------------------------

#  2018_05_23       Started by AMD

#  2020_02_14       RR Provided to EPA





#Parameter=value     #Description (units)-----------------------------------Reference

params<-c(TSTART=0,

# Run parameters  

#blood flows - note 6% goes to skin and this is added to slowly perfused because blood

#flow to the skin is not modeled

#Timchalk did not have a kidney compartment so this value comes from Brown and substracted

#out of richly perfused

QCC=15.0,		   #Cardiac Output(L/hr/kg BW**0.75)-----------------------Brown et al 1997 

QFC=0.09,#		 #Fractional Blood Flow to Fat(%QCC)---------------------Timchalk et al 2002

QHC=0.25,#		 #Fractional Blood Flow to Liver(%QCC)-------------------Timchalk et al 2002

QRC=0.29,#		 #Fractional Blood Flow to Richly Perfused Tissue--------Timchalk et al 2002 & Brown et al. 1997

QSC=0.20,#     #Fractional Blood Flow to Slowly Perfused---------------Timchalk et al. 2002 (includes skin)

QBRC=0.03,#    #Fractional blood flow to brain-------------------------Timchalk et al. 2002

QKC=0.14,#     #Fraction of blood flow to kidney-----------------------Brown et al 1997



#Tissue Volumes   - 

BW=0.300,#		   #Body Weight(kg)----------------------------------------between 0.2 - 0.5 kg

VBLC=0.06,#		   #Blood Volume(%BW)--------------------------------------Timchalk et al 2002

VFC=0.07,#		   #Fat Volume(%BW)----------------------------------------Timchalk et al 2002

VHC=0.04,#		   #Liver Volume(%BW)--------------------------------------Timchalk et al 2002

VBRC=0.012,#     #Brain volume(%BW)--------------------------------------Timchalk et al 2002

VKC=0.0073,#     #Kidney volume (%BW)------------------------------------Brown et al 1997

VSC=0.7778,#     #Slowly perfused tissues(%BW)---------------------------Timchalk et al 2002

VRC=0.023,#      #Rapidly perfused tissues(%BW)--------------------------Timchalk et al 2002

HCT=0.45,#       #Hematocrit---------------------------------------------Timchalk et al 2002



#molecular weights

MWPAR=330.36,#     #molecular wt of malathion (g/mol)

MWOXON=314.29,#     #molecular wt of malaoxon (g/mol)



#partition coefficients (tissue:plasma)# All values calculated with EPA's httk R package

#Malathion is one of the chemicals in the httk library but a new chemical was added to 

#to represent malathion without protein binding per below.  Malaoxon is not in the chemical

#library and was added with a logp=1.38 from Leonard et al. (2016)

#Malathion

PparF = 19.4,#    #fat:plasma

PparR = 24.8,    #richly perfused:plasma (same as liver)

PparL = 24.8,    #liver:plasma

PparK = 20.6,    #kidney:plasma

PparBR = 8.3,    #brain:plasma

PparS = 5.4,     #slowly perfused:plasma

PparRBC = 2.1,   #RBC:plasma

PparLung = 1000,  #lung:plasma



#Malaoxon

PoxonF = 4.8,  #fat:plasma

PoxonR = 8.9,  #richly perfused:plasma (same as liver)

PoxonL = 8.9,  #liver:plasma

PoxonK = 8.2,#       #kidney:plasma

PoxonBR = 2.2,      #brain:plasma

PoxonS = 1.9,      #slowly perfused:plasma

PoxonRBC = 1.5,   #RBC:plasma





#Fraction of metabolism from carboxylesterase based on data from rat metabolism study showing

#roughly 95% of metabolites are from carboxylesterase pathway (Bradway and Shafik, 1977)

FCXB = 0.95,



#Plasma protein binding

#No binding is assumed based on Tarhoni et al. (2008) that shows no albumin bindings for malathion

#or malaoxon.  Note EPA high throughput measurements show binding for both malathion and 

#malaoxon, but the Tarhoni measurements are considered more accurate

#We also consided the Wetmore et al. (2013) findings that better fits

#were obtained to in vivo data for several chemicals when assuming everything is unbound

FuPAR = 1.0,          #parent binding

FuOXON = 1.0,         #oxon binding



#transfer rate from plasma to RBC - set to facilitate fast plasma-RBC equilbrium

PTORBC = 100,



#metabolism parameters

#variable to select using KM/VMAX or clearance rate

#IF TRUE, a Km and Vmax is assumed.  If FALSE, only a clearance rate is used

USEKM_PARL = TRUE,

USEKM_PARK = TRUE,

USEKM_PARB = TRUE,

USEKM_PARP = TRUE,

USEKM_OXONL = FALSE,

USEKM_OXONK = FALSE,

USEKM_OXONB = FALSE,

USEKM_OXONP = FALSE,





#variable to select whether to account for competitive inhibition due to malaoxon inhibition of CaE

#set to TRUE for malathion given known carboxylesterase inhibition (e.g., Main and Dauterman, 1968)

USECOMINH_PARL = TRUE,

USECOMINH_PARK = TRUE,

USECOMINH_PARB = TRUE,

USECOMINH_PARP = TRUE,



#maximum rates of metabolism (umol/hr/kg tissue)

#malathion detoxification

VMAXparLC = 853920*0.85,#, 853920,#liver Kassahun (2019) MRID 50927802 FITTED at 50% of measured value

VMAXparBRC = 1000,#   #brain - FITTED VALUE - fits for brain not optimized because brain inhibition is not

#relevant to risk assessment

VMAXparKC = 853920*0.6*0.85,#  #kidney (60% of liver per Talcott, 1979) FITTED at 50% per liver fit

VMAXparPC = 90.4,  #plasma - Measured clearance rate of 90.4 from Mallupudi et al. (1980).  Km assumed as 1 



#malathion oxidation--malathion to malaoxon

VMAXparoxonC = 3318,        #liver - Kassahun (2019) MRID 50927802



#oxon detox - NOT Used for liver, brain, and plasma.  Clearance rates used instead. No

#oxon metabolism assumed in kidney

VMAXoxonLC = 0.0,#   #liver

VMAXoxonBRC = 0.0, #brain

VMAXoxonKC = 0.0, #kidney

VMAXoxonPC = 0.0, #plasma



#affinity constants

#malathion detoxification

KMparL = 2.42*1.5,#            #liver - Kassahun (2019) MRID 50927802

KMparBR = 2,0,#           #brain - FITTED value

KMparK = 2.42*1.5,#            #kidney - set same as liver

KMparP = 1.0,#             #plasma - fitted - informed by Mallupudi et al. (1980)



#malathion oxidation--malathion to malaoxon

KMparoxon = 5.83,#          #liver - Kassahun (2019) MRID 50927802



#oxon detox - NOT used; clearance rates used instead

KMoxonL = 0.01,#       #liver

KMoxonBR = 0.01,#     #brain

KMoxonK = 0.01,#      #kidney

KMoxonP= 0.01,#         #plasma



#clearance rates (only applicable if USEKM variable is TRUE)

CRparLC = 0,               #clearance rate parent in liver

CRparKC = 0,               #clearance rate parent in kidney

CRparBRC = 0,              #clearance rate parent in brain

CRparPLC = 0, 	           #clearance rate parent in plasma (L/hr/L plasma)	

CRoxonLC = 15313*0.25, #15313*0.3,#           #clearance rate oxon in liver - Chambers and Meek (2019) MRID 50927801 - 

#adjusted to 20% for fitting

CRoxonKC = 0.0,              #clearance rate oxon in kidney - assumed to be zero

CRoxonBRC = 500,             #clearance rate oxon in brain - FITTED

CRoxonPLC = 3209*0.15,#		     #clearance rate oxon in plasma (L/hr/L plasma) - Chambers and Meek (2019) MRID 50927801

# fitted to 10% of measured value



 

#inhalation parameters

QALV = 12.9,                   #volumetric flow (L/hr) MPPD default-166 breathes/min and 200 g rat - asymmetric SD rat model

IZONE = 0,                    #include inhalation exposure

ABS_INH=1.0,



#dermal parameters

DERMPERCNT = 0.01/8,       #dermal exposure percent per hour

DZONE = 0,                  #include dermal exposure (DZONE=1)



#uptake parameters - all values fitted

#malathion

KAS=2.0,       #transfer stomach to liver (/h)

KSI=0.2,	      #transfer stomach to intestine (/h)

KAI=0.2,        #transfer intestine to liver (/h)

FA=1,           #Fractional oral Absorption



#oxon

KASO=3.0,       #transfer stomach to liver (/h)

KSIO=0.5, 	    #transfer stomach to intestine (/h)

KAIO=0.5,       #transfer intestine to liver (/h)

FAO=1,          #Fractional oral Absorption





#elimination rate for oxon (1/h) - metabolism studies show no malaoxon in urine

KEO = 0.0,





#pharmacodynamic parameters

# AChE activity (umol/hr/kg tissue) 

BACHE=4.40e5,#	 #brain% Poet et al 2014

BLACHE=2.33e4,#    #plasma% Poet et al 2014

HACHE=1.02e4,#     #liver% Poet et al 2014

RBCHE=3.39e4,#	 #RBCs% Poet et al 2014

KACHE=5.4e3,#      #kidney% Maxwell 1987



# BuChE activity (umol/hr/kg tissue) 

BBUCE=4.68e4,#	#brain% Poet et al 2014

HBUCE=3.0e4,#     #liver% Poet et al 2014

BLBUCE=7.85e3,#	#plasma% Poet et al 2014

KBUCE=1.02e4,#    #kidney% Maxwell 1987



# CaE activity (umol/hr/kg tissue) 

BRCE=2.88e5,#	 #brain% Poet et al 2014   

HECE=1.94e6,#	 #liver% Poet et al 2014

PLOCE=8.4e4,#	 #plasma% Poet et al 2014

KECE=1.79e6,#  #kidney% Maxwell 1987





# Degradation of esterase (1/h)--Gearhart et al. 1990, Timchalk et al. 2002 and Poet et al 2014.

# Gearhart inlcudes original values of 0.1 per hour for BChE from Traina and Serpietri (1984) and

# 0.01 per hour from Wenthold et al. (1974).  Timchalk cites Gearhart for these values but

# uses somewhat different values in some cases.  Poet, an update to Timchalk, uses different values 

# than both Timchalk and Gearhart.  We reverted to the measured values as cited by Gearhart

# except for carboxylestearse where there are no available measurements.  In this case, we 

# used the fitted values from Poet et al. 2014.  Poet al. 2014 does not have a value for kidney

# so we used the value for liver.

KDBBE=0.1,#                #BuChE (brain)   

KDBCE=0.01,#                 #AChE (brain)  

KDBCR=0.000754,#             #CaE (brain)

KDBLBE=0.1,#                #BuChE (blood/plasma) 

KDBLCE=0.01,#                 #AChE (blood/plasma)

KDBLCR=0.001,#              #CaE (blood/plasma)   

KDHBE=0.1,#                #BuChE (liver)

KDHCE=0.01,#                 #AChE (liver)   

KDHCR=0.001,#               #CaE (liver)

KDRBCE=0.01,#                #AChE (RBC)   

KDKBE=0.1,#                #BuChE (kidney)

KDKCE=0.01,#                #AChE (kidney)

KDKCR=0.001,#               #CaE (kidney)





# Esterase aging rates (1/h)--chemical-specific 

# AChE aging rate from Mason et al 2000 (human RBC AChE for azinphos-methyl, also a dimethoxy OP)

# BuChE aging rate from Mason et al 2000 (human plasma BuChE for azinphos-methyl, also a dimethoxy OP)

# CaE set to 0.001 based on Maxwell and Brecht (2001) showing no evidence of ageing (differs from chlorpyrifos model)

KABBE=0.116,#              #BuChE (brain)

KABCE=0.022,#              #AChE (brain)

KABCR=0.001,#             #CaE (brain)

KABLBE=0.116,#             #BuChE (blood/plasma)

KABLCE=0.022,#             #AChE (blood/plasma)

KABLCR=0.001,#             #CaE (blood/plasma)

KAHBE=0.116,#              #BuChE (liver)

KAHCE=0.022,#              #AChE (liver)

KAHCR=0.001,#             #CaE (liver)

KARBCE=0.022,#             #AChE (RBC)

KAKBE=0.116,#              #BuChE (kidney)

KAKCE=0.022,#              #AChE (kidney)

KAKCR=0.001,#             #CaE (kidney)





#Inhibition of esterase (L/umol/h)--chemical-specific. 

#AChE from Chambers et al. (MRID 50773501) 

#BuChE from Herzsprung 1992 for human plasma BuChE

#CaE measured value of approximately 1 L/umol/hr in Main and Dauterman (1968). Fit to 

#5 L/umol/hr because (1) Main and Dauterman can only be considered an order of magnitude

#measurement given age of study and difficulty of measuring inhibition when there is also

#very fast catalytic reaction (2) to be similar to AChE rate per Timchalk et al.

KIBBE=1.3,#             #BuChE (brain)

KIBCE=4.6*2,#             #AChE (brain) - 

KIBCR=4.6*1.75,#              #CaE (brain)

KIBLBE=1.3,#           #BuChE (blood/plasma)

KIBLCE=4.6*2,#            #AChE (blood/plasma) - 

KIBLCR=4.6*1.75,#             #CaE (blood/plasma)

KIHBE=1.3,#            #BuChE (liver)

KIHCE=4.6*2,#             #AChE (liver) - 

KIHCR=4.6*1.75,#             #CaE (liver)

KIRBCE=4.6*2,#            #AChE (RBCs) - 

KIKBE=1.3,#            #BuChE (kidney)

KIKCE=4.6*2,#             #AChE (kidney) - 

KIKCR=4.6*1.75,#             #CaE (kidney)



#Reactivation of esterase (1/h)--chemical specific 

# AChE reactivation rate from Mason et al 2000 (human RBC AChE for azinphos-methyl, also a dimethoxy OP)

# BuChE reactivation rate from Mason et al 2000 (human plasma BuChE for azinphos-methyl, also a dimethoxy OP)

# CaE was fit. THere are no available data and Timchalk assumed same rate as for AChE.  Fitted value is somewhat lower

# than for AChE

KRBBE=0.03,#                #BuChE (brain)

KRBCE=0.018,#               #AChE (brain)

KRBCR=0.001,               #CaE (brain)

KRBLBE=0.03,#               #BuChE (blood/plasma)

KRBLCE=0.018,#              #AChE (blood/plasma)

KRBLCR=0.001,#              #CaE (blood/plasma)

KRHBE=0.03,#                #Bu,ChE (liver)

KRHCE=0.018,#               #AChE (liver)

KRHCR=0.001,#               #CaE (liver)

KRRBCE=0.018,#              #AChE (RBCs)

KRKBE=0.03,#                #BuChE (kidney)

KRKCE=0.018,#               #AChE (kidney)

KRKCR=0.001,#               #CaE (kidney)





# Enzyme turnover rate (substrate hydrolysis/h/active site) (Poet et al. 2014)

TRCE=1.17e7,#      #AChE

TRCR=1.086e5,#     #CaE

TRBE=3.66e6#       #BuChE

)#




#clear workspace

rm(list = ls())



#set the working directory to the location of these scripts

#setwd(dirname(rstudioapi::getActiveDocumentContext()$path))



# malathion AC50

ac_50 = -999 #set to an arbitrary value



BW_scenario <- 0.25 # kg

ndays = 2            # days to simulate



#Environment####

library(readxl)

library(ggplot2)

library(dplyr)

library(tidyr)



#source the model and parameters

source("adult_rat_pbpk_mod.R")

source("malathion_adult_rat_parameters.R") 	        # rat parameters



# Initial_parameters



params[["TSTART"]] = 0.0            # START SIMULATION (HR)

params[["TSTOP"]]  = ndays*24		    # Simulation duration = 1 day

params[["BW"]]     = BW_scenario   	# kg



# combine or replace "base" parameters with case specific parameters

initial_params <- initial_params_fun(params)



# get blood concentration resulting from inhalation

avgBloodConc <-function(test_dose){

  

  # Dosing ####

  #single oral bolus dose every day

  # dose conversion (ug/kg to umol)

  dose=test_dose*(initial_params[["BW"]]/initial_params[["MWPAR"]])

  

  # TIMING COMMANDS ####

  MAXT=0.1       #maximum time step

  times<-seq(initial_params[["TSTART"]],initial_params[["TSTOP"]],by=MAXT)#

  

  # max number of points to write out to file

  POINTS_max<-10000  

  

  # STATE####

  # Subject specific UPDATES to the initial value of state variables

  state<-state_fun()

  

  # Dosing ####

  A <- c(dose)

  B <- c(0)

  C <- c("time","doral")

  

  DORAL <- data.frame(B,A)

  colnames(DORAL) <- C

  

  All_Dose<-DORAL%>%

    mutate(ODOSEPAR=dose, Level=paste(doral[1],"ug/kg",sep="_"))

  

  #print(All_Dose$Level)

  #~~~~APPLY MODEL~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~#### 

  timestamp()

  modelOutput<-lapply(split(All_Dose,All_Dose$Level), function (LL,ini_par,st,t){

    # Create dataframe of "events"that describe the dosing, which informs the

    # ODE function, and needs to have columns "var" = the state_variable that needs

    # to be changed,"time"= when the changes occurs,"value"=the value being changed

    # to,& "method"= how the new value interacts with the previous state variable

    # value. See ?deSolve::lsodes and ?deSolve::events.

    eventDat<-rbind(data.frame(var="ODOSE",time=LL$time,

                               value=LL$ODOSEPAR,	 

                               method="add",stringsAsFactors = FALSE),  # ("replace", "add", "multiply")

                    data.frame(var="ASTOM",time=LL$time,

                               value=LL$ODOSEPAR,	 

                               method="add",stringsAsFactors = FALSE))

    

    # DERIVITIVE ####

    # RUN MODEL 

    modelOutput<- ode(y = st, times = t,  #method = "lsodes",

                      func = adult_rat_Model, parms = ini_par,

                      events = list(data = eventDat[order(eventDat$time),]))

    result <- within(as.data.frame(modelOutput),{Level<-LL$Level[[1]]})

    return(result)

  },ini_par=initial_params,st=state,t=times)

  timestamp()

  ModelOutput<-do.call(rbind,modelOutput)##make big dataframe for evaluation

  

  return(mean(ModelOutput$CBL[0:240]))

}



# get maximum AChE inhibition resulting from inhalation

minAChE <-function(test_dose){

  

  # Dosing ####

  #single oral bolus dose every day

  # dose conversion (ug/kg to umol)

  dose=test_dose*(initial_params[["BW"]]/initial_params[["MWPAR"]])

  

  # TIMING COMMANDS ####

  MAXT=0.1       #maximum time step

  times<-seq(initial_params[["TSTART"]],initial_params[["TSTOP"]],by=MAXT)#

  

  # max number of points to write out to file

  POINTS_max<-10000  

  

  # STATE####

  # Subject specific UPDATES to the initial value of state varibles

  state<-state_fun()

  

  # Dosing ####

  A <- c(dose)

  B <- c(0)

  C <- c("time","doral")

  

  DORAL <- data.frame(B,A)

  colnames(DORAL) <- C

  

  All_Dose<-DORAL%>%

    mutate(ODOSEPAR=dose, Level=paste(doral[1],"ug/kg",sep="_"))

  

  #print(All_Dose$Level)

  #~~~~APPLY MODEL~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~#### 

  timestamp()

  modelOutput<-lapply(split(All_Dose,All_Dose$Level), function (LL,ini_par,st,t){

    # Create dataframe of "events"that describe the dosing, which informs the

    # ODE function, and needs to have columns "var" = the state_variable that needs

    # to be changed,"time"= when the changes occurs,"value"=the value being changed

    # to,& "method"= how the new value interacts with the previous state variable

    # value. See ?deSolve::lsodes and ?deSolve::events.

    eventDat<-rbind(data.frame(var="ODOSE",time=LL$time,

                               value=LL$ODOSEPAR,	 

                               method="add",stringsAsFactors = FALSE),  # ("replace", "add", "multiply")

                    data.frame(var="ASTOM",time=LL$time,

                               value=LL$ODOSEPAR,	 

                               method="add",stringsAsFactors = FALSE))

    

    # DERIVITIVE ####

    # RUN MODEL 

    modelOutput<- ode(y = st, times = t,  #method = "lsodes",

                      func = adult_rat_Model, parms = ini_par,

                      events = list(data = eventDat[order(eventDat$time),]))

    result <- within(as.data.frame(modelOutput),{Level<-LL$Level[[1]]})

    return(result)

  },ini_par=initial_params,st=state,t=times)

  timestamp()

  ModelOutput<-do.call(rbind,modelOutput)##make big dataframe for evaluation

  

  return(min(ModelOutput$RBCCE))

}



# get maximum AChE inhibition resulting from inhalation

run_model <-function(test_dose){

  

  # Dosing ####

  #single oral bolus dose every day

  # dose conversion (ug/kg to umol)

  dose=test_dose*(initial_params[["BW"]]/initial_params[["MWPAR"]])

  

  # TIMING COMMANDS ####

  MAXT=0.1       #maximum time step

  times<-seq(initial_params[["TSTART"]],initial_params[["TSTOP"]],by=MAXT)#

  

  # max number of points to write out to file

  POINTS_max<-10000  

  

  # STATE####

  # Subject specific UPDATES to the initial value of state varibles

  state<-state_fun()

  

  # Dosing ####

  A <- c(dose)

  B <- c(0)

  C <- c("time","doral")

  

  DORAL <- data.frame(B,A)

  colnames(DORAL) <- C

  

  All_Dose<-DORAL%>%

    mutate(ODOSEPAR=dose, Level=paste(doral[1],"ug/kg",sep="_"))

  

  #print(All_Dose$Level)

  #~~~~APPLY MODEL~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~#### 

  modelOutput<-lapply(split(All_Dose,All_Dose$Level), function (LL,ini_par,st,t){

    # Create dataframe of "events"that describe the dosing, which informs the

    # ODE function, and needs to have columns "var" = the state_variable that needs

    # to be changed,"time"= when the changes occurs,"value"=the value being changed

    # to,& "method"= how the new value interacts with the previous state variable

    # value. See ?deSolve::lsodes and ?deSolve::events.

    eventDat<-rbind(data.frame(var="ODOSE",time=LL$time,

                               value=LL$ODOSEPAR,	 

                               method="add",stringsAsFactors = FALSE),  # ("replace", "add", "multiply")

                    data.frame(var="ASTOM",time=LL$time,

                               value=LL$ODOSEPAR,	 

                               method="add",stringsAsFactors = FALSE))

    

    # DERIVITIVE ####

    # RUN MODEL 

    modelOutput<- ode(y = st, times = t,  #method = "lsodes",

                      func = adult_rat_Model, parms = ini_par,

                      events = list(data = eventDat[order(eventDat$time),]))

    result <- within(as.data.frame(modelOutput),{Level<-LL$Level[[1]]})

    return(result)

  },ini_par=initial_params,st=state,t=times)

  timestamp()

  ModelOutput<-do.call(rbind,modelOutput)##make big dataframe for evaluation

  

  return(ModelOutput)

}



# cost based on maximum AChE inhibition

POD_cost <- function(test_dose){

  

  test_result <- minAChE(test_dose*1000)

  test_error <- (test_result - 90.0)

  print(sprintf("%f  %f",test_dose,test_result))

  

  return(test_error*test_error)

}



# cost based on final 24-hour plasma oxon conc. average

AED_cost <- function(test_dose){

  

  test_result <- avgBloodConc(test_dose*1000)

  test_error <- (test_result - ac_50)

  print(sprintf("%f  %f",test_dose,test_result))

  

  return(test_error*test_error)

}





# get the daily dose required to reproduce the ac_50 or 10% AChE inhibition

final_dose <- optim(par = 12, POD_cost, method = "Brent",lower = 0.1, upper = 1e4, control = list(reltol = 1e-3)) # AChE-based (POD)

#final_dose <- optim(par = 12, AED_cost, method = "Brent",lower = 0.1, upper = 1e4, control = list(reltol = 1e-3)) # AC50-based (AED)



#run the model and get the output

result = run_model(final_dose$par*1000)



print(final_dose$par)

print(min(result$RBCCE))


#clear workspace

rm(list = ls())



#set the working directory to the location of these scripts

#setwd(dirname(rstudioapi::getActiveDocumentContext()$path))



# malathion AC50

ac_50 = -999 #set to an arbitrary value



BW_scenario <- 0.25  # kg

ndays = 32            # days to simulate



#Environment####

library(readxl)

library(ggplot2)

library(dplyr)

library(tidyr)



#load the model and parameters

source("adult_rat_pbpk_mod.R")

source("malathion_adult_rat_parameters.R") 	        # rat parameters



# Initial_parameters



params[["TSTART"]] = 0.0            # START SIMULATION (HR)

params[["TSTOP"]]  = ndays*24		    # Simulation duration = 1 day

params[["BW"]]     = BW_scenario   	# kg



# combine or replace "base" parameters with case specific parameters

initial_params <- initial_params_fun(params)



# get blood concentration resulting from inhalation

avgBloodConc <-function(test_dose){

  

  # Dosing ####

  #single oral bolus dose every day

  # dose conversion (ug/kg to umol)

  dose=test_dose*(initial_params[["BW"]]/initial_params[["MWPAR"]])

  

  # TIMING COMMANDS ####

  MAXT=0.1       #maximum time step

  times<-seq(initial_params[["TSTART"]],initial_params[["TSTOP"]],by=MAXT)#

  

  # max number of points to write out to file

  POINTS_max<-10000  

  

  # STATE####

  # Subject specific UPDATES to the initial value of state variables

  state<-state_fun()

  

  # Dosing ####

  A <- rep(dose,ndays+1)

  B <- seq(0,ndays*24,by=24)

  C <- c("time","doral")

  

  DORAL <- data.frame(B,A)

  colnames(DORAL) <- C

  

  All_Dose<-DORAL%>%

    mutate(ODOSEPAR=dose, Level=paste(doral[1],"ug/kg",sep="_"))

  

  #print(All_Dose$Level)

  #~~~~APPLY MODEL~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~#### 

  # Do parallel for speed

  c1<-makeCluster(min(cores,n_distinct(All_Dose$Level))) # cluster for parallel 

  timestamp()

  modelOutput<-lapply(split(All_Dose,All_Dose$Level), function (LL,ini_par,st,t){



    # Create dataframe of "events"that describe the dosing, which informs the

    # ODE function, and needs to have columns "var" = the state_variable that needs

    # to be changed,"time"= when the changes occurs,"value"=the value being changed

    # to,& "method"= how the new value interacts with the previous state variable

    # value. See ?deSolve::lsodes and ?deSolve::events.

    eventDat<-rbind(data.frame(var="ODOSE",time=LL$time,

                               value=LL$ODOSEPAR,	 

                               method="add",stringsAsFactors = FALSE),  # ("replace", "add", "multiply")

                    data.frame(var="ASTOM",time=LL$time,

                               value=LL$ODOSEPAR,	 

                               method="add",stringsAsFactors = FALSE))

    

    # DERIVITIVE ####

    # RUN MODEL 

    modelOutput<- ode(y = st, times = t,  #method = "lsodes",

                      func = adult_rat_Model, parms = ini_par,

                      events = list(data = eventDat[order(eventDat$time),]))

    result <- within(as.data.frame(modelOutput),{Level<-LL$Level[[1]]})

    return(result)

  },ini_par=initial_params,st=state,t=times)

  timestamp()

  ModelOutput<-do.call(rbind,modelOutput)##make big dataframe for evaluation

  

  return(mean(tail(ModelOutput$CBL,240)))

}



# get maximum AChE inhibition resulting from inhalation

minAChE <-function(test_dose){

  

  # Dosing ####

  #single oral bolus dose every day

  # dose conversion (ug/kg to umol)

  dose=test_dose*(initial_params[["BW"]]/initial_params[["MWPAR"]])

  

  # TIMING COMMANDS ####

  MAXT=0.1       #maximum time step

  times<-seq(initial_params[["TSTART"]],initial_params[["TSTOP"]],by=MAXT)#

  

  # max number of points to write out to file

  POINTS_max<-10000  

  

  # STATE####

  # Subject specific UPDATES to the initial value of state varibles

  state<-state_fun()

  

  # Dosing ####

  

  A <- rep(dose,ndays+1)

  B <- seq(0,ndays*24,by=24)

  C <- c("time","doral")

  

  DORAL <- data.frame(B,A)

  colnames(DORAL) <- C

  

  All_Dose<-DORAL%>%

    mutate(ODOSEPAR=dose, Level=paste(doral[1],"ug/kg",sep="_"))

  

  #print(All_Dose$Level)

  #~~~~APPLY MODEL~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~#### 

  timestamp()

  modelOutput<-lapply(split(All_Dose,All_Dose$Level), function (LL,ini_par,st,t){



    # Create dataframe of "events"that describe the dosing, which informs the

    # ODE function, and needs to have columns "var" = the state_variable that needs

    # to be changed,"time"= when the changes occurs,"value"=the value being changed

    # to,& "method"= how the new value interacts with the previous state variable

    # value. See ?deSolve::lsodes and ?deSolve::events.

    eventDat<-rbind(data.frame(var="ODOSE",time=LL$time,

                               value=LL$ODOSEPAR,	 

                               method="add",stringsAsFactors = FALSE),  # ("replace", "add", "multiply")

                    data.frame(var="ASTOM",time=LL$time,

                               value=LL$ODOSEPAR,	 

                               method="add",stringsAsFactors = FALSE))

    

    # DERIVITIVE ####

    # RUN MODEL 

    modelOutput<- ode(y = st, times = t,  #method = "lsodes",

                      func = adult_rat_Model, parms = ini_par,

                      events = list(data = eventDat[order(eventDat$time),]))

    result <- within(as.data.frame(modelOutput),{Level<-LL$Level[[1]]})

    return(result)

  },ini_par=initial_params,st=state,t=times)

  timestamp()

  ModelOutput<-do.call(rbind,modelOutput)##make big dataframe for evaluation

  

  return(min(ModelOutput$RBCCE))

}



# get maximum AChE inhibition resulting from inhalation

run_model <-function(test_dose){

  

  # Dosing ####

  #single oral bolus dose every day

  # dose conversion (ug/kg to umol)

  dose=test_dose*(initial_params[["BW"]]/initial_params[["MWPAR"]])

  

  # TIMING COMMANDS ####

  MAXT=0.1       #maximum time step

  times<-seq(initial_params[["TSTART"]],initial_params[["TSTOP"]],by=MAXT)#

  

  # max number of points to write out to file

  POINTS_max<-10000  

  

  # STATE####

  # Subject specific UPDATES to the initial value of state varibles

  state<-state_fun()

  

  # Dosing ####

  

  A <- rep(dose,ndays+1)

  B <- seq(0,ndays*24,by=24)

  C <- c("time","doral")

  

  DORAL <- data.frame(B,A)

  colnames(DORAL) <- C

  

  All_Dose<-DORAL%>%

    mutate(ODOSEPAR=dose, Level=paste(doral[1],"ug/kg",sep="_"))

  

  #print(All_Dose$Level)

  #~~~~APPLY MODEL~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~#### 

  timestamp()

  modelOutput<-lapply(split(All_Dose,All_Dose$Level), function (LL,ini_par,st,t){

    # Create dataframe of "events"that describe the dosing, which informs the

    # ODE function, and needs to have columns "var" = the state_variable that needs

    # to be changed,"time"= when the changes occurs,"value"=the value being changed

    # to,& "method"= how the new value interacts with the previous state variable

    # value. See ?deSolve::lsodes and ?deSolve::events.

    eventDat<-rbind(data.frame(var="ODOSE",time=LL$time,

                               value=LL$ODOSEPAR,	 

                               method="add",stringsAsFactors = FALSE),  # ("replace", "add", "multiply")

                    data.frame(var="ASTOM",time=LL$time,

                               value=LL$ODOSEPAR,	 

                               method="add",stringsAsFactors = FALSE))

    

    # DERIVITIVE ####

    # RUN MODEL 

    modelOutput<- ode(y = st, times = t,  #method = "lsodes",

                      func = adult_rat_Model, parms = ini_par,

                      events = list(data = eventDat[order(eventDat$time),]))

    result <- within(as.data.frame(modelOutput),{Level<-LL$Level[[1]]})

    return(result)

  },ini_par=initial_params,st=state,t=times)

  timestamp()

  ModelOutput<-do.call(rbind,modelOutput)##make big dataframe for evaluation

  

  return(ModelOutput)

}



# cost based on maximum AChE inhibition

POD_cost <- function(test_dose){

  

  test_result <- minAChE(test_dose*1000)

  test_error <- (test_result - 90.0)

  print(sprintf("%f  %f",test_dose,test_result))

  

  return(test_error*test_error)

}



# cost based on final 24-hour plasma oxon conc. average

AED_cost <- function(test_dose){

  

  test_result <- avgBloodConc(test_dose*1000)

  test_error <- (test_result - ac_50)

  print(sprintf("%f  %f",test_dose,test_result))

  

  return(test_error*test_error)

}





# get the daily dose required to reproduce the ac_50 or 10% AChE inhibition

final_dose <- optim(par = 12, POD_cost, method = "Brent",lower = 0.1, upper = 1e4, control = list(reltol = 1e-3)) # AChE-based (POD)

#final_dose <- optim(par = 12, AED_cost, method = "Brent",lower = 0.1, upper = 1e4, control = list(reltol = 1e-3)) # AC50-based (AED)



#run the model and get the output

result = run_model(final_dose$par*1000)



print(final_dose$par)

print(min(result$RBCCE))


# "PROGRAM adult_rat #####



# Envrionment ####

library(deSolve) # This solves the derivative. 

library(readxl)

library(ggplot2)

library(dplyr)

library(tidyr)

library(parallel)

if(!file.exists("Output")) dir.create("Output") #create output folder if it doesn't exist.

tot_cores<-detectCores(all.tests = FALSE, logical = TRUE)  # number of cores avaiable on current machine



#INITIAL ####

  #Abbreviations: 

  #PAR -- Parent  

  #OXON -- Oxon  

  #AChE--acetylcholinesterase

  #BuChE--butyrlcholinesterase

  #CaE--carboxylesterase



  #compartments included for liver, kidney, brain, fat, and lumped for slow and

  #rapidly perfused. exposure routes:  oral only 2-compartment model for oral

  #exposure includes stomach and intestine (no blood flow) bioactivation (PARENT ->

  #OXON) occurs in liver inhibition of B-esterases (AChE, BuChE, CaE) described

  #in liver, kidney, brain, plasma, RBCs.



  #detoxification of Parent occurs in liver, kidney, brain, and plasma (to

  #metabolites; these are modeled as a single compartment). detoxification of oxon

  #by B-esterases is stoichiometric; the oxon-enzyme complex serves as a "trap"

  #for the oxon. CaE assumed to undergo reactivation; AChE and BuChE assumed to

  #undergo reactivation/aging. catalytic detoxification of oxon in liver,

  #plasma, brain, kidney



# Initial parameter function####

# inputs basic and runspecifc parameters to calculate full set of initial parameters

initial_params_fun <-function(params){ within(as.list(params),{

  # SCALING FOR PLASMA FLOWS

  # Flows are plasma flows as opposed to whole blood flows.  Mass gets into RBCs

  # through transfer from plasma into RBC and vice versa

  QC = QCC*(BW**0.75)* (1-HCT)     #CARDIAC OUTPUT (L/H) adjusted for plasma

  QCf= QCC*(BW**0.75)              #Full cardiac output (L/H)

  QK = QKC*QC                      #KIDNEY (L/H)

  QF = QFC*QC                      #FAT (L/H)

  QH = QHC*QC                      #LIVER (L/H)

  QBR = QBRC*QC                    #BRAIN (L/H)

  QR = QRC*QC                      #RAPIDLY PERFUSED TISSUES (L/H)

  QS = QSC*QC                      #SLOWLY PERFUSED TISSUES (L/H)

  

  QBAL = QC-(QF+QH+QBR+QR+QS+QK)  #BALANCE CHECK

  

  #SCALING FOR TISSUE VOLUMES (L)

  VBL = VBLC*BW                    #BLOOD

  VPLAS = VBL*(1-HCT)              #PLASMA

  VRBC = VBL*HCT                   #RBCS

  VF = VFC*BW                      #FAT

  VH =  VHC*BW                     #LIVER

  VBR = VBRC*BW                    #BRAIN

  VK = VKC*BW                      #KIDNEY

  VR = VRC*BW                      #RAPIDLY PERFUSED TISSUES

  VS = VSC*BW                      #SLOWLY PERFUSED TISSUES

  

  #SCALING FOR VMAX FOR PARENT DETOXIFICATION (UMOL/HR/KG TISSUE TO UMOL/HR)

  VMAXparL = VMAXparLC*VH                      #LIVER PARENT DETOX

  VMAXparBR = VMAXparBRC*VBR                   #BRAIN PARENT DETOX

  VMAXparK = VMAXparKC*VK                      #KIDNEY PARENT DETOX

  VMAXparP = VMAXparPC*VPLAS                   #PLASMA PARENT DETOX

  CRparL = CRparLC*VH                          #LIVER PARENT DETOX

  CRparBR = CRparBRC*VBR                       #BRAIN PARENT DETOX

  CRparK = CRparKC*VK                          #KIDNEY PARENT DETOX

  CRparPL = CRparPLC*VPLAS                     #PLASMA PARENT DETOX

  

  #OXIDATION--PARENT to OXON

  VMAXparoxon = VMAXparoxonC*VH               #LIVER--CYPS

  

  #OXON DETOX

  VMAXoxonL = VMAXoxonLC*VH                   #LIVER OXON DETOX

  VMAXoxonBR = VMAXoxonBRC*VBR                #BRAIN OXON DETOX

  VMAXoxonK = VMAXoxonKC*VK                   #KIDNEY OXON DETOX

  VMAXoxonP = VMAXoxonPC*VPLAS                #PLASMA OXON DETOX

  CRoxonL = CRoxonLC*VH                       #LIVER OXON DETOX

  CRoxonBR = CRoxonBRC*VBR                    #BRAIN OXON DETOX

  CRoxonK = CRoxonKC*VK                       #KIDNEY OXON DETOX

  CRoxonPL = CRoxonPLC*VPLAS                  #PLASMA OXON DETOX

  

  #ENZYME ACTIVITY (UMOL/H) IN TISSUES

  #ACHE

  SBACH=BACHE*VBR             #BRAIN

  SHACH=HACHE*VH              #LIVER

  SBLACH=BLACHE*VBL*(1-HCT)   #PLASMA

  SRBACH=RBCHE*VRBC           #RBC

  SKACH=KACHE*VK              #KIDNEY

  

  #BUCHE

  SBBUC=BBUCE*VBR             #BRAIN

  SHBUC=HBUCE*VH              #LIVER

  SBLBUC=BLBUCE*VBL*(1-HCT)   #PLASMA

  SKBUC=KBUCE*VK              #KIDNEY

  

  #CAE

  SBRCE=BRCE*VBR              #BRAIN

  SHECE=HECE*VH               #LIVER

  SPLOCE=PLOCE*VBL*(1-HCT)    #PLASMA

  SKACE=KECE*VK               #KIDNEY

  

  #CALCULATION OF ESTERASE BINDING SITES (UMOL)

  #ACHE

  IBCE=SBACH/TRCE   #TOTAL BRAIN ACHE (UMOL)

  IHCE=SHACH/TRCE   #TOTAL LIVER ACHE (UMOL)

  IBLCE=SBLACH/TRCE #TOTAL PLASMA ACHE (UMOL)

  IRBCE=SRBACH/TRCE #TOTAL RBC ACHE (UMOL)

  IKCE=SKACH/TRCE   #TOTAL KIDNEY ACHE (UMOL)

  

  #BUCHE

  IBBE=SBBUC/TRBE   #TOTAL BRAIN BUCHE (UMOL)

  IHBE=SHBUC/TRBE   #TOTAL LIVER BUCHE (UMOL)

  IBLBE=SBLBUC/TRBE #TOTAL PLASMA BUCHE (UMOL)

  IKBE=SKBUC/TRBE   #TOTAL KIDNEY BUCHE (UMOL)

  

  #CAE

  IBCR=SBRCE/TRCR   #TOTAL BRAIN CAE (UMOL)

  IHCR=SHECE/TRCR   #TOTAL LIVER CAE (UMOL)

  IBLCR=SPLOCE/TRCR #TOTAL PLASMA CAE (UMOL)

  IKCR=SKACE/TRCR   #TOTAL KIDNEY CAE (UMOL)



  #CALCULATION OF ENZYME SYNTHESIS RATES IN TISSUES (UMOL/HR)

  #LIVER

  KSHCE=IHCE*KDHCE  #ACHE

  KSHBE=IHBE*KDHBE  #BUCHE

  KSHCR=IHCR*KDHCR  #CAE

  #BRAIN

  KSBCE=IBCE*KDBCE  #ACHE

  KSBBE=IBBE*KDBBE  #BUCHE

  KSBCR=IBCR*KDBCR  #CAE

  #KIDNEY

  KSKCE=IKCE*KDKCE  #ACHE

  KSKBE=IKBE*KDKBE  #BUCHE

  KSKCR=IKCR*KDKCR  #CAE

  #PLASMA

  KSBLCE=IBLCE*KDBLCE #ACHE

  KSBLBE=IBLBE*KDBLBE #BUCHE

  KSBLCR=IBLCR*KDBLCR #CAE

  #RBC

  KSRBCE=KDRBCE*IRBCE #ACHE

})}



#Report Point####



report_fn<-function(pmax=10000,tms=times){

  if(length(times)<=pmax) tms else 

  tms[seq(1,length(tms),by=round(length(tms)/pmax))]

}





# State ####

# state variables,set intially to zero

state<-c(ODOSE=0,ODOSEO=0,

         ASTOM=0, AINTM=0, ALM=0, ALM1=0, ALM2=0, AKM=0,  AFM=0, ASpar=0, 

         ABRM=0,  ARM=0, APL=0,  ASTOMO=0, AINTO=0, ALO=0, 

         AALOD=0, AHCE=0, ANHCE=0, HOCE=0, AHPCE=0, AHBE=0, ANHBE=0, HOBE=0, 

         AHPBE=0, AHCR=0, ANHCR=0, HOCR=0, AHPCR=0, AFO =0, ASO =0, ARO =0, 

         ABRO =0,  ABCE=0, ANBCE=0, BOCE=0, ABPCE=0, ABBE=0, ANBBE=0, 

         BOBE=0, ABPBE=0, ABCR=0, ANBCR=0, BOCR=0, ABPCR=0, AKO =0, 

         AKCE=0, ANKCE=0, KOCE=0, AKPCE=0, AKBE=0, ANKBE=0, KOBE=0, AKPBE=0,

         AKCR=0, ANKCR=0, KOCR=0, AKPCR=0, ABLCE=0, ANBLCE=0,

         BLOCE=0, ABLPCE=0, ABLBE=0, ANBLBE=0, BLOBE=0, ABLPBE=0, ABLCR=0,

         ANBLCR=0, BLOCR=0, ABLPCR=0, ARBCE=0, ANRBCE=0, RBCOCE=0, ARBPCE=0,

         APLO=0, APOD=0, APD=0, ARBCO=0, APB=0, APOB=0, ARBC=0,

         AKM2=0, AAKOD=0, AEXCO=0,

         CI=0, AINH=0,

         CIO=0,AINHO=0,

         ASURF=0,ADL=0,DDOSE=0,TDDOSE=0,

         ASURFO=0,ADLO=0,DDOSEO=0,TDDOSEO=0)



# Function to update intial states where needed. 

state_fun<-function(st=state,ini_p=initial_params){

  st[["AHCE"]]<-ini_p$IHCE

  st[["ANHCE"]]<-ini_p$IHCE

  st[["AHBE"]]<-ini_p$IHBE			

  st[["ANHBE"]]<-ini_p$IHBE

  st[["AHCR"]]<-ini_p$IHCR	

  st[["ANHCR"]]<-ini_p$IHCR

  st[["ABCE"]]<-ini_p$IBCE

  st[["ANBCE"]]<-ini_p$IBCE

  st[["ABBE"]]<-ini_p$IBBE

  st[["ANBBE"]]<-ini_p$IBBE

  st[["ABCR"]]<-ini_p$IBCR

  st[["ANBCR"]]<-ini_p$IBCR

  st[["AKCE"]]<-ini_p$IKCE

  st[["ANKCE"]]<-ini_p$IKCE

  st[["AKBE"]]<-ini_p$IKBE	

  st[["ANKBE"]]<-ini_p$IKBE

  st[["AKCR"]]<-ini_p$IKCR

  st[["ANKCR"]]<-ini_p$IKCR

  st[["ABLCE"]]<-ini_p$IBLCE 

  st[["ANBLCE"]]<-ini_p$IBLCE

  st[["ABLBE"]]<-ini_p$IBLBE

  st[["ANBLBE"]]<-ini_p$IBLBE

  st[["ABLCR"]]<-ini_p$IBLCR

  st[["ANBLCR"]]<-ini_p$IBLCR

  st[["ARBCE"]]<-ini_p$IRBCE

  st[["ANRBCE"]]<-ini_p$IRBCE

return(st)

}



# A function to mimic the "pulse train" determining dose on/off times for events  

pulse<-function(t,p,w){

  #t is the times, p= period, w= width

  rep_len(

    c(rep(1,which(near(w,t))),

      rep(0, if(any(near(p,t))) which(near(p,t))-which(near(w,t)) else 0  )),

    length.out = length(t)

  )

}



# DERIVATIVE FUNCTION ####

adult_rat_Model <- function(t,state,parameters){

  with(

    as.list(c(state,parameters)),{

    #DOSING

    #--------------------------------------------------------------.

    #PARENT COMPOUND####

    #---------------------------------------------------------------.

    #Parent ORAL DOSING####

    #STOMACH

    ## Oral Dose(s) added to ASTOM via events

    RSTOM = -KAS*ASTOM-KSI*ASTOM                      #RATE OF CHANGE PARENT IN STOMACH (UMOL/HR)

    DASTOM = RSTOM                                    #AMOUNT PARENT IN STOMACH (UMOL)

    DODOSE <- 0        #The dose itself does not change, used to track total dose



    #INTESTINE

    RINST = KSI*ASTOM- KAI*AINTM                     #RATE OF PARENT CHANGE IN INTESTINE (UMOL/HR)

    DAINTM=RINST                                     #AMOUNT PARENT IN INTESTINE (UMOL)                     

    

    #PLASMA & RBC

    CPL=APL/VPLAS                                   #CONC PARENT IN PLASMA (umol/L)

    CRBC=ARBC/VRBC                                  #CONC PARENT IN RBC (umol/L)

    

    #PLASMA (FROM OXON, due to ordering, see below) - Assume Rapid equilibration with RBCs via PTORBC

    CPLO=APLO/VPLAS                                #CONC OXON IN PLASMA (umol/L)



    #PLASMA CATALYTIC DETOX 

    if(USEKM_PARP) {

      if(USECOMINH_PARP) {

        RAPD = (VMAXparP*CPL*FuPAR*(FCXB*(ABLCR/ANBLCR)+(1-FCXB)))/(KMparP+CPL*FuPAR)      #RATE OF PARENT CATALYTIC DETOX IN PLASMA

        DAPD = RAPD                                        #AMT OF PARENT CATALYTIC DETOX IN PLASMA

      } else {  

        RAPD = (VMAXparP*CPL*FuPAR)/(KMparP+CPL*FuPAR)             #RATE OF PARENT CATALYTIC DETOX IN PLASMA

        DAPD = RAPD                                      #AMT OF PARENT CATALYTIC DETOX IN PLASMA

      }

    } else {

      if(USECOMINH_PARP) {

        RAPD = CRparPL*(FCXB*(ABLCR/ANBLCR)+(1-FCXB))*CPL*FuPAR           #RATE OF PARENT CATALYTIC DETOX IN PLASMA

        DAPD = RAPD 					                            #AMT OF PARENT CATALYTIC DETOX IN PLASMA

      } else {  

        RAPD = CRparPL*CPL*FuPAR    	    		            #RATE OF PARENT CATALYTIC DETOX IN PLASMA

        DAPD = RAPD 					                            #AMT OF PARENT CATALYTIC DETOX IN PLASMA

      }

    }

    

    #LIVER

    CLM = ALM/VH                                    #CONC PARENT IN LIVER (UMOL/L)

    CVLM = CLM/PparL                                #CONC PARENT IN VENOUS BLOOD LEAVING LIVER (UMOL/L)

    

    #LIVER METABOLISM OF PAR BY CYPS--OXIDATION

    RALM1 = (VMAXparoxon*CVLM*FuPAR)/(KMparoxon+CVLM*FuPAR)     #RATE OF OXON FORMATION (UMOL/HR)

    DALM1 = RALM1                                   #AMT OXON FORMED (UMOL)

    

    #LIVER FROM OXON (partial due to ordering, see below)

    CLO = ALO/VH                                    #CONC OXON IN LIVER (UMOL/L)

    CVLO = CLO/PoxonL                               #CONC OXON IN VENOUS BLOOD LEAVING LIVER (UMOL/L)

    

    #LIVER DETOXICATION OF PARENT

    if(USEKM_PARL) {

      if(USECOMINH_PARL) {

        RALM2 = (VMAXparL*CVLM*FuPAR*(FCXB*(AHCR/ANHCR)+(1-FCXB)))/(KMparL+CVLM*FuPAR)           #RATE OF PARENT LIVER METABOLISM (umol/hr)

        DALM2 = RALM2                                   #AMT OF METABOLITE FORMED (mol)

      } else {        

        RALM2 = (VMAXparL*CVLM*FuPAR)/(KMparL+CVLM*FuPAR)           #RATE OF PARENT LIVER METABOLISM (umol/hr)

        DALM2 = RALM2                                   #AMT OF METABOLITE FORMED (mol)

      }

    } else {

      if(USECOMINH_PARL) {

        RALM2 = CRparL*CVLM*FuPAR*(FCXB*(AHCR/ANHCR)+(1-FCXB))     #RATE OF PARENT LIVER METABOLISM (umol/hr)

        DALM2 = RALM2

      } else {

        RALM2 = CRparL*CVLM*FuPAR                       #RATE OF PARENT LIVER METABOLISM (umol/hr)

        DALM2 = RALM2                                    #AMT OF METABOLITE FORMED (mol)

      }

    }

      

    #RATE OF CHANGE IN LIVER

    RALM=QH*CPL-QH*CVLM+KAI*AINTM+KAS*ASTOM-RALM1-RALM2     #RATE OF PARENT CHANGE IN LIVER (UMOL/HR)

    DALM = RALM                                             #AMOUNT PARENT IN LIVER (UMOL)

    

    #KIDNEY

    CKM = AKM/VK                                    #CONC PARENT IN KIDNEY (UMOL/L)

    CVKM = CKM/PparK                                #CONC PARENT IN VENOUS BLOOD LEAVING KIDNEY (UMOL/L)

    

    #KIDNEY (FROM OXON, due to ordering, see below)

    CKO = AKO/VK                                   #CONC OXON IN KIDNEY (UMOL/L)

    CVKO = CKO/PoxonK                               #CONC OXON IN VENOUS BLOOD LEAVING KIDNEY (UMOL/L)

    

    #KIDNEY- CATALYTIC METABOLISM OF PARENT

    if(USEKM_PARK) {

      if(USECOMINH_PARK) {

        RAKM2 = VMAXparK*CVKM*FuPAR*(FCXB*(AKCR/ANKCR)+(1-FCXB))/(KMparK+CVKM*FuPAR)               #RATE OF METABOLITES FORMED IN KIDNEY (UMOL/HR)

        DAKM2 = RAKM2  

      } else {  

        RAKM2 = VMAXparK*CVKM*FuPAR/(KMparK+CVKM*FuPAR)               #RATE OF METABOLITES FORMED IN KIDNEY (UMOL/HR)

        DAKM2 = RAKM2                                     #AMOUNT OF METABOLITES FORMED IN KIDNEY (UMOL)

      }

    } else {

      if(USECOMINH_PARK) {

        RAKM2 = CRparK*CVKM*FuPAR*(FCXB*(AKCR/ANKCR)+(1-FCXB))       #RATE OF METABOLITES FORMED IN KIDNEY (UMOL/HR)

        DAKM2 = RAKM2                                     #AMOUNT OF METABOLITES FORMED IN KIDNEY (UMOL)

      } else {   

        RAKM2 = CRparK*CVKM*FuPAR                                #RATE OF METABOLITES FORMED IN KIDNEY (UMOL/HR)

        DAKM2 = RAKM2                                       #AMOUNT OF METABOLITES FORMED IN KIDNEY (UMOL)

      }  

    }

    

    #KIDNEY RATE OF CHANGE

    RAKM = QK*CPL-QK*CVKM -RAKM2                   #RATE OF PARENT CHANGE IN KIDNEY (UMOL/HR)

    DAKM = RAKM                                    #AMT IN PARENT KIDNEY (UMOL)

   

    #FAT

    CFM = AFM/VF                                   #CONC PARENT IN FAT (UMOL/L)

    CVFM = CFM/PparF                               #CONC PARENT IN VENOUS BLOOD LEAVING FAT (UMOL/L)

    RAFM = QF*CPL-QF*CVFM                          #RATE OF PARENT CHANGE IN FAT (UMOL/HR)

    DAFM = RAFM                                    #AMT PARENT IN FAT (UMOL)



    #SLOWLY PERFUSED

    CSM = ASpar/VS                                 #CONC PARENT IN SLOWLY PERFUSED (UMOL/L)

    CVSM = CSM/PparS                               #CONC PARENT IN VENOUS BLOOD LEAVING SLOWLY PERFUSED (UMOL/L)

    RASM = QS*CPL-QS*CVSM                          #RATE OF PARENT CHANGE IN SLOWLY PERFUSED (UMOL/HR)

    DASpar = RASM                                  #AMT PARENT IN SLOWLY PERFUSED (UMOL)



    #BRAIN

    CBRM = ABRM/VBR                                #CONC OXON IN BRAIN (UMOL/L)

    CVBRM = CBRM/PparBR                            #CONC OXON IN VENOUS BLOOD LEAVING BRAIN (UMOL/L)

    

    #BRAIN (FROM OXON, due to ordering, see below)

    CBRO = ABRO/VBR                                #CONC OXON IN BRAIN (UMOL/L)

    CVBRO = CBRO/PoxonBR                           #CONC OXON IN VENOUS BLOOD LEAVING BRAIN (UMOL/L)



    #BRAIN - PARENT CATALYTIC METABOLISM

    if(USEKM_PARB) {

      if(USECOMINH_PARB) {

        RAPB = (VMAXparBR*CVBRM*FuPAR*(FCXB*(ABCR/ANBCR)+(1-FCXB)))/(KMparBR+CVBRM*FuPAR)  	   #RATE OF CHANGE PARENT CATALYTIC DETOX IN BRAIN

        DAPB=RAPB 					                           #AMT OF PARENT CATALYTIC DETOX IN BRAIN

      } else {  

        RAPB = (VMAXparBR*CVBRM*FuPAR)/(KMparBR+CVBRM*FuPAR)  	   #RATE OF CHANGE PARENT CATALYTIC DETOX IN BRAIN

        DAPB=RAPB 					                           #AMT OF PARENT CATALYTIC DETOX IN BRAIN

      }

    } else {

      if(USECOMINH_PARB) {

        RAPB = CRparBR*CVBRM*FuPAR*(FCXB*(ABCR/ANBCR)+(1-FCXB))   #RATE OF CHANGE PARENT CATALYTIC DETOX IN BRAIN

        DAPB = RAPB                                   #AMT OF PARENT CATALYTIC DETOX IN BRAIN

      } else {  

        RAPB = CRparBR*CVBRM*FuPAR                          #RATE OF CHANGE PARENT CATALYTIC DETOX IN BRAIN

        DAPB = RAPB                                   #AMT OF PARENT CATALYTIC DETOX IN BRAIN

      }

    }

    

    RABRM = QBR*CPL-QBR*CVBRM-RAPB                 #RATE OF PARENT CHANGE IN BRAIN (UMOL/HR)

    DABRM = RABRM                                  #AMT PARENT IN BRAIN (UMOL)



    #RAPIDLY PERFUSED TISSUES

    CRM = ARM/VR                                   #CONC PARENT  IN RAPIDLY PERFUSED (UMOL/L)

    CVRM = CRM/PparR                               #CONC PARENT IN VENOUS BLOOD LEAVING RAPIDLY PERFUSED (UMOL/L)

    RARM = QR*CPL-QR*CVRM                          #RATE OF PARENT CHANGE IN RAPIDLY PERFUSED (UMOL/HR)

    DARM = RARM                                    #AMT PARENT IN RAPIDLY PERFUSED (UMOL)



    #VENOUS PLASMA

    CV=(QH*CVLM+QF*CVFM+QK*CVKM+QS*CVSM+QBR*CVBRM+QR*CVRM)/QC   #CONC PARENT FREE IN VENOUS PLASMA (UMOL/L)

  

    ## DERMAL EXPOSURE####    

    RASURF=-DERMPERCNT*ASURF*DZONE                          #RATE OF PARENT CHANGE AT SKIN SURFACE (UMOL/HR)

    DASURF=RASURF                                           #AMT PARENT AT SKIN SURFACE (UMOL)

    DDDOSE<-RASURF                                          #Cumulative amount at surface

    DTDDOSE<-0                                              #Tracks cumulative total dermal dose

    RADL=DERMPERCNT*ASURF*DZONE                             #RATE OF PARENT UPTAKE INTO SKIN TISSUE FROM SKIN SURFACE (UMOL/HR)

    DADL=RADL                                               #AMT PARENT UPTAKE (UMOL)

    

    #INHALATION EXPOSURES

    RINH <- IZONE*QALV*ABS_INH*CI                     #RATE OF INHALATION UMOLE/HR

    DINH <- RINH                              #RATE OF INHALATION, UMOLE/HR

    DCI <- 0                                  #CI is constant

    

    # Tisues####

    #PLASMA

    RAPL=QC*(CV-CPL)-PTORBC*(CPL-CRBC/PparRBC)-RAPD+RADL+RINH

    DAPL=RAPL                           		      #AMT PARENT IN PLASMA (UMOL)

    

    #RBC

    RRBC=PTORBC*(CPL-CRBC/PparRBC)			   #RATE OF PARENT CHANGE IN RBC (umol/hr)

    DRBC=RRBC                                      #AMT PARENT IN RBC (umol/hr)

    

    #WHOLE BLOOD 

    ABL = APL+ARBC                                 #AMT PARENT IN MIXED BLOOD(umol)

    CBL=ABL/VBL                                    #CONC PARENT IN MIXED BLOOD (UMOL/L)



    #-------------------------------------------------------------------------------.

    #OXON###

    ##SOME OXON EQUATIONS ARE ABOVE FOR ORDERING

    #-------------------------------------------------------------------------------.

    # OXON ORAL DOSING####

    #STOMACH

    ## Dose(s) added to ASTOMO via events

    RASTOMO = -KSIO*ASTOMO-KASO*ASTOMO             #RATE OF CHANGE OXON IN STOMACH (UMOL/HR)

    DASTOMO = RASTOMO

    DODOSEO <- 0

    

    #INTESTINE

    RAINTO = -KAIO*AINTO+KSIO*ASTOMO                 #RATE OF CHANGE OXON IN INTESTINE (UMOL/HR)

    DAINTO = RAINTO                                  #AMT OXON IN INTESTINE (UMOL)

    

    #LIVER

    RHPCE=AHCE*KIHCE*CLO*FuOXON	                     #RATE OF NON-CATALYTIC OXON CONSUMPTION BY LIVER ACHE(UMOL/HR)

    DAHPCE=RHPCE                                     #AMT OF NON-CATALYTIC OXON CONSUMED BY LIVER ACHE (UMOL)

    

    RHPBE=AHBE*KIHBE*CLO*FuOXON			                 #RATE OF NON-CATALYTIC OXON CONSUMPTION BY LIVER BCHE (UMOL/HR)

    DAHPBE=RHPBE                                     #AMT OF NON-CATALYTIC OXON CONSUMED BY LIVER BCHE (UMOL)

    

    RHPCR=AHCR*KIHCR*CLO*FuOXON			                 #RATE OF NON-CATALYTIC OXON CONSUMPTION BY LIVER CAE (UMOL/HR)

    DAHPCR=RHPCR                                     #AMT OF NON-CATALYTIC OXON CONSUMED BY LIVER CAE (UMOL)



    #OXON DETOXICATION IN LIVER

    

    if (USEKM_OXONL) {

      RALOD = (VMAXoxonL*CVLO*FuOXON)/(KMoxonL+CVLO*FuOXON)            #RATE OXON CATALYTIC DETOX IN LIVER

      DAALOD = RALOD                                     #AMT OF OXON CATALYTIC DETOX IN LIVER

    } else {

      RALOD = CRoxonL*CVLO*FuOXON                               #RATE OXON CATALYTIC DETOX IN LIVER

      DAALOD = RALOD                                     #AMT OF OXON CATALYTIC DETOX IN LIVER

    }					    

    

    RALO = QH*(CPLO-CVLO)+RALM1-(RHPCE+RHPBE+RHPCR)+KAIO*AINTO+KASO*ASTOMO-RALOD  #RATE OF OXON CHANGE IN LIVER (UMOL/HR)

    DALO = RALO                                      #AMT OXON IN LIVER (UMOL)

    

    #ACHE ACTIVITY--LIVER

    RHCE=KSHCE-AHCE*(KDHCE+KIHCE*CLO*FuOXON)+HOCE*KRHCE	    #RATE OF ACHE ACTIVITY (UMOL/HR)

    DAHCE=RHCE                                            #LIVER ACHE ACTIVITY (UMOL)

    RNHCE=KSHCE-ANHCE*KDHCE				          #RATE OF BASELINE ACHE ACTIVITY (UMOL/HR)

    DANHCE=RNHCE            			                #AMT OF BASELINE ACHE (UMOL)

    RHOCE=AHCE*KIHCE*CLO*FuOXON-HOCE*(KAHCE+KRHCE)		    #RATE OF ACHE INHIBITION (UMOL/HR)

    DHOCE=RHOCE               	                      #AMT OF LIVER ACHE INHIBITED (UMOL)



    #BUCHE ACTIVITY--LIVER

    RHBE=KSHBE-AHBE*(KDHBE+KIHBE*CLO*FuOXON)+HOBE*KRHBE	    #RATE OF BUCHE ACTIVITY (UMOL/HR)

    DAHBE=RHBE            			                #LIVER BUCHE ACTIVITY (UMOL)

    RNHBE=KSHBE-ANHBE*KDHBE				          #RATE OF BASELINE BUCHE ACT (UMOL/HR)

    DANHBE=RNHBE          				          #AMT OF BASELINE BUCHE (UMOL)

    RHOBE=AHBE*KIHBE*CLO*FuOXON-HOBE*(KAHBE+KRHBE)		    #RATE OF BUCHE INHIBITION (UMOL/HR)

    DHOBE=RHOBE           			                #AMT OF LIVER BUCHE INHIBITED (UMOL)



    #CAE ACTIVITY--LIVER

    RHCR=KSHCR-AHCR*(KDHCR+KIHCR*CLO*FuOXON)+HOCR*KRHCR	    #RATE OF CAE ACTIVITY (UMOL/HR)

    DAHCR=RHCR                                            #LIVER CAE ACTIVITY (UMOL)

    RNHCR=KSHCR-ANHCR*KDHCR				          #RATE OF BASELINE CAE ACT (UMOL/HR)

    DANHCR=RNHCR            			                #AMT OF BASELINE CAE (UMOL)

    RHOCR=AHCR*KIHCR*CLO*FuOXON-HOCR*(KAHCR+KRHCR)		    #RATE OF CAE INHIBITION (UMOL/HR)

    DHOCR=RHOCR           			                #AMT OF LIVER CAE INHIBITED (UMOL)



    #TOTAL AMOUNT DETOXIFIED--NON-CATALYTIC IN LIVER

    AHTOTNC=AHPCE+AHPBE+AHPCR                          #UMOL OXON DETOXIFIED IN LIVER

    

    #LIVER B-ESTERASE (ACHE, BUCHE, AND CAE) ACTIVITY

    HBE=AHCE+AHBE+AHCR			                       #TOTAL B-ESTERASE=ACHE+BUCHE+CAE (UMOL)

    IHE=100*(HBE/(ANHCE+ANHBE+ANHCR))	                 #% TOTAL B-ESTERASE ACTIVITY

    HCE=100*(AHCE/ANHCE)			                 #% ACHE ACTIVITY

    HBES=100*(AHBE/ANHBE)			                 #% BUCHE ACTIVITY

    HCR=100*(AHCR/ANHCR)			                 #% CAE ACTIVITY

    

    #FAT

    CFO = AFO/VF                                       #CONC OXON IN FAT (UMOL/L)

    CVFO = CFO/PoxonF                                  #CONC OXON IN VENOUS BLOOD LEAVING FAT (UMOL/L)

    RAFO = QF*CPLO-QF*CVFO                             #RATE OF OXON CHANGE IN FAT (UMOL/HR)

    DAFO = RAFO                                        #AMT OXON IN FAT (UMOL)

    

    #SLOWLY PERFUSED

    CSO = ASO/VS                                       #CONC OXON IN SLOWLY PERFUSED (UMOL/L)

    CVSO = CSO/PoxonS                                  #CONC OXON IN VENOUS BLOOD LEAVING SLOWLY PERFUSED (UMOL/L)

    RASO = QS*CPLO-QS*CVSO                             #RATE OF OXON CHANGE IN SLOWLY PERFUSED (UMOL/HR)

    DASO = RASO                                        #AMT OXON IN SLOWLY PERFUSED (UMOL)



    #RAPIDLY PERFUSED TISSUES

    CRO = ARO/VR                                      #CONC OXON IN RAPIDLY PERFUSED (UMOL/L)

    CVRO = CRO/PoxonR                                 #CONC OXON IN VENOUS BLOOD LEAVING RAPIDLY PERFUSED (UMOL/L)

    RARO = QR*CPLO-QR*CVRO                            #RATE OF OXON CHANGE IN RAPIDLY PERFUSED (UMOL/HR)

    DARO = RARO                                       #AMT OXON IN RAPIDLY PERFUSED (UMOL)

    

    #BRAIN

    CBRO = ABRO/VBR                                   #CONC OXON IN BRAIN (UMOL/L)

    CVBRO = CBRO/PoxonBR                              #CONC OXON IN VENOUS BLOOD LEAVING BRAIN (UMOL/L)

  

    RBPCE=ABCE*KIBCE*CBRO*FuOXON                      #RATE OF NON-CATALYTIC OXON CONSUMPTION BY ACHE IN BRAIN (UMOL/HR)

    DABPCE=RBPCE                                      #AMT OF NON-CATALYTIC OXON CONSUMED BY ACHE IN BRAIN (UMOL)

    

    RBPBE=ABBE*KIBBE*CBRO*FuOXON 	                    #RATE OF NON-CATALYTIC  OXON CONSUMPTION BY BCHE IN BRAIN(UMOL/HR)

    DABPBE=RBPBE                                      #AMT OF NON-CATALYTIC OXON CONSUMED BY BCHE IN BRAIN (UMOL)

    

    RBPCR=ABCR*KIBCR*CBRO*FuOXON                      #RATE OF NON-CATALYTIC OXON CONSUMPTION BY CAE (UMOL/HR)

    DABPCR=RBPCR                                      #AMT OF NON-CATALYTIC OXON CONSUMED BY CAE (UMOL)



    #BRAIN - CATALYTIC DETOX OF OXON

    if (USEKM_OXONB) {

      RAPOB = (VMAXoxonBR*CVBRO*FuOXON)/(KMoxonBR+CVBRO*FuOXON)  	    #RATE OF CHANGE OXON CATALYTIC DETOX IN BRAIN

      DAPOB=RAPOB 					                            #AMT OF OXON CATALYTIC DETOX IN BRAIN

    } else {

      RAPOB = CRoxonBR*CVBRO*FuOXON                      	    #RATE OF CHANGE OXON CATALYTIC DETOX IN BRAIN

      DAPOB=RAPOB 					                            #AMT OF OXON CATALYTIC DETOX IN BRAIN

    }

      

    RABRO = QBR*(CPLO-CVBRO)-(RBPCE+RBPBE+RBPCR)-RAPOB    #RATE OF OXON CHANGE IN BRAIN (UMOL/HR)

    DABRO = RABRO                                         #AMT OXON IN BRAIN (UMOL)

    

    #ACHE ACTIVITY--BRAIN

    RBCE=KSBCE-ABCE*(KDBCE+KIBCE*CBRO*FuOXON)+BOCE*KRBCE	#RATE OF ACHE ACTIVITY (UMOL/HR)

    DABCE=RBCE            			                  #BRAIN ACHE ACTIVITY (UMOL)

    RNBCE=KSBCE-ANBCE*KDBCE				                #RATE OF BASELINE ACHE ACT (UMOL/HR)

    DANBCE=RNBCE          				                #AMT OF BASELINE ACHE (UMOL)

    RBOCE=ABCE*KIBCE*CBRO*FuOXON-BOCE*(KABCE+KRBCE)	    #RATE OF ACHE INHIBITION (UMOL/HR)

    DBOCE=RBOCE	        			                    #AMOUNT OF BRAIN ACHE INHIBITED (UMOL)



    #BUCHE ACTIVITY--BRAIN

    RBBE=KSBBE-ABBE*(KDBBE+KIBBE*CBRO*FuOXON)+BOBE*KRBBE	#RATE OF BUCHE ACTIVITY (UMOL/HR)

    DABBE=RBBE 			                              #BRAIN BUCHE ACTIVITY (UMOL)

    RNBBE=KSBBE-ANBBE*KDBBE				                #RATE OF BASELINE BUCHE ACT (UMOL/HR)

    DANBBE=RNBBE        		                      #AMT OF BASELINE BUCHE (UMOL)

    RBOBE=ABBE*KIBBE*CBRO*FuOXON-BOBE*(KABBE+KRBBE)	    #RATE OF BUCHE INHIBITION (UMOL/HR)

    DBOBE=RBOBE           		                    #AMOUNT OF BRAIN BUCHE INHIBITED (UMOL)



    #CAE ACTIVITY--BRAIN

    RBCR=KSBCR-ABCR*(KDBCR+KIBCR*CBRO*FuOXON)+BOCR*KRBCR	#RATE OF CAE ACTIVITY (UMOL/HR)

    DABCR=RBCR                                    #BRAIN CAE ACTIVITY (UMOL)

    RNBCR=KSBCR-ANBCR*KDBCR				                #RATE OF BASELINE CAE ACT (UMOL/HR)

    DANBCR=RNBCR            		                  #AMT OF BASELINE CAE (UMOL)

    RBOCR=ABCR*KIBCR*CBRO*FuOXON-BOCR*(KABCR+KRBCR)	   	#RATE OF CAE INHIBITION (UMOL/HR)

    DBOCR=RBOCR        			                      #AMOUNT OF BRAIN CAE INHIBITED (UMOL)



    #BRAIN B-ESTERASE (ACHE, BUCHE, AND CAE) ACTIVITY

    BBE=ABCE+ABBE+ABCR			                  #TOTAL B-ESTERASE=ACHE+BUCHE+CAE (UMOL)

    IBE=100*(BBE/(ANBCE+ANBBE+ANBCR))	            #TOTAL B-ESTERASE ACTIVITY

    BCE=100*(ABCE/ANBCE)			            #% ACHE ACTIVITY

    BBES=100*(ABBE/ANBBE)			            #% BUCHE ACTIVITY

    BCR=100*(ABCR/ANBCR)			            #% CAE ACTIVITY

    

    #KIDNEY

    RKPCE=AKCE*KIKCE*CKO*FuOXON				      #RATE OF NON-CATALYTIC OXON CONSUMPTION VIA ACHE (UMOL/HR)

    DAKPCE=RKPCE                                      #AMT OF NON-CATALYTIC OXON CONSUMED VIA ACHE(UMOL)

    

    RKPBE=AKBE*KIKBE*CKO*FuOXON 				      #RATE OF NON-CATALYTIC OXON CONSUMPTION VIA BCEE (UMOL/HR)

    DAKPBE=RKPBE                                      #AMT OF NON-CATALYTIC  OXON CONSUMED VIA BCHE(UMOL)

    

    RKPCR=AKCR*KIKCR*CKO*FuOXON				      #RATE OF NON-CATALYTIC OXON CONSUMPTION VIA CAE (UMOL/HR)

    DAKPCR=RKPCR                                      #AMT OF NON-CATALYTIC OXON CONSUMED VIA CAE (UMOL)

    

    #CATALYTIC OXON DETOX IN THE KIDNEY

    if (USEKM_OXONK) {

      RAKOD = (VMAXoxonK*CVKO*FuOXON)/(KMoxonK+CVKO*FuOXON)	         #RATE OF OXON CATALYTIC DETOX IN KIDNEY (UMOL/HR)

      DAAKOD = RAKOD 						                       #AMT OF OXON CATALYTIC DETOX IN KIDNEY (UMOL)

    } else {

      RAKOD = CRoxonK*CVKO*FuOXON                  	         #RATE OF OXON CATALYTIC DETOX IN KIDNEY (UMOL/HR)

      DAAKOD = RAKOD 						                       #AMT OF OXON CATALYTIC DETOX IN KIDNEY (UMOL)

    }  

    

    #EXCRETION FROM THE KIDNEY

    REXCO = KEO*AKO

    DEXCO = REXCO

    

    #RATE OF CHANGE IN KIDNEY

    RAKO = QK*CPLO-QK*CVKO-(RKPCE+RKPBE+RKPCR)-RAKOD-REXCO #RATE OF OXON CHANGE IN KIDNEY (UMOL/HR)

    DAKO = RAKO                                       #AMT OXON IN KIDNEY (UMOL)



    # ACHE ACTIVITY--KIDNEY

    RKCE=KSKCE-AKCE*(KDKCE+KIKCE*CKO*FuOXON)+KOCE*KRKCE	#RATE OF ACHE ACTIVITY (UMOL/HR)

    DAKCE=RKCE   				                  #KIDNEY ACHE ACTIVITY (UMOL)

    RNKCE=KSKCE-ANKCE*KDKCE				      #RATE OF BASELINE ACHE ACT (UMOL/HR)

    DANKCE=RNKCE                                      #AMT OF BASELINE ACHE (UMOL)

    RKOCE=AKCE*KIKCE*CKO*FuOXON-KOCE*(KAKCE+KRKCE)		#RATE OF ACHE INHIBITION (UMOL/HR)

    DKOCE=RKOCE  				                  #AMOUNT OF KIDNEY ACHE INHIBITED (UMOL)



    # BUCHE ACTIVITY--KIDNEY

    RKBE=KSKBE-AKBE*(KDKBE+KIKBE*CKO*FuOXON)+KOBE*KRKBE	#RATE OF BUCHE ACTIVITY (UMOL/HR)

    DAKBE=RKBE                            		#KIDNEY BUCHE ACTIVITY (UMOL)

    RNKBE=KSKBE-ANKBE*KDKBE 			            #RATE OF BASELINE BUCHE ACT (UMOL/HR)

    DANKBE=RNKBE  				            #AMT OF BASELINE BUCHE (UMOL)

    RKOBE=AKBE*KIKBE*CKO*FuOXON-KOBE*(KAKBE+KRKBE)	      #RATE OF BUCHE INHIBITION (UMOL/HR)

    DKOBE=RKOBE 				                  #AMOUNT OF KIDNEY BUCHE INHIBITED (UMOL)



    # CAE ACTIVITY--KIDNEY

    RKCR=KSKCR-AKCR*(KDKCR+KIKCR*CKO*FuOXON)+KOCR*KRKCR	#RATE OF CAE ACTIVITY (UMOL/HR)

    DAKCR=RKCR                                        #KIDNEY CAE ACTIVITY (UMOL)

    RNKCR=KSKCR-ANKCR*KDKCR	                        #RATE OF BASELINE CAE ACT (UMOL/HR)

    DANKCR=RNKCR  				                        #AMT OF BASELINE CAE (UMOL)

    RKOCR=AKCR*KIKCR*CKO*FuOXON-KOCR*(KAKCR+KRKCR)           #RATE OF CAE INHIBITION (UMOL/HR)

    DKOCR=RKOCR 		 	                        #AMOUNT OF KIDNEY CAE INHIBITED (UMOL)

    

    #KIDNEY B-ESTERASE (ACHE, BUCHE, AND CAE) ACTIVITY

    KBE=AKCE+AKBE+AKCR			                  #TOTAL B-ESTERASE=ACHE+BUCHE+CAE (UMOL)

    IKE=100*(KBE/(ANKCE+ANKBE+ANKCR))	            #% TOTAL B-ESTERASE ACTIVITY

    KCE=100*(AKCE/ANKCE)			            #% ACHE ACTIVITY

    KBES=100*(AKBE/ANKBE)			            #% BUCHE ACTIVITY

    KCR=100*(AKCR/ANKCR)		                  #% CAE ACTIVITY

    

    #PLASMA

    CVO=(QH*CVLO+QF*CVFO+QS*CVSO+QR*CVRO+QBR*CVBRO+QK*CVKO)/QC   #CONC OXON IN VENOUS PLASMA (UMOL/L)

    

    #RBC

    CRBCO = ARBCO/VRBC                              #CONC OXON IN RBC (UMOL/L)



    RBLPBE=ABLBE*KIBLBE*CPLO*FuOXON  			                #RATE OF NON-CATALYTIC OXON CONSUMPTION VIA BCHE PLASMA (UMOL/HR)

    DABLPBE=RBLPBE                                  #AMT OF NON-CATALYTIC OXON CONSUMED VIA BCHE PLASMA (UMOL)

    

    RBLPCR=ABLCR*KIBLCR*CPLO*FuOXON                        #RATE OF NON-CATALYTIC OXON CONSUMPTION VIA PLASMA CAE (UMOL/HR)

    DABLPCR=RBLPCR                                  #AMT OF NON-CATALYTIC OXON CONSUMED VIA PLASMA CAE (UMOL)

    

    RBLPCE=ABLCE*KIBLCE*CPLO*FuOXON                        #RATE OF NON-CATALYTIC OXON CONSUMPTION VIA ACHE PLASMA (UMOL/HR)

    DABLPCE=RBLPCE                                  #AMT OF NON-CATALYTIC OXON CONSUMED VIA ACHE PLASMA (UMOL)

    

    RRBPCE=ARBCE*KIRBCE*CRBCO*FuOXON                       #RATE OF NON-CATALYTIC OXON CONSUMPTION VIA ACHE RBCs (UMOL/HR)

    DARBPCE=RRBPCE                                  #AMT OF NON-CATALYTIC OXON CONSUMED VIA ACHE RBCs(UMOL)

   

    #OXON DETOXICATION IN PLASMA

    if(USEKM_OXONP) {

      RAPOD=(VMAXoxonP*CPLO*FuOXON)/(KMoxonP+CPLO*FuOXON) #RATE OF CHANGE CATALYTIC OXON DETOX IN PLASMA

      DAPOD=RAPOD                           #AMT OF OXON CATALYTIC DETOX IN PLASMA

    } else {

      RAPOD = CRoxonPL*CPLO*FuOXON  	    		       #RATE OF CHANGE CATALYTIC OXON DETOX IN PLASMA

      DAPOD=RAPOD 					                 #AMT OF OXON CATALYTIC DETOX IN PLASMA

    }

    

    ## INHALATION EXPOSURE ##

    ## Inhalation exposure to oxon (11 May 2022; DRH)

    RINHO <- IZONE*QALV*ABS_INH*CIO   # rate of oxon inhalation (umol/h) 

    DINHO <- RINHO                    # rate of oxon inhalation (umol/h)

    DCIO  <- 0                        # inhaled concentration is constant 

    

    ## DERMAL OXON EXPOSURE####

    ## Dermal exposure to oxon (11 May 2022; DRH)

    RASURFO=-DERMPERCNT*ASURFO*DZONE                          #RATE OF PARENT CHANGE AT SKIN SURFACE (UMOL/HR)

    DASURFO=RASURFO                                           #AMT PARENT AT SKIN SURFACE (UMOL)

    DDDOSEO<-RASURFO                                          #Cumulative amount at surface

    DTDDOSEO<-0                                              #Tracks cumulative total dermal dose

    RADLO=DERMPERCNT*ASURFO*DZONE                             #RATE OF PARENT UPTAKE INTO SKIN TISSUE FROM SKIN SURFACE (UMOL/HR)

    DADLO=RADLO                                               #AMT PARENT UPTAKE (UMOL)

    

    #PLASMA - assume rapid equilibration with RBC via PTORBC

    #RATE OF CHANGE IN PLASMA

    RAPLO=QC*(CVO-CPLO)-PTORBC*(CPLO-CRBCO/PoxonRBC)-(RBLPBE+RBLPCR+RBLPCE)-RAPOD+RADLO+RINHO	  #RATE OF OXON CHANGE IN PLASMA (umol/hr)

    DAPLO=RAPLO                                     		                    #AMT OXON IN PLASMA (umol)



    #RBCs

    RRBCO=PTORBC*(CPLO-CRBCO/PoxonRBC)-RRBPCE			 #RATE OF OXON CHANGE IN RBC (umol/hr)

    DRBCO=RRBCO                                              #AMT OXON IN RBC (umol/hr)



    #WHOLE BLOOD

    ABLO=ARBCO+APLO							 #MASS OXON IN WHOLE BLOOD (UMOL)

    CBLO=ABLO/VBL								 #CONC OXON IN WHOLE BLOOD (UMOL/L)



    # ACHE ACTIVITY--PLASMA

    RBLCE=KSBLCE-ABLCE*(KDBLCE+KIBLCE*CPLO*FuOXON)+BLOCE*KRBLCE	#RATE OF ACHE ACTIVITY (UMOL/HR)

    DABLCE=RBLCE                  				                #PLASMA ACHE ACTIVITY (UMOL)

    RNBLCE=KSBLCE-ANBLCE*KDBLCE				                    #RATE OF BASELINE ACHE ACT (UMOL/HR)

    DANBLCE=RNBLCE              			                    #AMT OF BASELINE ACHE (UMOL)

    RBLOCE=ABLCE*KIBLCE*CPLO*FuOXON-BLOCE*(KABLCE+KRBLCE)	    	#RATE OF ACHE INHIBITION (UMOL/HR)

    DBLOCE=RBLOCE           					                    #AMOUNT OF PLASMA ACHE INHIBITED (UMOL)



    # BUCHE ACTIVITY--PLASMA

    RBLBE=KSBLBE-ABLBE*(KDBLBE+KIBLBE*CPLO*FuOXON)+BLOBE*KRBLBE	#RATE OF BUCHE ACTIVITY (UMOL/HR)

    DABLBE=RBLBE            				                      #PLASMA BUCHE ACTIVITY (UMOL)

    RNBLBE=KSBLBE-ANBLBE*KDBLBE				                    #RATE OF BASELINE BUCHE ACT (UMOL/HR)

    DANBLBE=RNBLBE            				                    #AMT OF BASELINE BUCHE (UMOL)

    RBLOBE=ABLBE*KIBLBE*CPLO*FuOXON-BLOBE*(KABLBE+KRBLBE)	    	#RATE OF BUCHE INHIBITION (UMOL/HR)

    DBLOBE=RBLOBE         					                     #AMOUNT OF PLASMA BUCHE INHIBITED (UMOL)



    # CAE ACTIVITY--PLASMA

    RBLCR=KSBLCR-ABLCR*(KDBLCR+KIBLCR*CPLO*FuOXON)+BLOCR*KRBLCR	#RATE OF CAE ACTIVITY (UMOL/HR)

    DABLCR=RBLCR                		                      #PLASMA CAE ACTIVITY (UMOL)

    RNBLCR=KSBLCR-ANBLCR*KDBLCR				                    #RATE OF BASELINE CAE ACT (UMOL/HR)

    DANBLCR=RNBLCR            				                    #AMT OF BASELINE CAE (UMOL)

    RBLOCR=ABLCR*KIBLCR*CPLO*FuOXON-BLOCR*(KABLCR+KRBLCR)		    #RATE OF CAE INHIBITION (UMOL/HR)

    DBLOCR=RBLOCR                                         #AMOUNT OF PLASMA CAE INHIBITED (UMOL)



    #PLASMA B-ESTERASE (ACHE, BUCHE, AND CAE) ACTIVITY

    BLBE=ABLCE+ABLBE+ABLCR				            #TOTAL B-ESTERASE=ACHE+BUCHE+CAE (UMOL)

    IBLE=100*(BLBE/(ANBLCE+ANBLBE+ANBLCR))		#% TOTAL B-ESTERASE ACTIVITY IN PLASMA

    BLCE=100*(ABLCE/ANBLCE)				            #% ACHE ACTIVITY IN PLASMA

    BLBES=100*(ABLBE/ANBLBE)			            #% BUCHE ACTIVITY IN PLASMA

    BLCR=100*(ABLCR/ANBLCR)				            #% CAE ACTIVITY IN PLASMA

    

    # ACHE ACTIVITY--RBCS

    RRBCCE=KSRBCE-ARBCE*(KDRBCE+KIRBCE*CRBCO*FuOXON)+RBCOCE*KRRBCE	#RATE OF ACHE ACTIVITY (UMOL/HR)

    DARBCE=RRBCCE             		  	                      #RBC ACHE ACTIVITY (UMOL)

    RNRBCCE=KSRBCE-ANRBCE*KDRBCE				                    #RATE OF BASELINE ACHE ACT (UMOL/HR)

    DANRBCE=RNRBCCE            				                      #AMT OF BASELINE ACHE (UMOL)

    RRBOCE=ARBCE*KIRBCE*CRBCO*FuOXON-RBCOCE*(KARBCE+KRRBCE)	 	    #RATE OF ACHE INHIBITION (UMOL/HR)

    DRBCOCE=RRBOCE        				                          #AMOUNT OF RBC ACHE INHIBITED (UMOL)

    

    #RBC B-ESTERASE (ACHE ONLY)ACTIVITY

    RBCCE=100*(ARBCE/ANRBCE)			                  #% ACHE ACTIVITY IN RBCS

    

    

    #----------------------------------------------------------------------------------.

    #MASS BALANCE####

    TMASSpar=ASTOM+AINTM+ALM+AKM+AFM+ASpar+ABRM+ARM+APL+ARBC    #UMOL

    TMASSoxon=ASTOMO+AINTO+ALO+AFO+ASO+AKO+ARO+ABRO+APLO+ARBCO   #UMOL

    TMASSMETAB=ALM2+AKM2+APD+APB                                #CATALYTIC PARENT DETOX (UMOL)

    TMASSODT=AALOD+APOD+APOB+AAKOD                              #CATALYTIC OXON DETOX (UMOL)

    TMASSOXONNC=AHPCE+AHPBE+AHPCR+ABPCE+ABPBE+ABPCR+AKPCE+AKPBE+AKPCR+ABLPCE+ABLPBE+ABLPCR+ARBPCE #NON-CATALYTIC OXON DETOX (UMOL)  

    TMASSEXC=AEXCO                                                #OXON EXCRETION

    TMASSTOTAL=TMASSpar+TMASSoxon+TMASSODT+TMASSOXONNC+TMASSMETAB+TMASSEXC #UMOL 

    

    TDOSE=ODOSE+ODOSEO+AINH+ASURF         #TOTAL DOSE (UMOL)

    MASSBAL=TMASSTOTAL/(TDOSE+1E-99)       #SHOULD EQUAL 1 (OR REALLY CLOSE TO IT)

    

    

    #FROM THE ODE HELP:"THE RETURN VALUE OF FUNC SHOULD BE A LIST, WHOSE FIRST

    #ELEMENT IS A VECTOR CONTAINING THE DERIVATIVES OF Y WITH RESPECT TO TIME,

    #AND WHOSE NEXT ELEMENTS ARE GLOBAL VALUES THAT ARE REQUIRED AT EACH POINT

    #IN TIMES. THE DERIVATIVES MUST BE SPECIFIED IN THE SAME ORDER AS THE STATE

    #VARIABLES Y." 

    list(#DERVATIVES

          c(DODOSE,DODOSEO,

            DASTOM, DAINTM, DALM, DALM1, DALM2, DAKM,  DAFM, DASpar,  

            DABRM,  DARM, DAPL,  DASTOMO, DAINTO, DALO, DAALOD, 

            DAHCE, DANHCE, DHOCE, DAHPCE, DAHBE, DANHBE, DHOBE, DAHPBE, DAHCR,

            DANHCR, DHOCR, DAHPCR, DAFO, DASO, DARO, DABRO,  DABCE,  

            DANBCE, DBOCE, DABPCE, DABBE, DANBBE, DBOBE, DABPBE, DABCR, DANBCR,

            DBOCR, DABPCR, DAKO,  DAKCE, DANKCE, DKOCE, DAKPCE, DAKBE, 

            DANKBE, DKOBE, DAKPBE, DAKCR, DANKCR, DKOCR, DAKPCR,  

            DABLCE, DANBLCE, DBLOCE, DABLPCE, DABLBE, DANBLBE, DBLOBE, DABLPBE,

            DABLCR, DANBLCR, DBLOCR, DABLPCR, DARBCE, DANRBCE, DRBCOCE, DARBPCE,

            DAPLO, DAPOD, DAPD, DRBCO, DAPB, DAPOB, DRBC, DAKM2,DAAKOD,DEXCO,

            DCI, DINH,

            DCIO,DINHO,

            DASURF,DADL,DDDOSE,DTDDOSE,

            DASURFO,DADLO,DDDOSEO,DTDDOSEO),

          #'GLOBAL VALUES TO BE RETURNED.

          BCE=BCE,

          RBCCE=RBCCE,

          BLBES=BLBES,

          HCR=HCR,

          ABL=ABL,

          ABLO=ABLO,

          CPL=CPL,

          CPLO=CPLO,

          CLM=CLM,

          CLO=CLO,

          CKM=CKM,

          CKO=CKO,

          CBRM=CBRM,

          CBRO=CBRO,

          CFM=CFM,

          CFO=CFO,

          CSM=CSM,

          CSO=CSO,

          CRM=CRM,

          CRO=CRO,

          CRBC=CRBC,

          CRBCO=CRBCO,

          CBL=CBL,

          CBLO=CBLO,

          CV=CV,

          CVO=CVO,

          QCf=QCf,

          QSC=QSC,

          QC=QC,

          QFC=QFC,

          QHC=QHC,

          QRC=QRC,

          QKC=QKC,

          BW=BW,

          QALV=QALV,

          TDOSE=TDOSE,

          TMASSTOTAL=TMASSTOTAL,

          MASSBAL=MASSBAL,

          TMASSpar=TMASSpar,

          TMASSoxon=TMASSoxon,

          TMASSMETAB=TMASSMETAB,

          TMASSODT=TMASSODT,

          TMASSOXONNC=TMASSOXONNC,

          TMASSEXC=TMASSEXC,

          QBAL=QBAL,

          CVLM=CVLM,

          VMAXparoxon=VMAXparoxon,

          KMparoxon=KMparoxon,

          VMAXparL=VMAXparL,

          KMparL=KMparL

         )

})

}#end derivative function###
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# Adult rat parameters for use in malathion PBPK/PD model

# 

# PROJECT INFORMATION:
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#

# HISTORY:----

#   Date            Remarks

#  -----------	   -------------------------------------------------------------

#  2018_05_23       Started by AMD

#  2020_02_14       RR Provided to EPA





#Parameter=value     #Description (units)-----------------------------------Reference

params<-c(TSTART=0,

# Run parameters  

#blood flows - note 6% goes to skin and this is added to slowly perfused because blood

#flow to the skin is not modeled

#Timchalk did not have a kidney compartment so this value comes from Brown and substracted

#out of richly perfused

QCC=15.0,		   #Cardiac Output(L/hr/kg BW**0.75)-----------------------Brown et al 1997 

QFC=0.09,#		 #Fractional Blood Flow to Fat(%QCC)---------------------Timchalk et al 2002

QHC=0.25,#		 #Fractional Blood Flow to Liver(%QCC)-------------------Timchalk et al 2002

QRC=0.29,#		 #Fractional Blood Flow to Richly Perfused Tissue--------Timchalk et al 2002 & Brown et al. 1997

QSC=0.20,#     #Fractional Blood Flow to Slowly Perfused---------------Timchalk et al. 2002 (includes skin)

QBRC=0.03,#    #Fractional blood flow to brain-------------------------Timchalk et al. 2002

QKC=0.14,#     #Fraction of blood flow to kidney-----------------------Brown et al 1997



#Tissue Volumes   - 

BW=0.300,#		   #Body Weight(kg)----------------------------------------between 0.2 - 0.5 kg

VBLC=0.06,#		   #Blood Volume(%BW)--------------------------------------Timchalk et al 2002

VFC=0.07,#		   #Fat Volume(%BW)----------------------------------------Timchalk et al 2002

VHC=0.04,#		   #Liver Volume(%BW)--------------------------------------Timchalk et al 2002

VBRC=0.012,#     #Brain volume(%BW)--------------------------------------Timchalk et al 2002

VKC=0.0073,#     #Kidney volume (%BW)------------------------------------Brown et al 1997

VSC=0.7778,#     #Slowly perfused tissues(%BW)---------------------------Timchalk et al 2002

VRC=0.023,#      #Rapidly perfused tissues(%BW)--------------------------Timchalk et al 2002

HCT=0.45,#       #Hematocrit---------------------------------------------Timchalk et al 2002



#molecular weights

MWPAR=330.36,#     #molecular wt of malathion (g/mol)

MWOXON=314.29,#     #molecular wt of malaoxon (g/mol)



#partition coefficients (tissue:plasma)# All values calculated with EPA's httk R package

#Malathion is one of the chemicals in the httk library but a new chemical was added to 

#to represent malathion without protein binding per below.  Malaoxon is not in the chemical

#library and was added with a logp=1.38 from Leonard et al. (2016)

#Malathion

PparF = 19.4,#    #fat:plasma

PparR = 24.8,    #richly perfused:plasma (same as liver)

PparL = 24.8,    #liver:plasma

PparK = 20.6,    #kidney:plasma

PparBR = 8.3,    #brain:plasma

PparS = 5.4,     #slowly perfused:plasma

PparRBC = 2.1,   #RBC:plasma

PparLung = 1000,  #lung:plasma



#Malaoxon

PoxonF = 4.8,  #fat:plasma

PoxonR = 8.9,  #richly perfused:plasma (same as liver)

PoxonL = 8.9,  #liver:plasma

PoxonK = 8.2,#       #kidney:plasma

PoxonBR = 2.2,      #brain:plasma

PoxonS = 1.9,      #slowly perfused:plasma

PoxonRBC = 1.5,   #RBC:plasma





#Fraction of metabolism from carboxylesterase based on data from rat metabolism study showing

#roughly 95% of metabolites are from carboxylesterase pathway (Bradway and Shafik, 1977)

FCXB = 0.95,



#Plasma protein binding

#No binding is assumed based on Tarhoni et al. (2008) that shows no albumin bindings for malathion

#or malaoxon.  Note EPA high throughput measurements show binding for both malathion and 

#malaoxon, but the Tarhoni measurements are considered more accurate

#We also consided the Wetmore et al. (2013) findings that better fits

#were obtained to in vivo data for several chemicals when assuming everything is unbound

FuPAR = 1.0,          #parent binding

FuOXON = 1.0,         #oxon binding



#transfer rate from plasma to RBC - set to facilitate fast plasma-RBC equilbrium

PTORBC = 100,



#metabolism parameters

#variable to select using KM/VMAX or clearance rate

#IF TRUE, a Km and Vmax is assumed.  If FALSE, only a clearance rate is used

USEKM_PARL = TRUE,

USEKM_PARK = TRUE,

USEKM_PARB = TRUE,

USEKM_PARP = TRUE,

USEKM_OXONL = FALSE,

USEKM_OXONK = FALSE,

USEKM_OXONB = FALSE,

USEKM_OXONP = FALSE,





#variable to select whether to account for competitive inhibition due to malaoxon inhibition of CaE

#set to TRUE for malathion given known carboxylesterase inhibition (e.g., Main and Dauterman, 1968)

USECOMINH_PARL = TRUE,

USECOMINH_PARK = TRUE,

USECOMINH_PARB = TRUE,

USECOMINH_PARP = TRUE,



#maximum rates of metabolism (umol/hr/kg tissue)

#malathion detoxification

VMAXparLC = 853920*0.85,#, 853920,#liver Kassahun (2019) MRID 50927802 FITTED at 50% of measured value

VMAXparBRC = 1000,#   #brain - FITTED VALUE - fits for brain not optimized because brain inhibition is not

#relevant to risk assessment

VMAXparKC = 853920*0.6*0.85,#  #kidney (60% of liver per Talcott, 1979) FITTED at 50% per liver fit

VMAXparPC = 90.4,  #plasma - Measured clearance rate of 90.4 from Mallupudi et al. (1980).  Km assumed as 1 



#malathion oxidation--malathion to malaoxon

VMAXparoxonC = 3318,        #liver - Kassahun (2019) MRID 50927802



#oxon detox - NOT Used for liver, brain, and plasma.  Clearance rates used instead. No

#oxon metabolism assumed in kidney

VMAXoxonLC = 0.0,#   #liver

VMAXoxonBRC = 0.0, #brain

VMAXoxonKC = 0.0, #kidney

VMAXoxonPC = 0.0, #plasma



#affinity constants

#malathion detoxification

KMparL = 2.42*1.5,#            #liver - Kassahun (2019) MRID 50927802

KMparBR = 2,0,#           #brain - FITTED value

KMparK = 2.42*1.5,#            #kidney - set same as liver

KMparP = 1.0,#             #plasma - fitted - informed by Mallupudi et al. (1980)



#malathion oxidation--malathion to malaoxon

KMparoxon = 5.83,#          #liver - Kassahun (2019) MRID 50927802



#oxon detox - NOT used; clearance rates used instead

KMoxonL = 0.01,#       #liver

KMoxonBR = 0.01,#     #brain

KMoxonK = 0.01,#      #kidney

KMoxonP= 0.01,#         #plasma



#clearance rates (only applicable if USEKM variable is TRUE)

CRparLC = 0,               #clearance rate parent in liver

CRparKC = 0,               #clearance rate parent in kidney

CRparBRC = 0,              #clearance rate parent in brain

CRparPLC = 0, 	           #clearance rate parent in plasma (L/hr/L plasma)	

CRoxonLC = 15313*0.25, #15313*0.3,#           #clearance rate oxon in liver - Chambers and Meek (2019) MRID 50927801 - 

#adjusted to 20% for fitting

CRoxonKC = 0.0,              #clearance rate oxon in kidney - assumed to be zero

CRoxonBRC = 500,             #clearance rate oxon in brain - FITTED

CRoxonPLC = 3209*0.15,#		     #clearance rate oxon in plasma (L/hr/L plasma) - Chambers and Meek (2019) MRID 50927801

# fitted to 10% of measured value



 

#inhalation parameters

QALV = 12.9,                   #volumetric flow (L/hr) MPPD default-166 breathes/min and 200 g rat - asymmetric SD rat model

IZONE = 0,                    #include inhalation exposure

ABS_INH=1.0,



#dermal parameters

DERMPERCNT = 0.01/8,       #dermal exposure percent per hour

DZONE = 0,                  #include dermal exposure (DZONE=1)



#uptake parameters - all values fitted

#malathion

KAS=2.0,       #transfer stomach to liver (/h)

KSI=0.2,	      #transfer stomach to intestine (/h)

KAI=0.2,        #transfer intestine to liver (/h)

FA=1,           #Fractional oral Absorption



#oxon

KASO=3.0,       #transfer stomach to liver (/h)

KSIO=0.5, 	    #transfer stomach to intestine (/h)

KAIO=0.5,       #transfer intestine to liver (/h)

FAO=1,          #Fractional oral Absorption





#elimination rate for oxon (1/h) - metabolism studies show no malaoxon in urine

KEO = 0.0,





#pharmacodynamic parameters

# AChE activity (umol/hr/kg tissue) 

BACHE=4.40e5,#	 #brain% Poet et al 2014

BLACHE=2.33e4,#    #plasma% Poet et al 2014

HACHE=1.02e4,#     #liver% Poet et al 2014

RBCHE=3.39e4,#	 #RBCs% Poet et al 2014

KACHE=5.4e3,#      #kidney% Maxwell 1987



# BuChE activity (umol/hr/kg tissue) 

BBUCE=4.68e4,#	#brain% Poet et al 2014

HBUCE=3.0e4,#     #liver% Poet et al 2014

BLBUCE=7.85e3,#	#plasma% Poet et al 2014

KBUCE=1.02e4,#    #kidney% Maxwell 1987



# CaE activity (umol/hr/kg tissue) 

BRCE=2.88e5,#	 #brain% Poet et al 2014   

HECE=1.94e6,#	 #liver% Poet et al 2014

PLOCE=8.4e4,#	 #plasma% Poet et al 2014

KECE=1.79e6,#  #kidney% Maxwell 1987





# Degradation of esterase (1/h)--Gearhart et al. 1990, Timchalk et al. 2002 and Poet et al 2014.

# Gearhart inlcudes original values of 0.1 per hour for BChE from Traina and Serpietri (1984) and

# 0.01 per hour from Wenthold et al. (1974).  Timchalk cites Gearhart for these values but

# uses somewhat different values in some cases.  Poet, an update to Timchalk, uses different values 

# than both Timchalk and Gearhart.  We reverted to the measured values as cited by Gearhart

# except for carboxylestearse where there are no available measurements.  In this case, we 

# used the fitted values from Poet et al. 2014.  Poet al. 2014 does not have a value for kidney

# so we used the value for liver.

KDBBE=0.1,#                #BuChE (brain)   

KDBCE=0.01,#                 #AChE (brain)  

KDBCR=0.000754,#             #CaE (brain)

KDBLBE=0.1,#                #BuChE (blood/plasma) 

KDBLCE=0.01,#                 #AChE (blood/plasma)

KDBLCR=0.001,#              #CaE (blood/plasma)   

KDHBE=0.1,#                #BuChE (liver)

KDHCE=0.01,#                 #AChE (liver)   

KDHCR=0.001,#               #CaE (liver)

KDRBCE=0.01,#                #AChE (RBC)   

KDKBE=0.1,#                #BuChE (kidney)

KDKCE=0.01,#                #AChE (kidney)

KDKCR=0.001,#               #CaE (kidney)





# Esterase aging rates (1/h)--chemical-specific 

# AChE aging rate from Mason et al 2000 (human RBC AChE for azinphos-methyl, also a dimethoxy OP)

# BuChE aging rate from Mason et al 2000 (human plasma BuChE for azinphos-methyl, also a dimethoxy OP)

# CaE set to 0.001 based on Maxwell and Brecht (2001) showing no evidence of ageing (differs from chlorpyrifos model)

KABBE=0.116,#              #BuChE (brain)

KABCE=0.022,#              #AChE (brain)

KABCR=0.001,#             #CaE (brain)

KABLBE=0.116,#             #BuChE (blood/plasma)

KABLCE=0.022,#             #AChE (blood/plasma)

KABLCR=0.001,#             #CaE (blood/plasma)

KAHBE=0.116,#              #BuChE (liver)

KAHCE=0.022,#              #AChE (liver)

KAHCR=0.001,#             #CaE (liver)

KARBCE=0.022,#             #AChE (RBC)

KAKBE=0.116,#              #BuChE (kidney)

KAKCE=0.022,#              #AChE (kidney)

KAKCR=0.001,#             #CaE (kidney)





#Inhibition of esterase (L/umol/h)--chemical-specific. 

#AChE from Chambers et al. (MRID 50773501) 

#BuChE from Herzsprung 1992 for human plasma BuChE

#CaE measured value of approximately 1 L/umol/hr in Main and Dauterman (1968). Fit to 

#5 L/umol/hr because (1) Main and Dauterman can only be considered an order of magnitude

#measurement given age of study and difficulty of measuring inhibition when there is also

#very fast catalytic reaction (2) to be similar to AChE rate per Timchalk et al.

KIBBE=1.3,#             #BuChE (brain)

KIBCE=4.6*2,#             #AChE (brain) - 

KIBCR=4.6*1.75,#              #CaE (brain)

KIBLBE=1.3,#           #BuChE (blood/plasma)

KIBLCE=4.6*2,#            #AChE (blood/plasma) - 

KIBLCR=4.6*1.75,#             #CaE (blood/plasma)

KIHBE=1.3,#            #BuChE (liver)

KIHCE=4.6*2,#             #AChE (liver) - 

KIHCR=4.6*1.75,#             #CaE (liver)

KIRBCE=4.6*2,#            #AChE (RBCs) - 

KIKBE=1.3,#            #BuChE (kidney)

KIKCE=4.6*2,#             #AChE (kidney) - 

KIKCR=4.6*1.75,#             #CaE (kidney)



#Reactivation of esterase (1/h)--chemical specific 

# AChE reactivation rate from Mason et al 2000 (human RBC AChE for azinphos-methyl, also a dimethoxy OP)

# BuChE reactivation rate from Mason et al 2000 (human plasma BuChE for azinphos-methyl, also a dimethoxy OP)

# CaE was fit. THere are no available data and Timchalk assumed same rate as for AChE.  Fitted value is somewhat lower

# than for AChE

KRBBE=0.03,#                #BuChE (brain)

KRBCE=0.018,#               #AChE (brain)

KRBCR=0.001,               #CaE (brain)

KRBLBE=0.03,#               #BuChE (blood/plasma)

KRBLCE=0.018,#              #AChE (blood/plasma)

KRBLCR=0.001,#              #CaE (blood/plasma)

KRHBE=0.03,#                #Bu,ChE (liver)

KRHCE=0.018,#               #AChE (liver)

KRHCR=0.001,#               #CaE (liver)

KRRBCE=0.018,#              #AChE (RBCs)

KRKBE=0.03,#                #BuChE (kidney)

KRKCE=0.018,#               #AChE (kidney)

KRKCR=0.001,#               #CaE (kidney)





# Enzyme turnover rate (substrate hydrolysis/h/active site) (Poet et al. 2014)

TRCE=1.17e7,#      #AChE

TRCR=1.086e5,#     #CaE

TRBE=3.66e6#       #BuChE

)#








rm(list = ls()) # Clear workspace



#set the working directory to the location of these scripts

#setwd(dirname(rstudioapi::getActiveDocumentContext()$path))





#Environment####

library(dplyr)

library(tidyr)

library(parallel)

# number of cores availabe on current machine

tot_cores<-detectCores(all.tests = FALSE, logical = TRUE)  

cores<-tot_cores-1 # leave one core for other tasks 



ac_50 <<- -999             # enter the AC50 value here; units = umol/L

Ndays = 2                        # number of days to simulate

target_chem = "oxon"            # oxon or parent compound

body_weight = 4.8                 # body weight in kg

subject_age = 0

route = "water"



source("human_pbpk.R") # Loads model and base parameters

source("malathion_human_parameters.R") # male and female specific parameters



# Intial_parameters####

sex = 1						 # 0=male, 1= Female

params<-c(params[!names(params)%in%names(human_parameters[[sex+1]])],

          human_parameters[[sex+1]])



# set case-specific parameters

params[["TSTART"]]<-0.0         # START SIMULATION (HR)

params[["TSTOP"]]=48      			# Simulation duration = 2 days

params[["AGE0"]]=subject_age

params[["BWSW"]] = 1   	 				# Switch for age (set =0) or set (set =1) if bwt provided

params[["BWST"]]= body_weight   	 			# kg

params[["FA"]]=1



# returns the average blood concentration of oxon

# based on the daily dose of "dose" ug/kg/day

avgCBLO <- function(dose){

  

  # TIMING COMMANDS ####

  MAXT=0.1       #maximum time step

  times<-seq(params[["TSTART"]],params[["TSTOP"]],by=MAXT)#

  

  # max number of points to write out to file

  POINTS_max<-10000  

  # if the more than 10000 timesteps, select evently spaced 10000 of them for reporting

  report_points<-if(length(times)<=POINTS_max) times else 

    times[seq(1,length(times),by=round(length(times)/POINTS_max))]

  table(report_points%in%times)#check all report values are in times.

  

  

  # Dosing ####

  

  # once daily oral exposure for food

  if (route=="food"){

    if (Ndays < 100) {

      A <- c(dose)

      B <- c(0)

      C <- c("time","doral")

      

      DORAL <- data.frame(B,A)

      colnames(DORAL) <- C

    } else {

      A <- rep(dose,Ndays+1)

      B <- seq(0,Ndays*24,by=24)

      C <- c("time","doral")

      

      DORAL <- data.frame(B,A)

      colnames(DORAL) <- C

    }

  }

  # dosing for water exposure

  if (route=="water"){

    if (Ndays < 100) {

      # 6x daily for age <= 12

      if (subject_age<=12){

        A <- rep(dose/6.0,6)

        B <- seq(0,20,by=4)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

      # 4x daily for age > 12

      else {

        A <- rep(dose/4.0,4)

        B <- seq(0,18,by=6)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

    } else {

      # 6x daily for age <= 12

      if (subject_age<=12){

        A <- rep(dose/6.0,Ndays*6+1)

        B <- seq(0,Ndays*24,by=4)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

      # 4x daily for age > 12

      else {

        A <- rep(dose/4.0,Ndays*4+1)

        B <- seq(0,Ndays*24,by=6)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

    }

  }

  

  All_Dose<-DORAL%>%

    mutate(ODOSEOXON=doral*(params[["BWST"]]/params[["MWOXON"]])

           *params[["FA"]], # DIM dose conversion (ug/kg to umol)

           Level=paste(doral[1],"ug/kg",sep="_"))

  

  #~~~~APPLY MODEL~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~#### 

  # Do parallel for speed

  c1<-makeCluster(min(cores,n_distinct(All_Dose$Level))) # cluster for parallel 

  timestamp()

  modelOutput<-parLapply(c1,split(All_Dose,All_Dose$Level), function (LL,ini_par,t){

    #load data into cores

    source("human_pbpk.R")

    # Create dataframe of "events"that describe the dosing, which informs the

    # ODE function, and needs to have columns "var" = the state_variable that needs

    # to be changed,"time"= when the changes occurs,"value"=the value being changed

    # to,& "method"= how the new value interacts with the previous state variable

    # value. See ?deSolve::lsodes and ?deSolve::events.

    

    # combine or replace "base" parameters with case specific human parameters, 

    # carring out any calcuated paramters which are function of other specific case parameters 

    ini_pars <- initial_params_fun(params=ini_par)

    # STATE####

    # Subject specific UPDATES to the initial value of state variables

    st<-state_fun(st=state,ini_p=ini_pars)

    

    eventDat<-rbind(data.frame(var="ODOSEOXON",time=LL$time,

                               value=LL$ODOSEOXON ,	 

                               method="add",stringsAsFactors = FALSE),  # ("replace", "add", "multiply")

                    data.frame(var="ASTOMO",time=LL$time,

                               value=LL$ODOSEOXON ,	 

                               method="add",stringsAsFactors = FALSE))

    

    # DERIVATIVE ####

    # RUN MODEL 

    modelOutput<- ode(y = st, times = t,  #method = "lsodes",

                      func = Human_Model, parms = ini_pars,

                      events = list(data = eventDat[order(eventDat$time),]))

    result <- within(as.data.frame(modelOutput),{Level<-LL$Level[[1]]})

    return(result)

  },ini_par=params,t=times)

  stopCluster(c1)

  timestamp()

  ModelOutput<-do.call(rbind,modelOutput)##make big dataframe for evaluation



  #~~~END MODEL ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~####

  

  return(mean(tail(ModelOutput$CBLO,240)))

  

}



minRBCCEO <- function(dose){

  

  # TIMING COMMANDS ####

  MAXT=0.1       #maximum time step

  times<-seq(params[["TSTART"]],params[["TSTOP"]],by=MAXT)#

  

  # max number of points to write out to file

  POINTS_max<-10000  

  # if the more than 10000 timesteps, select evently spaced 10000 of them for reporting

  report_points<-if(length(times)<=POINTS_max) times else 

    times[seq(1,length(times),by=round(length(times)/POINTS_max))]

  table(report_points%in%times)#check all report values are in times.

  

  

  # Dosing ####

  # once daily oral exposure for food

  if (route=="food"){

    if (Ndays < 100) {

      A <- c(dose)

      B <- c(0)

      C <- c("time","doral")

      

      DORAL <- data.frame(B,A)

      colnames(DORAL) <- C

    } else {

      A <- rep(dose,Ndays+1)

      B <- seq(0,Ndays*24,by=24)

      C <- c("time","doral")

      

      DORAL <- data.frame(B,A)

      colnames(DORAL) <- C

    }

  }

  # dosing for water exposure

  if (route=="water"){

    if (Ndays < 100) {

      # 6x daily for age <= 12

      if (subject_age<=12){

        A <- rep(dose/6.0,6)

        B <- seq(0,20,by=4)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

      # 4x daily for age > 12

      else {

        A <- rep(dose/4.0,4)

        B <- seq(0,18,by=6)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

    } else {

      # 6x daily for age <= 12

      if (subject_age<=12){

        A <- rep(dose/6.0,Ndays*6+1)

        B <- seq(0,Ndays*24,by=4)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

      # 4x daily for age > 12

      else {

        A <- rep(dose/4.0,Ndays*4+1)

        B <- seq(0,Ndays*24,by=6)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

    }

  }

  

  All_Dose<-DORAL%>%

    mutate(ODOSEOXON=doral*(params[["BWST"]]/params[["MWOXON"]])

           *params[["FA"]], # DIM dose conversion (ug/kg to umol)

           Level=paste(doral[1],"ug/kg",sep="_"))

  

  #~~~~APPLY MODEL~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~#### 

  # Do parallel for speed

  c1<-makeCluster(min(cores,n_distinct(All_Dose$Level))) # cluster for parallel 

  timestamp()

  modelOutput<-parLapply(c1,split(All_Dose,All_Dose$Level), function (LL,ini_par,t){

    #load data into cores

    source("human_pbpk.R")

    # Create dataframe of "events"that describe the dosing, which informs the

    # ODE function, and needs to have columns "var" = the state_variable that needs

    # to be changed,"time"= when the changes occurs,"value"=the value being changed

    # to,& "method"= how the new value interacts with the previous state variable

    # value. See ?deSolve::lsodes and ?deSolve::events.

    

    # combine or replace "base" parameters with case specific human parameters, 

    # carring out any calcuated paramters which are function of other specific case parameters 

    ini_pars <- initial_params_fun(params=ini_par)

    # STATE####

    # Subject specific UPDATES to the initial value of state variables

    st<-state_fun(st=state,ini_p=ini_pars)

    

    eventDat<-rbind(data.frame(var="ODOSEOXON",time=LL$time,

                               value=LL$ODOSEOXON ,	 

                               method="add",stringsAsFactors = FALSE),  # ("replace", "add", "multiply")

                    data.frame(var="ASTOMO",time=LL$time,

                               value=LL$ODOSEOXON ,	 

                               method="add",stringsAsFactors = FALSE))

    

    # DERIVATIVE ####

    # RUN MODEL 

    modelOutput<- ode(y = st, times = t,  #method = "lsodes",

                      func = Human_Model, parms = ini_pars,

                      events = list(data = eventDat[order(eventDat$time),]))

    result <- within(as.data.frame(modelOutput),{Level<-LL$Level[[1]]})

    return(result)

  },ini_par=params,t=times)

  stopCluster(c1)

  timestamp()

  ModelOutput<-do.call(rbind,modelOutput)##make big dataframe for evaluation

  

  #~~~END MODEL ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~####

  

  return(min(ModelOutput$RBCCE))

  

}



just_run_model <- function(dose){

  

  # TIMING COMMANDS ####

  MAXT=0.1       #maximum time step

  times<-seq(params[["TSTART"]],params[["TSTOP"]],by=MAXT)#

  

  # max number of points to write out to file

  POINTS_max<-10000  

  # if the more than 10000 timesteps, select evently spaced 10000 of them for reporting

  report_points<-if(length(times)<=POINTS_max) times else 

    times[seq(1,length(times),by=round(length(times)/POINTS_max))]

  table(report_points%in%times)#check all report values are in times.

  

  

  # Dosing ####

  # once daily oral exposure for food

  if (route=="food"){

    if (Ndays < 100) {

      A <- c(dose)

      B <- c(0)

      C <- c("time","doral")

      

      DORAL <- data.frame(B,A)

      colnames(DORAL) <- C

    } else {

      A <- rep(dose,Ndays+1)

      B <- seq(0,Ndays*24,by=24)

      C <- c("time","doral")

      

      DORAL <- data.frame(B,A)

      colnames(DORAL) <- C

    }

  }

  # dosing for water exposure

  if (route=="water"){

    if (Ndays < 100) {

      # 6x daily for age <= 12

      if (subject_age<=12){

        A <- rep(dose/6.0,6)

        B <- seq(0,20,by=4)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

      # 4x daily for age > 12

      else {

        A <- rep(dose/4.0,4)

        B <- seq(0,18,by=6)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

    } else {

      # 6x daily for age <= 12

      if (subject_age<=12){

        A <- rep(dose/6.0,Ndays*6+1)

        B <- seq(0,Ndays*24,by=4)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

      # 4x daily for age > 12

      else {

        A <- rep(dose/4.0,Ndays*4+1)

        B <- seq(0,Ndays*24,by=6)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

    }

  }

  

  All_Dose<-DORAL%>%

    mutate(ODOSEOXON=doral*(params[["BWST"]]/params[["MWOXON"]])

           *params[["FA"]], # DIM dose conversion (ug/kg to umol)

           Level=paste(doral[1],"ug/kg",sep="_"))

  

  #~~~~APPLY MODEL~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~#### 

  # Do parallel for speed

  c1<-makeCluster(min(cores,n_distinct(All_Dose$Level))) # cluster for parallel 

  timestamp()

  modelOutput<-parLapply(c1,split(All_Dose,All_Dose$Level), function (LL,ini_par,t){

    #load data into cores

    source("human_pbpk.R")

    # Create dataframe of "events"that describe the dosing, which informs the

    # ODE function, and needs to have columns "var" = the state_variable that needs

    # to be changed,"time"= when the changes occurs,"value"=the value being changed

    # to,& "method"= how the new value interacts with the previous state variable

    # value. See ?deSolve::lsodes and ?deSolve::events.

    

    # combine or replace "base" parameters with case specific human parameters, 

    # carring out any calcuated paramters which are function of other specific case parameters 

    ini_pars <- initial_params_fun(params=ini_par)

    # STATE####

    # Subject specific UPDATES to the initial value of state variables

    st<-state_fun(st=state,ini_p=ini_pars)

    

    eventDat<-rbind(data.frame(var="ODOSEOXON",time=LL$time,

                               value=LL$ODOSEOXON ,	 

                               method="add",stringsAsFactors = FALSE),  # ("replace", "add", "multiply")

                    data.frame(var="ASTOMO",time=LL$time,

                               value=LL$ODOSEOXON ,	 

                               method="add",stringsAsFactors = FALSE))

    

    # DERIVATIVE ####

    # RUN MODEL 

    modelOutput<- ode(y = st, times = t,  #method = "lsodes",

                      func = Human_Model, parms = ini_pars,

                      events = list(data = eventDat[order(eventDat$time),]))

    result <- within(as.data.frame(modelOutput),{Level<-LL$Level[[1]]})

    return(result)

  },ini_par=params,t=times)

  stopCluster(c1)

  timestamp()

  ModelOutput<-do.call(rbind,modelOutput)##make big dataframe for evaluation



  #~~~END MODEL ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~####

  

  return(ModelOutput)

  

}



PODcost <- function(test_dose){

  

  test_result <- minRBCCEO(test_dose*1000)

  test_error <- (test_result - 90.0)

  

  print(sprintf("%f  %f",test_dose,test_result))

  

  return(test_error*test_error)

}



AEDcost <- function(test_dose){

  

  test_result <- avgCBLO(test_dose*1000)

  test_error <- (test_result - ac_50)

  

  print(sprintf("%f  %f",test_dose,test_result))

  

  return(test_error*test_error)

}



# get the dose that reproduces the AC50 in blood concentration or 10% brain AChE inhibition



final_dose <- optim(par = 4.48, PODcost, method = "Brent",lower = 1, upper = 10, control = list(reltol = 1e-3))   # POD limits



# finally run the model for this concentration

ModelOutput <- just_run_model(final_dose$par*1000)

final_dose$par

min(ModelOutput$RBCCE)


rm(list = ls()) # Clear workspace



#set the working directory to the location of these scripts

#setwd(dirname(rstudioapi::getActiveDocumentContext()$path))



#Environment####

library(dplyr)

library(tidyr)

library(parallel)

# number of cores availabe on current machine

tot_cores<-detectCores(all.tests = FALSE, logical = TRUE)  

cores<-tot_cores-1 # leave one core for other tasks 



ac_50 <<- -999             # enter the AC50 value here; units = umol/L

Ndays = 2                        # number of days to simulate

target_chem = "parent"            # oxon or parent compound

body_weight = 4.8                 # body weight in kg

subject_age = 0

scenario_number = 1

route = "water"



source("human_pbpk.R") # Loads model and base parameters

source("malathion_human_parameters.R") # male and female specific parameters



# Intial_parameters####

sex = 1						 # 0=male, 1= Female

params<-c(params[!names(params)%in%names(human_parameters[[sex+1]])],

          human_parameters[[sex+1]])



# set case-specific parameters

params[["TSTART"]]<-0.0         # START SIMULATION (HR)

params[["TSTOP"]]=Ndays*24      			# Simulation duration = 2 days

params[["AGE0"]]=subject_age

params[["BWSW"]] = 1   	 				# Switch for age (set =0) or set (set =1) if bwt provided

params[["BWST"]]= body_weight   	 			# kg

params[["FA"]]=1



# returns the average blood concentration of parent compound

# based on the daily dose of "dose" ug/kg/day

avgCBL <- function(dose){

  

  # TIMING COMMANDS ####

  MAXT=0.1       #maximum time step

  times<-seq(params[["TSTART"]],params[["TSTOP"]],by=MAXT)#

  

  # max number of points to write out to file

  POINTS_max<-10000  

  # if the more than 10000 timesteps, select evently spaced 10000 of them for reporting

  report_points<-if(length(times)<=POINTS_max) times else 

    times[seq(1,length(times),by=round(length(times)/POINTS_max))]

  table(report_points%in%times)#check all report values are in times.

  

  

  # Dosing ####

  # once daily oral exposure for food

  if (route=="food"){

    if (Ndays < 100) {

      A <- c(dose)

      B <- c(0)

      C <- c("time","doral")

      

      DORAL <- data.frame(B,A)

      colnames(DORAL) <- C

    } else {

      A <- rep(dose,Ndays+1)

      B <- seq(0,Ndays*24,by=24)

      C <- c("time","doral")

      

      DORAL <- data.frame(B,A)

      colnames(DORAL) <- C

    }

  }

  # dosing for water exposure

  if (route=="water"){

    if (Ndays < 100) {

      # 6x daily for age <= 12

      if (subject_age<=12){

        A <- rep(dose/6.0,6)

        B <- seq(0,20,by=4)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

      # 4x daily for age > 12

      else {

        A <- rep(dose/4.0,4)

        B <- seq(0,18,by=6)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

    } else {

      # 6x daily for age <= 12

      if (subject_age<=12){

        A <- rep(dose/6.0,Ndays*6+1)

        B <- seq(0,Ndays*24,by=4)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

      # 4x daily for age > 12

      else {

        A <- rep(dose/4.0,Ndays*4+1)

        B <- seq(0,Ndays*24,by=6)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

    }

  }

  

  

  All_Dose<-DORAL%>%

    mutate(ODOSE=doral*(params[["BWST"]]/params[["MWPAR"]])

           *params[["FA"]], # DIM dose conversion (ug/kg to umol)

           Level=paste(doral[1],"ug/kg",sep="_"))

  

  #~~~~APPLY MODEL~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~#### 

  # Do parallel for speed

  c1<-makeCluster(min(cores,n_distinct(All_Dose$Level))) # cluster for parallel 

  timestamp()

  modelOutput<-parLapply(c1,split(All_Dose,All_Dose$Level), function (LL,ini_par,t){

    #load data into cores

    source("human_pbpk.R")

    # Create dataframe of "events"that describe the dosing, which informs the

    # ODE function, and needs to have columns "var" = the state_variable that needs

    # to be changed,"time"= when the changes occurs,"value"=the value being changed

    # to,& "method"= how the new value interacts with the previous state variable

    # value. See ?deSolve::lsodes and ?deSolve::events.

    

    # combine or replace "base" parameters with case specific human parameters, 

    # carring out any calcuated paramters which are function of other specific case parameters 

    ini_pars <- initial_params_fun(params=ini_par)

    # STATE####

    # Subject specific UPDATES to the initial value of state variables

    st<-state_fun(st=state,ini_p=ini_pars)

    

    eventDat<-rbind(data.frame(var="ODOSE",time=LL$time,

                               value=LL$ODOSE ,	 

                               method="add",stringsAsFactors = FALSE),  # ("replace", "add", "multiply")

                    data.frame(var="ASTOM",time=LL$time,

                               value=LL$ODOSE ,	 

                               method="add",stringsAsFactors = FALSE))

    

    # DERIVATIVE ####

    # RUN MODEL 

    modelOutput<- ode(y = st, times = t,  #method = "lsodes",

                      func = Human_Model, parms = ini_pars,

                      events = list(data = eventDat[order(eventDat$time),]))

    result <- within(as.data.frame(modelOutput),{Level<-LL$Level[[1]]})

    return(result)

  },ini_par=params,t=times)

  stopCluster(c1)

  timestamp()

  ModelOutput<-do.call(rbind,modelOutput)##make big dataframe for evaluation



  

  return(mean(tail(ModelOutput$CBL,240)))

  

}



# returns the average blood concentration of oxon

# based on the daily dose of "dose" ug/kg/day

avgCBLO <- function(dose){

  

  # TIMING COMMANDS ####

  MAXT=0.1       #maximum time step

  times<-seq(params[["TSTART"]],params[["TSTOP"]],by=MAXT)#

  

  # max number of points to write out to file

  POINTS_max<-10000  

  # if the more than 10000 timesteps, select evently spaced 10000 of them for reporting

  report_points<-if(length(times)<=POINTS_max) times else 

    times[seq(1,length(times),by=round(length(times)/POINTS_max))]

  table(report_points%in%times)#check all report values are in times.

  

  

  # once daily oral exposure for food

  if (route=="food"){

    if (Ndays < 100) {

      A <- c(dose)

      B <- c(0)

      C <- c("time","doral")

      

      DORAL <- data.frame(B,A)

      colnames(DORAL) <- C

    } else {

      A <- rep(dose,Ndays+1)

      B <- seq(0,Ndays*24,by=24)

      C <- c("time","doral")

      

      DORAL <- data.frame(B,A)

      colnames(DORAL) <- C

    }

  }

  # dosing for water exposure

  if (route=="water"){

    if (Ndays < 100) {

      # 6x daily for age <= 12

      if (subject_age<=12){

        A <- rep(dose/6.0,6)

        B <- seq(0,20,by=4)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

      # 4x daily for age > 12

      else {

        A <- rep(dose/4.0,4)

        B <- seq(0,18,by=6)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

    } else {

      # 6x daily for age <= 12

      if (subject_age<=12){

        A <- rep(dose/6.0,Ndays*6+1)

        B <- seq(0,Ndays*24,by=4)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

      # 4x daily for age > 12

      else {

        A <- rep(dose/4.0,Ndays*4+1)

        B <- seq(0,Ndays*24,by=6)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

    }

  }

  

  All_Dose<-DORAL%>%

    mutate(ODOSE=doral*(params[["BWST"]]/params[["MWPAR"]])

           *params[["FA"]], # DIM dose conversion (ug/kg to umol)

           Level=paste(doral[1],"ug/kg",sep="_"))

  

  #~~~~APPLY MODEL~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~#### 

  # Do parallel for speed

  c1<-makeCluster(min(cores,n_distinct(All_Dose$Level))) # cluster for parallel 

  timestamp()

  modelOutput<-parLapply(c1,split(All_Dose,All_Dose$Level), function (LL,ini_par,t){

    #load data into cores

    source("human_pbpk.R")

    # Create dataframe of "events"that describe the dosing, which informs the

    # ODE function, and needs to have columns "var" = the state_variable that needs

    # to be changed,"time"= when the changes occurs,"value"=the value being changed

    # to,& "method"= how the new value interacts with the previous state variable

    # value. See ?deSolve::lsodes and ?deSolve::events.

    

    # combine or replace "base" parameters with case specific human parameters, 

    # carring out any calcuated paramters which are function of other specific case parameters 

    ini_pars <- initial_params_fun(params=ini_par)

    # STATE####

    # Subject specific UPDATES to the initial value of state variables

    st<-state_fun(st=state,ini_p=ini_pars)

    

    eventDat<-rbind(data.frame(var="ODOSE",time=LL$time,

                               value=LL$ODOSE ,	 

                               method="add",stringsAsFactors = FALSE),  # ("replace", "add", "multiply")

                    data.frame(var="ASTOM",time=LL$time,

                               value=LL$ODOSE ,	 

                               method="add",stringsAsFactors = FALSE))

    

    # DERIVATIVE ####

    # RUN MODEL 

    modelOutput<- ode(y = st, times = t,  #method = "lsodes",

                      func = Human_Model, parms = ini_pars,

                      events = list(data = eventDat[order(eventDat$time),]))

    result <- within(as.data.frame(modelOutput),{Level<-LL$Level[[1]]})

    return(result)

  },ini_par=params,t=times)

  stopCluster(c1)

  timestamp()

  ModelOutput<-do.call(rbind,modelOutput)##make big dataframe for evaluation



  #~~~END MODEL ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~####

  

  return(mean(tail(ModelOutput$CBLO,240)))

  

}



minRBCCE <- function(dose){

  

  # TIMING COMMANDS ####

  MAXT=0.1       #maximum time step

  times<-seq(params[["TSTART"]],params[["TSTOP"]],by=MAXT)#

  

  # max number of points to write out to file

  POINTS_max<-10000  

  # if the more than 10000 timesteps, select evently spaced 10000 of them for reporting

  report_points<-if(length(times)<=POINTS_max) times else 

    times[seq(1,length(times),by=round(length(times)/POINTS_max))]

  table(report_points%in%times)#check all report values are in times.

  

  

  # Dosing ####

  

  # once daily oral exposure for food

  if (route=="food"){

    if (Ndays < 100) {

      A <- c(dose)

      B <- c(0)

      C <- c("time","doral")

      

      DORAL <- data.frame(B,A)

      colnames(DORAL) <- C

    } else {

      A <- rep(dose,Ndays+1)

      B <- seq(0,Ndays*24,by=24)

      C <- c("time","doral")

      

      DORAL <- data.frame(B,A)

      colnames(DORAL) <- C

    }

  }

  # dosing for water exposure

  if (route=="water"){

    if (Ndays < 100) {

      # 6x daily for age <= 12

      if (subject_age<=12){

        A <- rep(dose/6.0,6)

        B <- seq(0,20,by=4)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

      # 4x daily for age > 12

      else {

        A <- rep(dose/4.0,4)

        B <- seq(0,18,by=6)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

    } else {

      # 6x daily for age <= 12

      if (subject_age<=12){

        A <- rep(dose/6.0,Ndays*6+1)

        B <- seq(0,Ndays*24,by=4)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

      # 4x daily for age > 12

      else {

        A <- rep(dose/4.0,Ndays*4+1)

        B <- seq(0,Ndays*24,by=6)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

    }

  }

  

  All_Dose<-DORAL%>%

    mutate(ODOSE=doral*(params[["BWST"]]/params[["MWPAR"]])

           *params[["FA"]], # DIM dose conversion (ug/kg to umol)

           Level=paste(doral[1],"ug/kg",sep="_"))

  

  #~~~~APPLY MODEL~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~#### 

  # Do parallel for speed

  c1<-makeCluster(min(cores,n_distinct(All_Dose$Level))) # cluster for parallel 

  timestamp()

  modelOutput<-parLapply(c1,split(All_Dose,All_Dose$Level), function (LL,ini_par,t){

    #load data into cores

    source("human_pbpk.R")

    # Create dataframe of "events"that describe the dosing, which informs the

    # ODE function, and needs to have columns "var" = the state_variable that needs

    # to be changed,"time"= when the changes occurs,"value"=the value being changed

    # to,& "method"= how the new value interacts with the previous state variable

    # value. See ?deSolve::lsodes and ?deSolve::events.

    

    # combine or replace "base" parameters with case specific human parameters, 

    # carring out any calcuated paramters which are function of other specific case parameters 

    ini_pars <- initial_params_fun(params=ini_par)

    # STATE####

    # Subject specific UPDATES to the initial value of state variables

    st<-state_fun(st=state,ini_p=ini_pars)

    

    eventDat<-rbind(data.frame(var="ODOSE",time=LL$time,

                               value=LL$ODOSE ,	 

                               method="add",stringsAsFactors = FALSE),  # ("replace", "add", "multiply")

                    data.frame(var="ASTOM",time=LL$time,

                               value=LL$ODOSE ,	 

                               method="add",stringsAsFactors = FALSE))

    

    # DERIVATIVE ####

    # RUN MODEL 

    modelOutput<- ode(y = st, times = t,  #method = "lsodes",

                      func = Human_Model, parms = ini_pars,

                      events = list(data = eventDat[order(eventDat$time),]))

    result <- within(as.data.frame(modelOutput),{Level<-LL$Level[[1]]})

    return(result)

  },ini_par=params,t=times)

  stopCluster(c1)

  timestamp()

  ModelOutput<-do.call(rbind,modelOutput)##make big dataframe for evaluation

  

  #~~~END MODEL ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~####

  

  return(min(ModelOutput$RBCCE))

  

}



just_run_model <- function(dose){

  

  # TIMING COMMANDS ####

  MAXT=0.1       #maximum time step

  times<-seq(params[["TSTART"]],params[["TSTOP"]],by=MAXT)#

  

  # max number of points to write out to file

  POINTS_max<-10000  

  # if the more than 10000 timesteps, select evently spaced 10000 of them for reporting

  report_points<-if(length(times)<=POINTS_max) times else 

    times[seq(1,length(times),by=round(length(times)/POINTS_max))]

  table(report_points%in%times)#check all report values are in times.

  

  

  # once daily oral exposure for food

  if (route=="food"){

    if (Ndays < 100) {

      A <- c(dose)

      B <- c(0)

      C <- c("time","doral")

      

      DORAL <- data.frame(B,A)

      colnames(DORAL) <- C

    } else {

      A <- rep(dose,Ndays+1)

      B <- seq(0,Ndays*24,by=24)

      C <- c("time","doral")

      

      DORAL <- data.frame(B,A)

      colnames(DORAL) <- C

    }

  }

  # dosing for water exposure

  if (route=="water"){

    if (Ndays < 100) {

      # 6x daily for age <= 12

      if (subject_age<=12){

        A <- rep(dose/6.0,6)

        B <- seq(0,20,by=4)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

      # 4x daily for age > 12

      else {

        A <- rep(dose/4.0,4)

        B <- seq(0,18,by=6)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

    } else {

      # 6x daily for age <= 12

      if (subject_age<=12){

        A <- rep(dose/6.0,Ndays*6+1)

        B <- seq(0,Ndays*24,by=4)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

      # 4x daily for age > 12

      else {

        A <- rep(dose/4.0,Ndays*4+1)

        B <- seq(0,Ndays*24,by=6)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

    }

  }

  

  All_Dose<-DORAL%>%

    mutate(ODOSE=doral*(params[["BWST"]]/params[["MWPAR"]])

           *params[["FA"]], # DIM dose conversion (ug/kg to umol)

           Level=paste(doral[1],"ug/kg",sep="_"))

  

  #~~~~APPLY MODEL~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~#### 

  # Do parallel for speed

  c1<-makeCluster(min(cores,n_distinct(All_Dose$Level))) # cluster for parallel 

  timestamp()

  modelOutput<-parLapply(c1,split(All_Dose,All_Dose$Level), function (LL,ini_par,t){

    #load data into cores

    source("human_pbpk.R")

    # Create dataframe of "events"that describe the dosing, which informs the

    # ODE function, and needs to have columns "var" = the state_variable that needs

    # to be changed,"time"= when the changes occurs,"value"=the value being changed

    # to,& "method"= how the new value interacts with the previous state variable

    # value. See ?deSolve::lsodes and ?deSolve::events.

    

    # combine or replace "base" parameters with case specific human parameters, 

    # carring out any calcuated paramters which are function of other specific case parameters 

    ini_pars <- initial_params_fun(params=ini_par)

    # STATE####

    # Subject specific UPDATES to the initial value of state variables

    st<-state_fun(st=state,ini_p=ini_pars)

    

    eventDat<-rbind(data.frame(var="ODOSE",time=LL$time,

                               value=LL$ODOSE ,	 

                               method="add",stringsAsFactors = FALSE),  # ("replace", "add", "multiply")

                    data.frame(var="ASTOM",time=LL$time,

                               value=LL$ODOSE ,	 

                               method="add",stringsAsFactors = FALSE))

    

    # DERIVATIVE ####

    # RUN MODEL 

    modelOutput<- ode(y = st, times = t,  #method = "lsodes",

                      func = Human_Model, parms = ini_pars,

                      events = list(data = eventDat[order(eventDat$time),]))

    result <- within(as.data.frame(modelOutput),{Level<-LL$Level[[1]]})

    return(result)

  },ini_par=params,t=times)

  stopCluster(c1)

  timestamp()

  ModelOutput<-do.call(rbind,modelOutput)##make big dataframe for evaluation



  #~~~END MODEL ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~####

  

  return(ModelOutput)

  

}



PODcost <- function(test_dose){

  

  test_result <- minRBCCE(test_dose*1000)

  test_error <- (test_result - 90.0)

  

  print(sprintf("%f  %f",test_dose,test_result))

  

  return(test_error*test_error)

}



AEDcost <- function(test_dose){

  

  test_result <- avgCBL(test_dose*1000)

  test_error <- (test_result - ac_50)

  

  print(sprintf("%f  %f",test_dose,test_result))

  

  return(test_error*test_error)

}



# get the dose that reproduces the AC50 in blood concentration or 10% brain AChE inhibition

final_dose <- optim(par = 34.7, PODcost, method = "Brent",lower = 1, upper = 100, control = list(reltol = 1e-3))   # POD limits



# finally run the model for this concentration

ModelOutput <- just_run_model(final_dose$par*1000)



final_dose$par

min(ModelOutput$RBCCE)




rm(list = ls()) # Clear workspace



#set the working directory to the location of these scripts

#setwd(dirname(rstudioapi::getActiveDocumentContext()$path))



#Environment####

library(dplyr)

library(tidyr)

library(parallel)

# number of cores availabe on current machine

tot_cores<-detectCores(all.tests = FALSE, logical = TRUE)  

cores<-tot_cores-1 # leave one core for other tasks 



ac_50 <<- -999             # enter the AC50 value here; units = umol/L

Ndays = 2                        # number of days to simulate

target_chem = "oxon"            # oxon or parent compound

body_weight = 12.6                 # body weight in kg

subject_age = 1

route = "water"



source("human_pbpk.R") # Loads model and base parameters

source("malathion_human_parameters.R") # male and female specific parameters



# Intial_parameters####

sex = 1						 # 0=male, 1= Female

params<-c(params[!names(params)%in%names(human_parameters[[sex+1]])],

          human_parameters[[sex+1]])



# set case-specific parameters

params[["TSTART"]]<-0.0         # START SIMULATION (HR)

params[["TSTOP"]]=48      			# Simulation duration = 2 days

params[["AGE0"]]=subject_age

params[["BWSW"]] = 1   	 				# Switch for age (set =0) or set (set =1) if bwt provided

params[["BWST"]]= body_weight   	 			# kg

params[["FA"]]=1



# returns the average blood concentration of oxon

# based on the daily dose of "dose" ug/kg/day

avgCBLO <- function(dose){

  

  # TIMING COMMANDS ####

  MAXT=0.1       #maximum time step

  times<-seq(params[["TSTART"]],params[["TSTOP"]],by=MAXT)#

  

  # max number of points to write out to file

  POINTS_max<-10000  

  # if the more than 10000 timesteps, select evently spaced 10000 of them for reporting

  report_points<-if(length(times)<=POINTS_max) times else 

    times[seq(1,length(times),by=round(length(times)/POINTS_max))]

  table(report_points%in%times)#check all report values are in times.

  

  

  # Dosing ####

  # once daily oral exposure for food

  if (route=="food"){

    if (Ndays < 100) {

      A <- c(dose)

      B <- c(0)

      C <- c("time","doral")

      

      DORAL <- data.frame(B,A)

      colnames(DORAL) <- C

    } else {

      A <- rep(dose,Ndays+1)

      B <- seq(0,Ndays*24,by=24)

      C <- c("time","doral")

      

      DORAL <- data.frame(B,A)

      colnames(DORAL) <- C

    }

  }

  # dosing for water exposure

  if (route=="water"){

    if (Ndays < 100) {

      # 6x daily for age <= 12

      if (subject_age<=12){

        A <- rep(dose/6.0,6)

        B <- seq(0,20,by=4)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

      # 4x daily for age > 12

      else {

        A <- rep(dose/4.0,4)

        B <- seq(0,18,by=6)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

    } else {

      # 6x daily for age <= 12

      if (subject_age<=12){

        A <- rep(dose/6.0,Ndays*6+1)

        B <- seq(0,Ndays*24,by=4)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

      # 4x daily for age > 12

      else {

        A <- rep(dose/4.0,Ndays*4+1)

        B <- seq(0,Ndays*24,by=6)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

    }

  }

  

  All_Dose<-DORAL%>%

    mutate(ODOSEOXON=doral*(params[["BWST"]]/params[["MWOXON"]])

           *params[["FA"]], # DIM dose conversion (ug/kg to umol)

           Level=paste(doral[1],"ug/kg",sep="_"))

  

  #~~~~APPLY MODEL~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~#### 

  # Do parallel for speed

  c1<-makeCluster(min(cores,n_distinct(All_Dose$Level))) # cluster for parallel 

  timestamp()

  modelOutput<-parLapply(c1,split(All_Dose,All_Dose$Level), function (LL,ini_par,t){

    #load data into cores

    source("human_pbpk.R")

    # Create dataframe of "events"that describe the dosing, which informs the

    # ODE function, and needs to have columns "var" = the state_variable that needs

    # to be changed,"time"= when the changes occurs,"value"=the value being changed

    # to,& "method"= how the new value interacts with the previous state variable

    # value. See ?deSolve::lsodes and ?deSolve::events.

    

    # combine or replace "base" parameters with case specific human parameters, 

    # carring out any calcuated paramters which are function of other specific case parameters 

    ini_pars <- initial_params_fun(params=ini_par)

    # STATE####

    # Subject specific UPDATES to the initial value of state variables

    st<-state_fun(st=state,ini_p=ini_pars)

    

    eventDat<-rbind(data.frame(var="ODOSEOXON",time=LL$time,

                               value=LL$ODOSEOXON ,	 

                               method="add",stringsAsFactors = FALSE),  # ("replace", "add", "multiply")

                    data.frame(var="ASTOMO",time=LL$time,

                               value=LL$ODOSEOXON ,	 

                               method="add",stringsAsFactors = FALSE))

    

    # DERIVATIVE ####

    # RUN MODEL 

    modelOutput<- ode(y = st, times = t,  #method = "lsodes",

                      func = Human_Model, parms = ini_pars,

                      events = list(data = eventDat[order(eventDat$time),]))

    result <- within(as.data.frame(modelOutput),{Level<-LL$Level[[1]]})

    return(result)

  },ini_par=params,t=times)

  stopCluster(c1)

  timestamp()

  ModelOutput<-do.call(rbind,modelOutput)##make big dataframe for evaluation



  #~~~END MODEL ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~####

  

  return(mean(tail(ModelOutput$CBLO,240)))

  

}



minRBCCEO <- function(dose){

  

  # TIMING COMMANDS ####

  MAXT=0.1       #maximum time step

  times<-seq(params[["TSTART"]],params[["TSTOP"]],by=MAXT)#

  

  # max number of points to write out to file

  POINTS_max<-10000  

  # if the more than 10000 timesteps, select evently spaced 10000 of them for reporting

  report_points<-if(length(times)<=POINTS_max) times else 

    times[seq(1,length(times),by=round(length(times)/POINTS_max))]

  table(report_points%in%times)#check all report values are in times.

  

  

  # Dosing ####

  # once daily oral exposure for food

  if (route=="food"){

    if (Ndays < 100) {

      A <- c(dose)

      B <- c(0)

      C <- c("time","doral")

      

      DORAL <- data.frame(B,A)

      colnames(DORAL) <- C

    } else {

      A <- rep(dose,Ndays+1)

      B <- seq(0,Ndays*24,by=24)

      C <- c("time","doral")

      

      DORAL <- data.frame(B,A)

      colnames(DORAL) <- C

    }

  }

  # dosing for water exposure

  if (route=="water"){

    if (Ndays < 100) {

      # 6x daily for age <= 12

      if (subject_age<=12){

        A <- rep(dose/6.0,6)

        B <- seq(0,20,by=4)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

      # 4x daily for age > 12

      else {

        A <- rep(dose/4.0,4)

        B <- seq(0,18,by=6)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

    } else {

      # 6x daily for age <= 12

      if (subject_age<=12){

        A <- rep(dose/6.0,Ndays*6+1)

        B <- seq(0,Ndays*24,by=4)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

      # 4x daily for age > 12

      else {

        A <- rep(dose/4.0,Ndays*4+1)

        B <- seq(0,Ndays*24,by=6)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

    }

  }

  

  All_Dose<-DORAL%>%

    mutate(ODOSEOXON=doral*(params[["BWST"]]/params[["MWOXON"]])

           *params[["FA"]], # DIM dose conversion (ug/kg to umol)

           Level=paste(doral[1],"ug/kg",sep="_"))

  

  #~~~~APPLY MODEL~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~#### 

  # Do parallel for speed

  c1<-makeCluster(min(cores,n_distinct(All_Dose$Level))) # cluster for parallel 

  timestamp()

  modelOutput<-parLapply(c1,split(All_Dose,All_Dose$Level), function (LL,ini_par,t){

    #load data into cores

    source("human_pbpk.R")

    # Create dataframe of "events"that describe the dosing, which informs the

    # ODE function, and needs to have columns "var" = the state_variable that needs

    # to be changed,"time"= when the changes occurs,"value"=the value being changed

    # to,& "method"= how the new value interacts with the previous state variable

    # value. See ?deSolve::lsodes and ?deSolve::events.

    

    # combine or replace "base" parameters with case specific human parameters, 

    # carring out any calcuated paramters which are function of other specific case parameters 

    ini_pars <- initial_params_fun(params=ini_par)

    # STATE####

    # Subject specific UPDATES to the initial value of state variables

    st<-state_fun(st=state,ini_p=ini_pars)

    

    eventDat<-rbind(data.frame(var="ODOSEOXON",time=LL$time,

                               value=LL$ODOSEOXON ,	 

                               method="add",stringsAsFactors = FALSE),  # ("replace", "add", "multiply")

                    data.frame(var="ASTOMO",time=LL$time,

                               value=LL$ODOSEOXON ,	 

                               method="add",stringsAsFactors = FALSE))

    

    # DERIVATIVE ####

    # RUN MODEL 

    modelOutput<- ode(y = st, times = t,  #method = "lsodes",

                      func = Human_Model, parms = ini_pars,

                      events = list(data = eventDat[order(eventDat$time),]))

    result <- within(as.data.frame(modelOutput),{Level<-LL$Level[[1]]})

    return(result)

  },ini_par=params,t=times)

  stopCluster(c1)

  timestamp()

  ModelOutput<-do.call(rbind,modelOutput)##make big dataframe for evaluation

  

  #~~~END MODEL ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~####

  

  return(min(ModelOutput$RBCCE))

  

}



just_run_model <- function(dose){

  

  # TIMING COMMANDS ####

  MAXT=0.1       #maximum time step

  times<-seq(params[["TSTART"]],params[["TSTOP"]],by=MAXT)#

  

  # max number of points to write out to file

  POINTS_max<-10000  

  # if the more than 10000 timesteps, select evently spaced 10000 of them for reporting

  report_points<-if(length(times)<=POINTS_max) times else 

    times[seq(1,length(times),by=round(length(times)/POINTS_max))]

  table(report_points%in%times)#check all report values are in times.

  

  

  # Dosing ####

  # once daily oral exposure for food

  if (route=="food"){

    if (Ndays < 100) {

      A <- c(dose)

      B <- c(0)

      C <- c("time","doral")

      

      DORAL <- data.frame(B,A)

      colnames(DORAL) <- C

    } else {

      A <- rep(dose,Ndays+1)

      B <- seq(0,Ndays*24,by=24)

      C <- c("time","doral")

      

      DORAL <- data.frame(B,A)

      colnames(DORAL) <- C

    }

  }

  # dosing for water exposure

  if (route=="water"){

    if (Ndays < 100) {

      # 6x daily for age <= 12

      if (subject_age<=12){

        A <- rep(dose/6.0,6)

        B <- seq(0,20,by=4)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

      # 4x daily for age > 12

      else {

        A <- rep(dose/4.0,4)

        B <- seq(0,18,by=6)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

    } else {

      # 6x daily for age <= 12

      if (subject_age<=12){

        A <- rep(dose/6.0,Ndays*6+1)

        B <- seq(0,Ndays*24,by=4)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

      # 4x daily for age > 12

      else {

        A <- rep(dose/4.0,Ndays*4+1)

        B <- seq(0,Ndays*24,by=6)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

    }

  }

  

  All_Dose<-DORAL%>%

    mutate(ODOSEOXON=doral*(params[["BWST"]]/params[["MWOXON"]])

           *params[["FA"]], # DIM dose conversion (ug/kg to umol)

           Level=paste(doral[1],"ug/kg",sep="_"))

  

  #~~~~APPLY MODEL~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~#### 

  # Do parallel for speed

  c1<-makeCluster(min(cores,n_distinct(All_Dose$Level))) # cluster for parallel 

  timestamp()

  modelOutput<-parLapply(c1,split(All_Dose,All_Dose$Level), function (LL,ini_par,t){

    #load data into cores

    source("human_pbpk.R")

    # Create dataframe of "events"that describe the dosing, which informs the

    # ODE function, and needs to have columns "var" = the state_variable that needs

    # to be changed,"time"= when the changes occurs,"value"=the value being changed

    # to,& "method"= how the new value interacts with the previous state variable

    # value. See ?deSolve::lsodes and ?deSolve::events.

    

    # combine or replace "base" parameters with case specific human parameters, 

    # carring out any calcuated paramters which are function of other specific case parameters 

    ini_pars <- initial_params_fun(params=ini_par)

    # STATE####

    # Subject specific UPDATES to the initial value of state variables

    st<-state_fun(st=state,ini_p=ini_pars)

    

    eventDat<-rbind(data.frame(var="ODOSEOXON",time=LL$time,

                               value=LL$ODOSEOXON ,	 

                               method="add",stringsAsFactors = FALSE),  # ("replace", "add", "multiply")

                    data.frame(var="ASTOMO",time=LL$time,

                               value=LL$ODOSEOXON ,	 

                               method="add",stringsAsFactors = FALSE))

    

    # DERIVATIVE ####

    # RUN MODEL 

    modelOutput<- ode(y = st, times = t,  #method = "lsodes",

                      func = Human_Model, parms = ini_pars,

                      events = list(data = eventDat[order(eventDat$time),]))

    result <- within(as.data.frame(modelOutput),{Level<-LL$Level[[1]]})

    return(result)

  },ini_par=params,t=times)

  stopCluster(c1)

  timestamp()

  ModelOutput<-do.call(rbind,modelOutput)##make big dataframe for evaluation



  #~~~END MODEL ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~####

  

  return(ModelOutput)

  

}



PODcost <- function(test_dose){

  

  test_result <- minRBCCEO(test_dose*1000)

  test_error <- (test_result - 90.0)

  

  print(sprintf("%f  %f",test_dose,test_result))

  

  return(test_error*test_error)

}



AEDcost <- function(test_dose){

  

  test_result <- avgCBLO(test_dose*1000)

  test_error <- (test_result - ac_50)

  

  print(sprintf("%f  %f",test_dose,test_result))

  

  return(test_error*test_error)

}



# get the dose that reproduces the AC50 in blood concentration or 10% brain AChE inhibition

final_dose <- optim(par = 4.24, PODcost, method = "Brent",lower = 1, upper = 10, control = list(reltol = 1e-3))   # POD limits



# finally run the model for this concentration

ModelOutput <- just_run_model(final_dose$par*1000)

final_dose$par

min(ModelOutput$RBCCE)


rm(list = ls()) # Clear workspace



#set the working directory to the location of these scripts

#setwd(dirname(rstudioapi::getActiveDocumentContext()$path))



#Environment####

library(dplyr)

library(tidyr)

library(parallel)

# number of cores availabe on current machine

tot_cores<-detectCores(all.tests = FALSE, logical = TRUE)  

cores<-tot_cores-1 # leave one core for other tasks 



ac_50 <<- -999            # enter the AC50 value here; units = umol/L

Ndays = 2                        # number of days to simulate

target_chem = "parent"            # oxon or parent compound

body_weight = 12.6                 # body weight in kg

subject_age = 1

route = "water"



source("human_pbpk.R") # Loads model and base parameters

source("malathion_human_parameters.R") # male and female specific parameters



# Intial_parameters####

sex = 1						 # 0=male, 1= Female

params<-c(params[!names(params)%in%names(human_parameters[[sex+1]])],

          human_parameters[[sex+1]])



# set case-specific parameters

params[["TSTART"]]<-0.0         # START SIMULATION (HR)

params[["TSTOP"]]=48      			# Simulation duration = 2 days

params[["AGE0"]]=subject_age

params[["BWSW"]] = 1   	 				# Switch for age (set =0) or set (set =1) if bwt provided

params[["BWST"]]= body_weight   	 			# kg

params[["FA"]]=1



# returns the average blood concentration of parent compound

# based on the daily dose of "dose" ug/kg/day

avgCBL <- function(dose){

  

  # TIMING COMMANDS ####

  MAXT=0.1       #maximum time step

  times<-seq(params[["TSTART"]],params[["TSTOP"]],by=MAXT)#

  

  # max number of points to write out to file

  POINTS_max<-10000  

  # if the more than 10000 timesteps, select evently spaced 10000 of them for reporting

  report_points<-if(length(times)<=POINTS_max) times else 

    times[seq(1,length(times),by=round(length(times)/POINTS_max))]

  table(report_points%in%times)#check all report values are in times.

  

  

  # Dosing ####

  # once daily oral exposure for food

  if (route=="food"){

    if (Ndays < 100) {

      A <- c(dose)

      B <- c(0)

      C <- c("time","doral")

      

      DORAL <- data.frame(B,A)

      colnames(DORAL) <- C

    } else {

      A <- rep(dose,Ndays+1)

      B <- seq(0,Ndays*24,by=24)

      C <- c("time","doral")

      

      DORAL <- data.frame(B,A)

      colnames(DORAL) <- C

    }

  }

  # dosing for water exposure

  if (route=="water"){

    if (Ndays < 100) {

      # 6x daily for age <= 12

      if (subject_age<=12){

        A <- rep(dose/6.0,6)

        B <- seq(0,20,by=4)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

      # 4x daily for age > 12

      else {

        A <- rep(dose/4.0,4)

        B <- seq(0,18,by=6)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

    } else {

      # 6x daily for age <= 12

      if (subject_age<=12){

        A <- rep(dose/6.0,Ndays*6+1)

        B <- seq(0,Ndays*24,by=4)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

      # 4x daily for age > 12

      else {

        A <- rep(dose/4.0,Ndays*4+1)

        B <- seq(0,Ndays*24,by=6)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

    }

  }

  

  

  All_Dose<-DORAL%>%

    mutate(ODOSE=doral*(params[["BWST"]]/params[["MWPAR"]])

           *params[["FA"]], # DIM dose conversion (ug/kg to umol)

           Level=paste(doral[1],"ug/kg",sep="_"))

  

  #~~~~APPLY MODEL~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~#### 

  # Do parallel for speed

  c1<-makeCluster(min(cores,n_distinct(All_Dose$Level))) # cluster for parallel 

  timestamp()

  modelOutput<-parLapply(c1,split(All_Dose,All_Dose$Level), function (LL,ini_par,t){

    #load data into cores

    source("human_pbpk.R")

    # Create dataframe of "events"that describe the dosing, which informs the

    # ODE function, and needs to have columns "var" = the state_variable that needs

    # to be changed,"time"= when the changes occurs,"value"=the value being changed

    # to,& "method"= how the new value interacts with the previous state variable

    # value. See ?deSolve::lsodes and ?deSolve::events.

    

    # combine or replace "base" parameters with case specific human parameters, 

    # carring out any calcuated paramters which are function of other specific case parameters 

    ini_pars <- initial_params_fun(params=ini_par)

    # STATE####

    # Subject specific UPDATES to the initial value of state variables

    st<-state_fun(st=state,ini_p=ini_pars)

    

    eventDat<-rbind(data.frame(var="ODOSE",time=LL$time,

                               value=LL$ODOSE ,	 

                               method="add",stringsAsFactors = FALSE),  # ("replace", "add", "multiply")

                    data.frame(var="ASTOM",time=LL$time,

                               value=LL$ODOSE ,	 

                               method="add",stringsAsFactors = FALSE))

    

    # DERIVATIVE ####

    # RUN MODEL 

    modelOutput<- ode(y = st, times = t,  #method = "lsodes",

                      func = Human_Model, parms = ini_pars,

                      events = list(data = eventDat[order(eventDat$time),]))

    result <- within(as.data.frame(modelOutput),{Level<-LL$Level[[1]]})

    return(result)

  },ini_par=params,t=times)

  stopCluster(c1)

  timestamp()

  ModelOutput<-do.call(rbind,modelOutput)##make big dataframe for evaluation



  

  return(mean(tail(ModelOutput$CBL,240)))

  

}



# returns the average blood concentration of oxon

# based on the daily dose of "dose" ug/kg/day

avgCBLO <- function(dose){

  

  # TIMING COMMANDS ####

  MAXT=0.1       #maximum time step

  times<-seq(params[["TSTART"]],params[["TSTOP"]],by=MAXT)#

  

  # max number of points to write out to file

  POINTS_max<-10000  

  # if the more than 10000 timesteps, select evently spaced 10000 of them for reporting

  report_points<-if(length(times)<=POINTS_max) times else 

    times[seq(1,length(times),by=round(length(times)/POINTS_max))]

  table(report_points%in%times)#check all report values are in times.

  

  

  # once daily oral exposure for food

  if (route=="food"){

    if (Ndays < 100) {

      A <- c(dose)

      B <- c(0)

      C <- c("time","doral")

      

      DORAL <- data.frame(B,A)

      colnames(DORAL) <- C

    } else {

      A <- rep(dose,Ndays+1)

      B <- seq(0,Ndays*24,by=24)

      C <- c("time","doral")

      

      DORAL <- data.frame(B,A)

      colnames(DORAL) <- C

    }

  }

  # dosing for water exposure

  if (route=="water"){

    if (Ndays < 100) {

      # 6x daily for age <= 12

      if (subject_age<=12){

        A <- rep(dose/6.0,6)

        B <- seq(0,20,by=4)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

      # 4x daily for age > 12

      else {

        A <- rep(dose/4.0,4)

        B <- seq(0,18,by=6)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

    } else {

      # 6x daily for age <= 12

      if (subject_age<=12){

        A <- rep(dose/6.0,Ndays*6+1)

        B <- seq(0,Ndays*24,by=4)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

      # 4x daily for age > 12

      else {

        A <- rep(dose/4.0,Ndays*4+1)

        B <- seq(0,Ndays*24,by=6)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

    }

  }

  

  All_Dose<-DORAL%>%

    mutate(ODOSE=doral*(params[["BWST"]]/params[["MWPAR"]])

           *params[["FA"]], # DIM dose conversion (ug/kg to umol)

           Level=paste(doral[1],"ug/kg",sep="_"))

  

  #~~~~APPLY MODEL~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~#### 

  # Do parallel for speed

  c1<-makeCluster(min(cores,n_distinct(All_Dose$Level))) # cluster for parallel 

  timestamp()

  modelOutput<-parLapply(c1,split(All_Dose,All_Dose$Level), function (LL,ini_par,t){

    #load data into cores

    source("human_pbpk.R")

    # Create dataframe of "events"that describe the dosing, which informs the

    # ODE function, and needs to have columns "var" = the state_variable that needs

    # to be changed,"time"= when the changes occurs,"value"=the value being changed

    # to,& "method"= how the new value interacts with the previous state variable

    # value. See ?deSolve::lsodes and ?deSolve::events.

    

    # combine or replace "base" parameters with case specific human parameters, 

    # carring out any calcuated paramters which are function of other specific case parameters 

    ini_pars <- initial_params_fun(params=ini_par)

    # STATE####

    # Subject specific UPDATES to the initial value of state variables

    st<-state_fun(st=state,ini_p=ini_pars)

    

    eventDat<-rbind(data.frame(var="ODOSE",time=LL$time,

                               value=LL$ODOSE ,	 

                               method="add",stringsAsFactors = FALSE),  # ("replace", "add", "multiply")

                    data.frame(var="ASTOM",time=LL$time,

                               value=LL$ODOSE ,	 

                               method="add",stringsAsFactors = FALSE))

    

    # DERIVATIVE ####

    # RUN MODEL 

    modelOutput<- ode(y = st, times = t,  #method = "lsodes",

                      func = Human_Model, parms = ini_pars,

                      events = list(data = eventDat[order(eventDat$time),]))

    result <- within(as.data.frame(modelOutput),{Level<-LL$Level[[1]]})

    return(result)

  },ini_par=params,t=times)

  stopCluster(c1)

  timestamp()

  ModelOutput<-do.call(rbind,modelOutput)##make big dataframe for evaluation



  #~~~END MODEL ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~####

  

  return(mean(tail(ModelOutput$CBLO,240)))

  

}



minRBCCE <- function(dose){

  

  # TIMING COMMANDS ####

  MAXT=0.1       #maximum time step

  times<-seq(params[["TSTART"]],params[["TSTOP"]],by=MAXT)#

  

  # max number of points to write out to file

  POINTS_max<-10000  

  # if the more than 10000 timesteps, select evently spaced 10000 of them for reporting

  report_points<-if(length(times)<=POINTS_max) times else 

    times[seq(1,length(times),by=round(length(times)/POINTS_max))]

  table(report_points%in%times)#check all report values are in times.

  

  

  # Dosing ####

  # once daily oral exposure for food

  if (route=="food"){

    if (Ndays < 100) {

      A <- c(dose)

      B <- c(0)

      C <- c("time","doral")

      

      DORAL <- data.frame(B,A)

      colnames(DORAL) <- C

    } else {

      A <- rep(dose,Ndays+1)

      B <- seq(0,Ndays*24,by=24)

      C <- c("time","doral")

      

      DORAL <- data.frame(B,A)

      colnames(DORAL) <- C

    }

  }

  # dosing for water exposure

  if (route=="water"){

    if (Ndays < 100) {

      # 6x daily for age <= 12

      if (subject_age<=12){

        A <- rep(dose/6.0,6)

        B <- seq(0,20,by=4)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

      # 4x daily for age > 12

      else {

        A <- rep(dose/4.0,4)

        B <- seq(0,18,by=6)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

    } else {

      # 6x daily for age <= 12

      if (subject_age<=12){

        A <- rep(dose/6.0,Ndays*6+1)

        B <- seq(0,Ndays*24,by=4)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

      # 4x daily for age > 12

      else {

        A <- rep(dose/4.0,Ndays*4+1)

        B <- seq(0,Ndays*24,by=6)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

    }

  }

  

  All_Dose<-DORAL%>%

    mutate(ODOSE=doral*(params[["BWST"]]/params[["MWPAR"]])

           *params[["FA"]], # DIM dose conversion (ug/kg to umol)

           Level=paste(doral[1],"ug/kg",sep="_"))

  

  #~~~~APPLY MODEL~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~#### 

  # Do parallel for speed

  c1<-makeCluster(min(cores,n_distinct(All_Dose$Level))) # cluster for parallel 

  timestamp()

  modelOutput<-parLapply(c1,split(All_Dose,All_Dose$Level), function (LL,ini_par,t){

    #load data into cores

    source("human_pbpk.R")

    # Create dataframe of "events"that describe the dosing, which informs the

    # ODE function, and needs to have columns "var" = the state_variable that needs

    # to be changed,"time"= when the changes occurs,"value"=the value being changed

    # to,& "method"= how the new value interacts with the previous state variable

    # value. See ?deSolve::lsodes and ?deSolve::events.

    

    # combine or replace "base" parameters with case specific human parameters, 

    # carring out any calcuated paramters which are function of other specific case parameters 

    ini_pars <- initial_params_fun(params=ini_par)

    # STATE####

    # Subject specific UPDATES to the initial value of state variables

    st<-state_fun(st=state,ini_p=ini_pars)

    

    eventDat<-rbind(data.frame(var="ODOSE",time=LL$time,

                               value=LL$ODOSE ,	 

                               method="add",stringsAsFactors = FALSE),  # ("replace", "add", "multiply")

                    data.frame(var="ASTOM",time=LL$time,

                               value=LL$ODOSE ,	 

                               method="add",stringsAsFactors = FALSE))

    

    # DERIVATIVE ####

    # RUN MODEL 

    modelOutput<- ode(y = st, times = t,  #method = "lsodes",

                      func = Human_Model, parms = ini_pars,

                      events = list(data = eventDat[order(eventDat$time),]))

    result <- within(as.data.frame(modelOutput),{Level<-LL$Level[[1]]})

    return(result)

  },ini_par=params,t=times)

  stopCluster(c1)

  timestamp()

  ModelOutput<-do.call(rbind,modelOutput)##make big dataframe for evaluation

  

  #~~~END MODEL ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~####

  

  return(min(ModelOutput$RBCCE))

  

}



just_run_model <- function(dose){

  

  # TIMING COMMANDS ####

  MAXT=0.1       #maximum time step

  times<-seq(params[["TSTART"]],params[["TSTOP"]],by=MAXT)#

  

  # max number of points to write out to file

  POINTS_max<-10000  

  # if the more than 10000 timesteps, select evently spaced 10000 of them for reporting

  report_points<-if(length(times)<=POINTS_max) times else 

    times[seq(1,length(times),by=round(length(times)/POINTS_max))]

  table(report_points%in%times)#check all report values are in times.

  

  

  # once daily oral exposure for food

  if (route=="food"){

    if (Ndays < 100) {

      A <- c(dose)

      B <- c(0)

      C <- c("time","doral")

      

      DORAL <- data.frame(B,A)

      colnames(DORAL) <- C

    } else {

      A <- rep(dose,Ndays+1)

      B <- seq(0,Ndays*24,by=24)

      C <- c("time","doral")

      

      DORAL <- data.frame(B,A)

      colnames(DORAL) <- C

    }

  }

  # dosing for water exposure

  if (route=="water"){

    if (Ndays < 100) {

      # 6x daily for age <= 12

      if (subject_age<=12){

        A <- rep(dose/6.0,6)

        B <- seq(0,20,by=4)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

      # 4x daily for age > 12

      else {

        A <- rep(dose/4.0,4)

        B <- seq(0,18,by=6)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

    } else {

      # 6x daily for age <= 12

      if (subject_age<=12){

        A <- rep(dose/6.0,Ndays*6+1)

        B <- seq(0,Ndays*24,by=4)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

      # 4x daily for age > 12

      else {

        A <- rep(dose/4.0,Ndays*4+1)

        B <- seq(0,Ndays*24,by=6)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

    }

  }

  

  All_Dose<-DORAL%>%

    mutate(ODOSE=doral*(params[["BWST"]]/params[["MWPAR"]])

           *params[["FA"]], # DIM dose conversion (ug/kg to umol)

           Level=paste(doral[1],"ug/kg",sep="_"))

  

  #~~~~APPLY MODEL~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~#### 

  # Do parallel for speed

  c1<-makeCluster(min(cores,n_distinct(All_Dose$Level))) # cluster for parallel 

  timestamp()

  modelOutput<-parLapply(c1,split(All_Dose,All_Dose$Level), function (LL,ini_par,t){

    #load data into cores

    source("human_pbpk.R")

    # Create dataframe of "events"that describe the dosing, which informs the

    # ODE function, and needs to have columns "var" = the state_variable that needs

    # to be changed,"time"= when the changes occurs,"value"=the value being changed

    # to,& "method"= how the new value interacts with the previous state variable

    # value. See ?deSolve::lsodes and ?deSolve::events.

    

    # combine or replace "base" parameters with case specific human parameters, 

    # carring out any calcuated paramters which are function of other specific case parameters 

    ini_pars <- initial_params_fun(params=ini_par)

    # STATE####

    # Subject specific UPDATES to the initial value of state variables

    st<-state_fun(st=state,ini_p=ini_pars)

    

    eventDat<-rbind(data.frame(var="ODOSE",time=LL$time,

                               value=LL$ODOSE ,	 

                               method="add",stringsAsFactors = FALSE),  # ("replace", "add", "multiply")

                    data.frame(var="ASTOM",time=LL$time,

                               value=LL$ODOSE ,	 

                               method="add",stringsAsFactors = FALSE))

    

    # DERIVATIVE ####

    # RUN MODEL 

    modelOutput<- ode(y = st, times = t,  #method = "lsodes",

                      func = Human_Model, parms = ini_pars,

                      events = list(data = eventDat[order(eventDat$time),]))

    result <- within(as.data.frame(modelOutput),{Level<-LL$Level[[1]]})

    return(result)

  },ini_par=params,t=times)

  stopCluster(c1)

  timestamp()

  ModelOutput<-do.call(rbind,modelOutput)##make big dataframe for evaluation

  

  #~~~END MODEL ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~####

  

  return(ModelOutput)

  

}



PODcost <- function(test_dose){

  

  test_result <- minRBCCE(test_dose*1000)

  test_error <- (test_result - 90.0)

  

  print(sprintf("%f  %f",test_dose,test_result))

  

  return(test_error*test_error)

}



AEDcost <- function(test_dose){

  

  test_result <- avgCBL(test_dose*1000)

  test_error <- (test_result - ac_50)

  

  print(sprintf("%f  %f",test_dose,test_result))

  

  return(test_error*test_error)

}



# get the dose that reproduces the AC50 in blood concentration or 10% brain AChE inhibition



final_dose <- optim(par = 32.1, PODcost, method = "Brent",lower = 1, upper = 100, control = list(reltol = 1e-3))   # POD limits



# finally run the model for this concentration

ModelOutput <- just_run_model(final_dose$par*1000)

final_dose$par

min(ModelOutput$RBCCE)




rm(list = ls()) # Clear workspace



#set the working directory to the location of these scripts

#setwd(dirname(rstudioapi::getActiveDocumentContext()$path))



#Environment####

library(dplyr)

library(tidyr)

library(parallel)

# number of cores availabe on current machine

tot_cores<-detectCores(all.tests = FALSE, logical = TRUE)  

cores<-tot_cores-1 # leave one core for other tasks 



ac_50 <<- -999             # enter the AC50 value here; units = umol/L

Ndays = 2                        # number of days to simulate

target_chem = "oxon"            # oxon or parent compound

body_weight = 18.7                 # body weight in kg

subject_age = 3

route = "water"



source("human_pbpk.R") # Loads model and base parameters

source("malathion_human_parameters.R") # male and female specific parameters



# Intial_parameters####

sex = 1						 # 0=male, 1= Female

params<-c(params[!names(params)%in%names(human_parameters[[sex+1]])],

          human_parameters[[sex+1]])



# set case-specific parameters

params[["TSTART"]]<-0.0         # START SIMULATION (HR)

params[["TSTOP"]]=48      			# Simulation duration = 2 days

params[["AGE0"]]=subject_age

params[["BWSW"]] = 1   	 				# Switch for age (set =0) or set (set =1) if bwt provided

params[["BWST"]]= body_weight   	 			# kg

params[["FA"]]=1



# returns the average blood concentration of oxon

# based on the daily dose of "dose" ug/kg/day

avgCBLO <- function(dose){

  

  # TIMING COMMANDS ####

  MAXT=0.1       #maximum time step

  times<-seq(params[["TSTART"]],params[["TSTOP"]],by=MAXT)#

  

  # max number of points to write out to file

  POINTS_max<-10000  

  # if the more than 10000 timesteps, select evently spaced 10000 of them for reporting

  report_points<-if(length(times)<=POINTS_max) times else 

    times[seq(1,length(times),by=round(length(times)/POINTS_max))]

  table(report_points%in%times)#check all report values are in times.

  

  

  # once daily oral exposure for food

  if (route=="food"){

    if (Ndays < 100) {

      A <- c(dose)

      B <- c(0)

      C <- c("time","doral")

      

      DORAL <- data.frame(B,A)

      colnames(DORAL) <- C

    } else {

      A <- rep(dose,Ndays+1)

      B <- seq(0,Ndays*24,by=24)

      C <- c("time","doral")

      

      DORAL <- data.frame(B,A)

      colnames(DORAL) <- C

    }

  }

  # dosing for water exposure

  if (route=="water"){

    if (Ndays < 100) {

      # 6x daily for age <= 12

      if (subject_age<=12){

        A <- rep(dose/6.0,6)

        B <- seq(0,20,by=4)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

      # 4x daily for age > 12

      else {

        A <- rep(dose/4.0,4)

        B <- seq(0,18,by=6)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

    } else {

      # 6x daily for age <= 12

      if (subject_age<=12){

        A <- rep(dose/6.0,Ndays*6+1)

        B <- seq(0,Ndays*24,by=4)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

      # 4x daily for age > 12

      else {

        A <- rep(dose/4.0,Ndays*4+1)

        B <- seq(0,Ndays*24,by=6)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

    }

  }

  

  All_Dose<-DORAL%>%

    mutate(ODOSEOXON=doral*(params[["BWST"]]/params[["MWOXON"]])

           *params[["FA"]], # DIM dose conversion (ug/kg to umol)

           Level=paste(doral[1],"ug/kg",sep="_"))

  

  #~~~~APPLY MODEL~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~#### 

  # Do parallel for speed

  c1<-makeCluster(min(cores,n_distinct(All_Dose$Level))) # cluster for parallel 

  timestamp()

  modelOutput<-parLapply(c1,split(All_Dose,All_Dose$Level), function (LL,ini_par,t){

    #load data into cores

    source("human_pbpk.R")

    # Create dataframe of "events"that describe the dosing, which informs the

    # ODE function, and needs to have columns "var" = the state_variable that needs

    # to be changed,"time"= when the changes occurs,"value"=the value being changed

    # to,& "method"= how the new value interacts with the previous state variable

    # value. See ?deSolve::lsodes and ?deSolve::events.

    

    # combine or replace "base" parameters with case specific human parameters, 

    # carring out any calcuated paramters which are function of other specific case parameters 

    ini_pars <- initial_params_fun(params=ini_par)

    # STATE####

    # Subject specific UPDATES to the initial value of state variables

    st<-state_fun(st=state,ini_p=ini_pars)

    

    eventDat<-rbind(data.frame(var="ODOSEOXON",time=LL$time,

                               value=LL$ODOSEOXON ,	 

                               method="add",stringsAsFactors = FALSE),  # ("replace", "add", "multiply")

                    data.frame(var="ASTOMO",time=LL$time,

                               value=LL$ODOSEOXON ,	 

                               method="add",stringsAsFactors = FALSE))

    

    # DERIVATIVE ####

    # RUN MODEL 

    modelOutput<- ode(y = st, times = t,  #method = "lsodes",

                      func = Human_Model, parms = ini_pars,

                      events = list(data = eventDat[order(eventDat$time),]))

    result <- within(as.data.frame(modelOutput),{Level<-LL$Level[[1]]})

    return(result)

  },ini_par=params,t=times)

  stopCluster(c1)

  timestamp()

  ModelOutput<-do.call(rbind,modelOutput)##make big dataframe for evaluation



  #~~~END MODEL ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~####

  

  return(mean(tail(ModelOutput$CBLO,240)))

  

}



minRBCCEO <- function(dose){

  

  # TIMING COMMANDS ####

  MAXT=0.1       #maximum time step

  times<-seq(params[["TSTART"]],params[["TSTOP"]],by=MAXT)#

  

  # max number of points to write out to file

  POINTS_max<-10000  

  # if the more than 10000 timesteps, select evently spaced 10000 of them for reporting

  report_points<-if(length(times)<=POINTS_max) times else 

    times[seq(1,length(times),by=round(length(times)/POINTS_max))]

  table(report_points%in%times)#check all report values are in times.

  

  

  # once daily oral exposure for food

  if (route=="food"){

    if (Ndays < 100) {

      A <- c(dose)

      B <- c(0)

      C <- c("time","doral")

      

      DORAL <- data.frame(B,A)

      colnames(DORAL) <- C

    } else {

      A <- rep(dose,Ndays+1)

      B <- seq(0,Ndays*24,by=24)

      C <- c("time","doral")

      

      DORAL <- data.frame(B,A)

      colnames(DORAL) <- C

    }

  }

  # dosing for water exposure

  if (route=="water"){

    if (Ndays < 100) {

      # 6x daily for age <= 12

      if (subject_age<=12){

        A <- rep(dose/6.0,6)

        B <- seq(0,20,by=4)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

      # 4x daily for age > 12

      else {

        A <- rep(dose/4.0,4)

        B <- seq(0,18,by=6)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

    } else {

      # 6x daily for age <= 12

      if (subject_age<=12){

        A <- rep(dose/6.0,Ndays*6+1)

        B <- seq(0,Ndays*24,by=4)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

      # 4x daily for age > 12

      else {

        A <- rep(dose/4.0,Ndays*4+1)

        B <- seq(0,Ndays*24,by=6)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

    }

  }

  

  All_Dose<-DORAL%>%

    mutate(ODOSEOXON=doral*(params[["BWST"]]/params[["MWOXON"]])

           *params[["FA"]], # DIM dose conversion (ug/kg to umol)

           Level=paste(doral[1],"ug/kg",sep="_"))

  

  #~~~~APPLY MODEL~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~#### 

  # Do parallel for speed

  c1<-makeCluster(min(cores,n_distinct(All_Dose$Level))) # cluster for parallel 

  timestamp()

  modelOutput<-parLapply(c1,split(All_Dose,All_Dose$Level), function (LL,ini_par,t){

    #load data into cores

    source("human_pbpk.R")

    # Create dataframe of "events"that describe the dosing, which informs the

    # ODE function, and needs to have columns "var" = the state_variable that needs

    # to be changed,"time"= when the changes occurs,"value"=the value being changed

    # to,& "method"= how the new value interacts with the previous state variable

    # value. See ?deSolve::lsodes and ?deSolve::events.

    

    # combine or replace "base" parameters with case specific human parameters, 

    # carring out any calcuated paramters which are function of other specific case parameters 

    ini_pars <- initial_params_fun(params=ini_par)

    # STATE####

    # Subject specific UPDATES to the initial value of state variables

    st<-state_fun(st=state,ini_p=ini_pars)

    

    eventDat<-rbind(data.frame(var="ODOSEOXON",time=LL$time,

                               value=LL$ODOSEOXON ,	 

                               method="add",stringsAsFactors = FALSE),  # ("replace", "add", "multiply")

                    data.frame(var="ASTOMO",time=LL$time,

                               value=LL$ODOSEOXON ,	 

                               method="add",stringsAsFactors = FALSE))

    

    # DERIVATIVE ####

    # RUN MODEL 

    modelOutput<- ode(y = st, times = t,  #method = "lsodes",

                      func = Human_Model, parms = ini_pars,

                      events = list(data = eventDat[order(eventDat$time),]))

    result <- within(as.data.frame(modelOutput),{Level<-LL$Level[[1]]})

    return(result)

  },ini_par=params,t=times)

  stopCluster(c1)

  timestamp()

  ModelOutput<-do.call(rbind,modelOutput)##make big dataframe for evaluation

  

  #~~~END MODEL ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~####

  

  return(min(ModelOutput$RBCCE))

  

}



just_run_model <- function(dose){

  

  # TIMING COMMANDS ####

  MAXT=0.1       #maximum time step

  times<-seq(params[["TSTART"]],params[["TSTOP"]],by=MAXT)#

  

  # max number of points to write out to file

  POINTS_max<-10000  

  # if the more than 10000 timesteps, select evently spaced 10000 of them for reporting

  report_points<-if(length(times)<=POINTS_max) times else 

    times[seq(1,length(times),by=round(length(times)/POINTS_max))]

  table(report_points%in%times)#check all report values are in times.

  

  

  # once daily oral exposure for food

  if (route=="food"){

    if (Ndays < 100) {

      A <- c(dose)

      B <- c(0)

      C <- c("time","doral")

      

      DORAL <- data.frame(B,A)

      colnames(DORAL) <- C

    } else {

      A <- rep(dose,Ndays+1)

      B <- seq(0,Ndays*24,by=24)

      C <- c("time","doral")

      

      DORAL <- data.frame(B,A)

      colnames(DORAL) <- C

    }

  }

  # dosing for water exposure

  if (route=="water"){

    if (Ndays < 100) {

      # 6x daily for age <= 12

      if (subject_age<=12){

        A <- rep(dose/6.0,6)

        B <- seq(0,20,by=4)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

      # 4x daily for age > 12

      else {

        A <- rep(dose/4.0,4)

        B <- seq(0,18,by=6)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

    } else {

      # 6x daily for age <= 12

      if (subject_age<=12){

        A <- rep(dose/6.0,Ndays*6+1)

        B <- seq(0,Ndays*24,by=4)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

      # 4x daily for age > 12

      else {

        A <- rep(dose/4.0,Ndays*4+1)

        B <- seq(0,Ndays*24,by=6)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

    }

  }

  

  All_Dose<-DORAL%>%

    mutate(ODOSEOXON=doral*(params[["BWST"]]/params[["MWOXON"]])

           *params[["FA"]], # DIM dose conversion (ug/kg to umol)

           Level=paste(doral[1],"ug/kg",sep="_"))

  

  #~~~~APPLY MODEL~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~#### 

  # Do parallel for speed

  c1<-makeCluster(min(cores,n_distinct(All_Dose$Level))) # cluster for parallel 

  timestamp()

  modelOutput<-parLapply(c1,split(All_Dose,All_Dose$Level), function (LL,ini_par,t){

    #load data into cores

    source("human_pbpk.R")

    # Create dataframe of "events"that describe the dosing, which informs the

    # ODE function, and needs to have columns "var" = the state_variable that needs

    # to be changed,"time"= when the changes occurs,"value"=the value being changed

    # to,& "method"= how the new value interacts with the previous state variable

    # value. See ?deSolve::lsodes and ?deSolve::events.

    

    # combine or replace "base" parameters with case specific human parameters, 

    # carring out any calcuated paramters which are function of other specific case parameters 

    ini_pars <- initial_params_fun(params=ini_par)

    # STATE####

    # Subject specific UPDATES to the initial value of state variables

    st<-state_fun(st=state,ini_p=ini_pars)

    

    eventDat<-rbind(data.frame(var="ODOSEOXON",time=LL$time,

                               value=LL$ODOSEOXON ,	 

                               method="add",stringsAsFactors = FALSE),  # ("replace", "add", "multiply")

                    data.frame(var="ASTOMO",time=LL$time,

                               value=LL$ODOSEOXON ,	 

                               method="add",stringsAsFactors = FALSE))

    

    # DERIVATIVE ####

    # RUN MODEL 

    modelOutput<- ode(y = st, times = t,  #method = "lsodes",

                      func = Human_Model, parms = ini_pars,

                      events = list(data = eventDat[order(eventDat$time),]))

    result <- within(as.data.frame(modelOutput),{Level<-LL$Level[[1]]})

    return(result)

  },ini_par=params,t=times)

  stopCluster(c1)

  timestamp()

  ModelOutput<-do.call(rbind,modelOutput)##make big dataframe for evaluation



  #~~~END MODEL ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~####

  

  return(ModelOutput)

  

}



PODcost <- function(test_dose){

  

  test_result <- minRBCCEO(test_dose*1000)

  test_error <- (test_result - 90.0)

  

  print(sprintf("%f  %f",test_dose,test_result))

  

  return(test_error*test_error)

}



AEDcost <- function(test_dose){

  

  test_result <- avgCBLO(test_dose*1000)

  test_error <- (test_result - ac_50)

  

  print(sprintf("%f  %f",test_dose,test_result))

  

  return(test_error*test_error)

}



# get the dose that reproduces the AC50 in blood concentration or 10% brain AChE inhibition

final_dose <- optim(par = 4.07, PODcost, method = "Brent",lower = 1, upper = 10, control = list(reltol = 1e-3))   # POD limits



# finally run the model for this concentration

ModelOutput <- just_run_model(final_dose$par*1000)



final_dose$par

min(ModelOutput$RBCCE)


rm(list = ls()) # Clear workspace



#set the working directory to the location of these scripts

#setwd(dirname(rstudioapi::getActiveDocumentContext()$path))



#Environment####

library(dplyr)

library(tidyr)

library(parallel)

# number of cores availabe on current machine

tot_cores<-detectCores(all.tests = FALSE, logical = TRUE)  

cores<-tot_cores-1 # leave one core for other tasks 



ac_50 <<- -999             # enter the AC50 value here; units = umol/L

Ndays = 2                        # number of days to simulate

target_chem = "parent"            # oxon or parent compound

body_weight = 18.7                 # body weight in kg

subject_age = 3

route = "water"



source("human_pbpk.R") # Loads model and base parameters

source("malathion_human_parameters.R") # male and female specific parameters



# Intial_parameters####

sex = 1						 # 0=male, 1= Female

params<-c(params[!names(params)%in%names(human_parameters[[sex+1]])],

          human_parameters[[sex+1]])



# set case-specific parameters

params[["TSTART"]]<-0.0         # START SIMULATION (HR)

params[["TSTOP"]]=48      			# Simulation duration = 2 days

params[["AGE0"]]=subject_age

params[["BWSW"]] = 1   	 				# Switch for age (set =0) or set (set =1) if bwt provided

params[["BWST"]]= body_weight   	 			# kg

params[["FA"]]=1



# returns the average blood concentration of parent compound

# based on the daily dose of "dose" ug/kg/day

avgCBL <- function(dose){

  

  # TIMING COMMANDS ####

  MAXT=0.1       #maximum time step

  times<-seq(params[["TSTART"]],params[["TSTOP"]],by=MAXT)#

  

  # max number of points to write out to file

  POINTS_max<-10000  

  # if the more than 10000 timesteps, select evently spaced 10000 of them for reporting

  report_points<-if(length(times)<=POINTS_max) times else 

    times[seq(1,length(times),by=round(length(times)/POINTS_max))]

  table(report_points%in%times)#check all report values are in times.

  

  

  # once daily oral exposure for food

  if (route=="food"){

    if (Ndays < 100) {

      A <- c(dose)

      B <- c(0)

      C <- c("time","doral")

      

      DORAL <- data.frame(B,A)

      colnames(DORAL) <- C

    } else {

      A <- rep(dose,Ndays+1)

      B <- seq(0,Ndays*24,by=24)

      C <- c("time","doral")

      

      DORAL <- data.frame(B,A)

      colnames(DORAL) <- C

    }

  }

  # dosing for water exposure

  if (route=="water"){

    if (Ndays < 100) {

      # 6x daily for age <= 12

      if (subject_age<=12){

        A <- rep(dose/6.0,6)

        B <- seq(0,20,by=4)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

      # 4x daily for age > 12

      else {

        A <- rep(dose/4.0,4)

        B <- seq(0,18,by=6)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

    } else {

      # 6x daily for age <= 12

      if (subject_age<=12){

        A <- rep(dose/6.0,Ndays*6+1)

        B <- seq(0,Ndays*24,by=4)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

      # 4x daily for age > 12

      else {

        A <- rep(dose/4.0,Ndays*4+1)

        B <- seq(0,Ndays*24,by=6)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

    }

  }

  

  

  All_Dose<-DORAL%>%

    mutate(ODOSE=doral*(params[["BWST"]]/params[["MWPAR"]])

           *params[["FA"]], # DIM dose conversion (ug/kg to umol)

           Level=paste(doral[1],"ug/kg",sep="_"))

  

  #~~~~APPLY MODEL~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~#### 

  # Do parallel for speed

  c1<-makeCluster(min(cores,n_distinct(All_Dose$Level))) # cluster for parallel 

  timestamp()

  modelOutput<-parLapply(c1,split(All_Dose,All_Dose$Level), function (LL,ini_par,t){

    #load data into cores

    source("human_pbpk.R")

    # Create dataframe of "events"that describe the dosing, which informs the

    # ODE function, and needs to have columns "var" = the state_variable that needs

    # to be changed,"time"= when the changes occurs,"value"=the value being changed

    # to,& "method"= how the new value interacts with the previous state variable

    # value. See ?deSolve::lsodes and ?deSolve::events.

    

    # combine or replace "base" parameters with case specific human parameters, 

    # carring out any calcuated paramters which are function of other specific case parameters 

    ini_pars <- initial_params_fun(params=ini_par)

    # STATE####

    # Subject specific UPDATES to the initial value of state variables

    st<-state_fun(st=state,ini_p=ini_pars)

    

    eventDat<-rbind(data.frame(var="ODOSE",time=LL$time,

                               value=LL$ODOSE ,	 

                               method="add",stringsAsFactors = FALSE),  # ("replace", "add", "multiply")

                    data.frame(var="ASTOM",time=LL$time,

                               value=LL$ODOSE ,	 

                               method="add",stringsAsFactors = FALSE))

    

    # DERIVATIVE ####

    # RUN MODEL 

    modelOutput<- ode(y = st, times = t,  #method = "lsodes",

                      func = Human_Model, parms = ini_pars,

                      events = list(data = eventDat[order(eventDat$time),]))

    result <- within(as.data.frame(modelOutput),{Level<-LL$Level[[1]]})

    return(result)

  },ini_par=params,t=times)

  stopCluster(c1)

  timestamp()

  ModelOutput<-do.call(rbind,modelOutput)##make big dataframe for evaluation



  

  return(mean(tail(ModelOutput$CBL,240)))

  

}



# returns the average blood concentration of oxon

# based on the daily dose of "dose" ug/kg/day

avgCBLO <- function(dose){

  

  # TIMING COMMANDS ####

  MAXT=0.1       #maximum time step

  times<-seq(params[["TSTART"]],params[["TSTOP"]],by=MAXT)#

  

  # max number of points to write out to file

  POINTS_max<-10000  

  # if the more than 10000 timesteps, select evently spaced 10000 of them for reporting

  report_points<-if(length(times)<=POINTS_max) times else 

    times[seq(1,length(times),by=round(length(times)/POINTS_max))]

  table(report_points%in%times)#check all report values are in times.

  

  

  # once daily oral exposure for food

  if (route=="food"){

    if (Ndays < 100) {

      A <- c(dose)

      B <- c(0)

      C <- c("time","doral")

      

      DORAL <- data.frame(B,A)

      colnames(DORAL) <- C

    } else {

      A <- rep(dose,Ndays+1)

      B <- seq(0,Ndays*24,by=24)

      C <- c("time","doral")

      

      DORAL <- data.frame(B,A)

      colnames(DORAL) <- C

    }

  }

  # dosing for water exposure

  if (route=="water"){

    if (Ndays < 100) {

      # 6x daily for age <= 12

      if (subject_age<=12){

        A <- rep(dose/6.0,6)

        B <- seq(0,20,by=4)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

      # 4x daily for age > 12

      else {

        A <- rep(dose/4.0,4)

        B <- seq(0,18,by=6)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

    } else {

      # 6x daily for age <= 12

      if (subject_age<=12){

        A <- rep(dose/6.0,Ndays*6+1)

        B <- seq(0,Ndays*24,by=4)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

      # 4x daily for age > 12

      else {

        A <- rep(dose/4.0,Ndays*4+1)

        B <- seq(0,Ndays*24,by=6)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

    }

  }

  

  All_Dose<-DORAL%>%

    mutate(ODOSE=doral*(params[["BWST"]]/params[["MWPAR"]])

           *params[["FA"]], # DIM dose conversion (ug/kg to umol)

           Level=paste(doral[1],"ug/kg",sep="_"))

  

  #~~~~APPLY MODEL~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~#### 

  # Do parallel for speed

  c1<-makeCluster(min(cores,n_distinct(All_Dose$Level))) # cluster for parallel 

  timestamp()

  modelOutput<-parLapply(c1,split(All_Dose,All_Dose$Level), function (LL,ini_par,t){

    #load data into cores

    source("human_pbpk.R")

    # Create dataframe of "events"that describe the dosing, which informs the

    # ODE function, and needs to have columns "var" = the state_variable that needs

    # to be changed,"time"= when the changes occurs,"value"=the value being changed

    # to,& "method"= how the new value interacts with the previous state variable

    # value. See ?deSolve::lsodes and ?deSolve::events.

    

    # combine or replace "base" parameters with case specific human parameters, 

    # carring out any calcuated paramters which are function of other specific case parameters 

    ini_pars <- initial_params_fun(params=ini_par)

    # STATE####

    # Subject specific UPDATES to the initial value of state variables

    st<-state_fun(st=state,ini_p=ini_pars)

    

    eventDat<-rbind(data.frame(var="ODOSE",time=LL$time,

                               value=LL$ODOSE ,	 

                               method="add",stringsAsFactors = FALSE),  # ("replace", "add", "multiply")

                    data.frame(var="ASTOM",time=LL$time,

                               value=LL$ODOSE ,	 

                               method="add",stringsAsFactors = FALSE))

    

    # DERIVATIVE ####

    # RUN MODEL 

    modelOutput<- ode(y = st, times = t,  #method = "lsodes",

                      func = Human_Model, parms = ini_pars,

                      events = list(data = eventDat[order(eventDat$time),]))

    result <- within(as.data.frame(modelOutput),{Level<-LL$Level[[1]]})

    return(result)

  },ini_par=params,t=times)

  stopCluster(c1)

  timestamp()

  ModelOutput<-do.call(rbind,modelOutput)##make big dataframe for evaluation



  #~~~END MODEL ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~####

  

  return(mean(tail(ModelOutput$CBLO,240)))

  

}

minRBCCE <- function(dose){

  

  # TIMING COMMANDS ####

  MAXT=0.1       #maximum time step

  times<-seq(params[["TSTART"]],params[["TSTOP"]],by=MAXT)#

  

  # max number of points to write out to file

  POINTS_max<-10000  

  # if the more than 10000 timesteps, select evently spaced 10000 of them for reporting

  report_points<-if(length(times)<=POINTS_max) times else 

    times[seq(1,length(times),by=round(length(times)/POINTS_max))]

  table(report_points%in%times)#check all report values are in times.

  

  

  # once daily oral exposure for food

  if (route=="food"){

    if (Ndays < 100) {

      A <- c(dose)

      B <- c(0)

      C <- c("time","doral")

      

      DORAL <- data.frame(B,A)

      colnames(DORAL) <- C

    } else {

      A <- rep(dose,Ndays+1)

      B <- seq(0,Ndays*24,by=24)

      C <- c("time","doral")

      

      DORAL <- data.frame(B,A)

      colnames(DORAL) <- C

    }

  }

  # dosing for water exposure

  if (route=="water"){

    if (Ndays < 100) {

      # 6x daily for age <= 12

      if (subject_age<=12){

        A <- rep(dose/6.0,6)

        B <- seq(0,20,by=4)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

      # 4x daily for age > 12

      else {

        A <- rep(dose/4.0,4)

        B <- seq(0,18,by=6)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

    } else {

      # 6x daily for age <= 12

      if (subject_age<=12){

        A <- rep(dose/6.0,Ndays*6+1)

        B <- seq(0,Ndays*24,by=4)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

      # 4x daily for age > 12

      else {

        A <- rep(dose/4.0,Ndays*4+1)

        B <- seq(0,Ndays*24,by=6)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

    }

  }

  

  All_Dose<-DORAL%>%

    mutate(ODOSE=doral*(params[["BWST"]]/params[["MWPAR"]])

           *params[["FA"]], # DIM dose conversion (ug/kg to umol)

           Level=paste(doral[1],"ug/kg",sep="_"))

  

  #~~~~APPLY MODEL~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~#### 

  # Do parallel for speed

  c1<-makeCluster(min(cores,n_distinct(All_Dose$Level))) # cluster for parallel 

  timestamp()

  modelOutput<-parLapply(c1,split(All_Dose,All_Dose$Level), function (LL,ini_par,t){

    #load data into cores

    source("human_pbpk.R")

    # Create dataframe of "events"that describe the dosing, which informs the

    # ODE function, and needs to have columns "var" = the state_variable that needs

    # to be changed,"time"= when the changes occurs,"value"=the value being changed

    # to,& "method"= how the new value interacts with the previous state variable

    # value. See ?deSolve::lsodes and ?deSolve::events.

    

    # combine or replace "base" parameters with case specific human parameters, 

    # carring out any calcuated paramters which are function of other specific case parameters 

    ini_pars <- initial_params_fun(params=ini_par)

    # STATE####

    # Subject specific UPDATES to the initial value of state variables

    st<-state_fun(st=state,ini_p=ini_pars)

    

    eventDat<-rbind(data.frame(var="ODOSE",time=LL$time,

                               value=LL$ODOSE ,	 

                               method="add",stringsAsFactors = FALSE),  # ("replace", "add", "multiply")

                    data.frame(var="ASTOM",time=LL$time,

                               value=LL$ODOSE ,	 

                               method="add",stringsAsFactors = FALSE))

    

    # DERIVATIVE ####

    # RUN MODEL 

    modelOutput<- ode(y = st, times = t,  #method = "lsodes",

                      func = Human_Model, parms = ini_pars,

                      events = list(data = eventDat[order(eventDat$time),]))

    result <- within(as.data.frame(modelOutput),{Level<-LL$Level[[1]]})

    return(result)

  },ini_par=params,t=times)

  stopCluster(c1)

  timestamp()

  ModelOutput<-do.call(rbind,modelOutput)##make big dataframe for evaluation

  

  #~~~END MODEL ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~####

  

  return(min(ModelOutput$RBCCE))

  

}



just_run_model <- function(dose){

  

  # TIMING COMMANDS ####

  MAXT=0.1       #maximum time step

  times<-seq(params[["TSTART"]],params[["TSTOP"]],by=MAXT)#

  

  # max number of points to write out to file

  POINTS_max<-10000  

  # if the more than 10000 timesteps, select evently spaced 10000 of them for reporting

  report_points<-if(length(times)<=POINTS_max) times else 

    times[seq(1,length(times),by=round(length(times)/POINTS_max))]

  table(report_points%in%times)#check all report values are in times.

  

  

  # once daily oral exposure for food

  if (route=="food"){

    if (Ndays < 100) {

      A <- c(dose)

      B <- c(0)

      C <- c("time","doral")

      

      DORAL <- data.frame(B,A)

      colnames(DORAL) <- C

    } else {

      A <- rep(dose,Ndays+1)

      B <- seq(0,Ndays*24,by=24)

      C <- c("time","doral")

      

      DORAL <- data.frame(B,A)

      colnames(DORAL) <- C

    }

  }

  # dosing for water exposure

  if (route=="water"){

    if (Ndays < 100) {

      # 6x daily for age <= 12

      if (subject_age<=12){

        A <- rep(dose/6.0,6)

        B <- seq(0,20,by=4)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

      # 4x daily for age > 12

      else {

        A <- rep(dose/4.0,4)

        B <- seq(0,18,by=6)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

    } else {

      # 6x daily for age <= 12

      if (subject_age<=12){

        A <- rep(dose/6.0,Ndays*6+1)

        B <- seq(0,Ndays*24,by=4)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

      # 4x daily for age > 12

      else {

        A <- rep(dose/4.0,Ndays*4+1)

        B <- seq(0,Ndays*24,by=6)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

    }

  }

  

  All_Dose<-DORAL%>%

    mutate(ODOSE=doral*(params[["BWST"]]/params[["MWPAR"]])

           *params[["FA"]], # DIM dose conversion (ug/kg to umol)

           Level=paste(doral[1],"ug/kg",sep="_"))

  

  #~~~~APPLY MODEL~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~#### 

  # Do parallel for speed

  c1<-makeCluster(min(cores,n_distinct(All_Dose$Level))) # cluster for parallel 

  timestamp()

  modelOutput<-parLapply(c1,split(All_Dose,All_Dose$Level), function (LL,ini_par,t){

    #load data into cores

    source("human_pbpk.R")

    # Create dataframe of "events"that describe the dosing, which informs the

    # ODE function, and needs to have columns "var" = the state_variable that needs

    # to be changed,"time"= when the changes occurs,"value"=the value being changed

    # to,& "method"= how the new value interacts with the previous state variable

    # value. See ?deSolve::lsodes and ?deSolve::events.

    

    # combine or replace "base" parameters with case specific human parameters, 

    # carring out any calcuated paramters which are function of other specific case parameters 

    ini_pars <- initial_params_fun(params=ini_par)

    # STATE####

    # Subject specific UPDATES to the initial value of state variables

    st<-state_fun(st=state,ini_p=ini_pars)

    

    eventDat<-rbind(data.frame(var="ODOSE",time=LL$time,

                               value=LL$ODOSE ,	 

                               method="add",stringsAsFactors = FALSE),  # ("replace", "add", "multiply")

                    data.frame(var="ASTOM",time=LL$time,

                               value=LL$ODOSE ,	 

                               method="add",stringsAsFactors = FALSE))

    

    # DERIVATIVE ####

    # RUN MODEL 

    modelOutput<- ode(y = st, times = t,  #method = "lsodes",

                      func = Human_Model, parms = ini_pars,

                      events = list(data = eventDat[order(eventDat$time),]))

    result <- within(as.data.frame(modelOutput),{Level<-LL$Level[[1]]})

    return(result)

  },ini_par=params,t=times)

  stopCluster(c1)

  timestamp()

  ModelOutput<-do.call(rbind,modelOutput)##make big dataframe for evaluation

  

  #~~~END MODEL ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~####

  

  return(ModelOutput)

  

}



PODcost <- function(test_dose){

  

  test_result <- minRBCCE(test_dose*1000)

  test_error <- (test_result - 90.0)

  

  print(sprintf("%f  %f",test_dose,test_result))

  

  return(test_error*test_error)

}



AEDcost <- function(test_dose){

  

  test_result <- avgCBL(test_dose*1000)

  test_error <- (test_result - ac_50)

  

  print(sprintf("%f  %f",test_dose,test_result))

  

  return(test_error*test_error)

}



# get the dose that reproduces the AC50 in blood concentration or 10% brain AChE inhibition

final_dose <- optim(par = 30.4, PODcost, method = "Brent",lower = 1, upper = 100, control = list(reltol = 1e-3))   # POD limits



# finally run the model for this concentration

ModelOutput <- just_run_model(final_dose$par*1000)



final_dose$par

min(ModelOutput$RBCCE)


rm(list = ls()) # Clear workspace



#set the working directory to the location of these scripts

#setwd(dirname(rstudioapi::getActiveDocumentContext()$path))



#Environment####

library(dplyr)

library(tidyr)

library(parallel)

# number of cores availabe on current machine

tot_cores<-detectCores(all.tests = FALSE, logical = TRUE)  

cores<-tot_cores-1 # leave one core for other tasks 



ac_50 <<- -999             # enter the AC50 value here; units = umol/L

Ndays = 2                        # number of days to simulate

target_chem = "oxon"            # oxon or parent compound

body_weight = 4.8                 # body weight in kg

subject_age = 0

scenario_number = 1

route = "food"



# =============================================================================



source("human_pbpk.R") # Loads model and base parameters

source("malathion_human_parameters.R") # male and female specific parameters



# Intial_parameters####

sex = 1						 # 0=male, 1= Female

params<-c(params[!names(params)%in%names(human_parameters[[sex+1]])],

          human_parameters[[sex+1]])



# set case-specific parameters

params[["TSTART"]]<-0.0         # START SIMULATION (HR)

params[["TSTOP"]]=48      			# Simulation duration = 2 days

params[["AGE0"]]=subject_age

params[["BWSW"]] = 1   	 				# Switch for age (set =0) or set (set =1) if bwt provided

params[["BWST"]]= body_weight   	 			# kg

params[["FA"]]=1



# returns the average blood concentration of oxon

# based on the daily dose of "dose" ug/kg/day

avgCBLO <- function(dose){

  

  # TIMING COMMANDS ####

  MAXT=0.1       #maximum time step

  times<-seq(params[["TSTART"]],params[["TSTOP"]],by=MAXT)#

  

  # max number of points to write out to file

  POINTS_max<-10000  

  # if the more than 10000 timesteps, select evently spaced 10000 of them for reporting

  report_points<-if(length(times)<=POINTS_max) times else 

    times[seq(1,length(times),by=round(length(times)/POINTS_max))]

  table(report_points%in%times)#check all report values are in times.

  

  

  # Dosing ####

  

  # once daily oral exposure for food

  if (route=="food"){

    if (Ndays < 100) {

      A <- c(dose)

      B <- c(0)

      C <- c("time","doral")

      

      DORAL <- data.frame(B,A)

      colnames(DORAL) <- C

    } else {

      A <- rep(dose,Ndays+1)

      B <- seq(0,Ndays*24,by=24)

      C <- c("time","doral")

      

      DORAL <- data.frame(B,A)

      colnames(DORAL) <- C

    }

  }

  # dosing for water exposure

  if (route=="water"){

    if (Ndays < 100) {

      # 6x daily for age <= 12

      if (subject_age<=12){

        A <- rep(dose/6.0,6)

        B <- seq(0,20,by=4)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

      # 4x daily for age > 12

      else {

        A <- rep(dose/4.0,4)

        B <- seq(0,18,by=6)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

    } else {

      # 6x daily for age <= 12

      if (subject_age<=12){

        A <- rep(dose/6.0,Ndays*6+1)

        B <- seq(0,Ndays*24,by=4)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

      # 4x daily for age > 12

      else {

        A <- rep(dose/4.0,Ndays*4+1)

        B <- seq(0,Ndays*24,by=6)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

    }

  }

  

  All_Dose<-DORAL%>%

    mutate(ODOSEOXON=doral*(params[["BWST"]]/params[["MWOXON"]])

           *params[["FA"]], # DIM dose conversion (ug/kg to umol)

           Level=paste(doral[1],"ug/kg",sep="_"))

  

  #~~~~APPLY MODEL~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~#### 

  # Do parallel for speed

  c1<-makeCluster(min(cores,n_distinct(All_Dose$Level))) # cluster for parallel 

  timestamp()

  modelOutput<-parLapply(c1,split(All_Dose,All_Dose$Level), function (LL,ini_par,t){

    #load data into cores

    source("human_pbpk.R")

    # Create dataframe of "events"that describe the dosing, which informs the

    # ODE function, and needs to have columns "var" = the state_variable that needs

    # to be changed,"time"= when the changes occurs,"value"=the value being changed

    # to,& "method"= how the new value interacts with the previous state variable

    # value. See ?deSolve::lsodes and ?deSolve::events.

    

    # combine or replace "base" parameters with case specific human parameters, 

    # carring out any calcuated paramters which are function of other specific case parameters 

    ini_pars <- initial_params_fun(params=ini_par)

    # STATE####

    # Subject specific UPDATES to the initial value of state variables

    st<-state_fun(st=state,ini_p=ini_pars)

    

    eventDat<-rbind(data.frame(var="ODOSEOXON",time=LL$time,

                               value=LL$ODOSEOXON ,	 

                               method="add",stringsAsFactors = FALSE),  # ("replace", "add", "multiply")

                    data.frame(var="ASTOMO",time=LL$time,

                               value=LL$ODOSEOXON ,	 

                               method="add",stringsAsFactors = FALSE))

    

    # DERIVATIVE ####

    # RUN MODEL 

    modelOutput<- ode(y = st, times = t,  #method = "lsodes",

                      func = Human_Model, parms = ini_pars,

                      events = list(data = eventDat[order(eventDat$time),]))

    result <- within(as.data.frame(modelOutput),{Level<-LL$Level[[1]]})

    return(result)

  },ini_par=params,t=times)

  stopCluster(c1)

  timestamp()

  ModelOutput<-do.call(rbind,modelOutput)##make big dataframe for evaluation



  #~~~END MODEL ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~####

  

  return(mean(tail(ModelOutput$CBLO,240)))

  

}



minRBCCEO <- function(dose){

  

  # TIMING COMMANDS ####

  MAXT=0.1       #maximum time step

  times<-seq(params[["TSTART"]],params[["TSTOP"]],by=MAXT)#

  

  # max number of points to write out to file

  POINTS_max<-10000  

  # if the more than 10000 timesteps, select evently spaced 10000 of them for reporting

  report_points<-if(length(times)<=POINTS_max) times else 

    times[seq(1,length(times),by=round(length(times)/POINTS_max))]

  table(report_points%in%times)#check all report values are in times.

  

  

  # Dosing ####

  

  # once daily oral exposure for food

  if (route=="food"){

    if (Ndays < 100) {

      A <- c(dose)

      B <- c(0)

      C <- c("time","doral")

      

      DORAL <- data.frame(B,A)

      colnames(DORAL) <- C

    } else {

      A <- rep(dose,Ndays+1)

      B <- seq(0,Ndays*24,by=24)

      C <- c("time","doral")

      

      DORAL <- data.frame(B,A)

      colnames(DORAL) <- C

    }

  }

  # dosing for water exposure

  if (route=="water"){

    if (Ndays < 100) {

      # 6x daily for age <= 12

      if (subject_age<=12){

        A <- rep(dose/6.0,6)

        B <- seq(0,20,by=4)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

      # 4x daily for age > 12

      else {

        A <- rep(dose/4.0,4)

        B <- seq(0,18,by=6)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

    } else {

      # 6x daily for age <= 12

      if (subject_age<=12){

        A <- rep(dose/6.0,Ndays*6+1)

        B <- seq(0,Ndays*24,by=4)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

      # 4x daily for age > 12

      else {

        A <- rep(dose/4.0,Ndays*4+1)

        B <- seq(0,Ndays*24,by=6)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

    }

  }

  

  All_Dose<-DORAL%>%

    mutate(ODOSEOXON=doral*(params[["BWST"]]/params[["MWOXON"]])

           *params[["FA"]], # DIM dose conversion (ug/kg to umol)

           Level=paste(doral[1],"ug/kg",sep="_"))

  

  #~~~~APPLY MODEL~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~#### 

  # Do parallel for speed

  c1<-makeCluster(min(cores,n_distinct(All_Dose$Level))) # cluster for parallel 

  timestamp()

  modelOutput<-parLapply(c1,split(All_Dose,All_Dose$Level), function (LL,ini_par,t){

    #load data into cores

    source("human_pbpk.R")

    # Create dataframe of "events"that describe the dosing, which informs the

    # ODE function, and needs to have columns "var" = the state_variable that needs

    # to be changed,"time"= when the changes occurs,"value"=the value being changed

    # to,& "method"= how the new value interacts with the previous state variable

    # value. See ?deSolve::lsodes and ?deSolve::events.

    

    # combine or replace "base" parameters with case specific human parameters, 

    # carring out any calcuated paramters which are function of other specific case parameters 

    ini_pars <- initial_params_fun(params=ini_par)

    # STATE####

    # Subject specific UPDATES to the initial value of state variables

    st<-state_fun(st=state,ini_p=ini_pars)

    

    eventDat<-rbind(data.frame(var="ODOSEOXON",time=LL$time,

                               value=LL$ODOSEOXON ,	 

                               method="add",stringsAsFactors = FALSE),  # ("replace", "add", "multiply")

                    data.frame(var="ASTOMO",time=LL$time,

                               value=LL$ODOSEOXON ,	 

                               method="add",stringsAsFactors = FALSE))

    

    # DERIVATIVE ####

    # RUN MODEL 

    modelOutput<- ode(y = st, times = t,  #method = "lsodes",

                      func = Human_Model, parms = ini_pars,

                      events = list(data = eventDat[order(eventDat$time),]))

    result <- within(as.data.frame(modelOutput),{Level<-LL$Level[[1]]})

    return(result)

  },ini_par=params,t=times)

  stopCluster(c1)

  timestamp()

  ModelOutput<-do.call(rbind,modelOutput)##make big dataframe for evaluation

  

  #~~~END MODEL ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~####

  

  return(min(ModelOutput$RBCCE))

  

}



just_run_model <- function(dose){

  

  # TIMING COMMANDS ####

  MAXT=0.1       #maximum time step

  times<-seq(params[["TSTART"]],params[["TSTOP"]],by=MAXT)#

  

  # max number of points to write out to file

  POINTS_max<-10000  

  # if the more than 10000 timesteps, select evently spaced 10000 of them for reporting

  report_points<-if(length(times)<=POINTS_max) times else 

    times[seq(1,length(times),by=round(length(times)/POINTS_max))]

  table(report_points%in%times)#check all report values are in times.

  

  

  # Dosing ####

  

  # once daily oral exposure for food

  if (route=="food"){

    if (Ndays < 100) {

      A <- c(dose)

      B <- c(0)

      C <- c("time","doral")

      

      DORAL <- data.frame(B,A)

      colnames(DORAL) <- C

    } else {

      A <- rep(dose,Ndays+1)

      B <- seq(0,Ndays*24,by=24)

      C <- c("time","doral")

      

      DORAL <- data.frame(B,A)

      colnames(DORAL) <- C

    }

  }

  # dosing for water exposure

  if (route=="water"){

    if (Ndays < 100) {

      # 6x daily for age <= 12

      if (subject_age<=12){

        A <- rep(dose/6.0,6)

        B <- seq(0,20,by=4)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

      # 4x daily for age > 12

      else {

        A <- rep(dose/4.0,4)

        B <- seq(0,18,by=6)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

    } else {

      # 6x daily for age <= 12

      if (subject_age<=12){

        A <- rep(dose/6.0,Ndays*6+1)

        B <- seq(0,Ndays*24,by=4)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

      # 4x daily for age > 12

      else {

        A <- rep(dose/4.0,Ndays*4+1)

        B <- seq(0,Ndays*24,by=6)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

    }

  }

  

  All_Dose<-DORAL%>%

    mutate(ODOSEOXON=doral*(params[["BWST"]]/params[["MWOXON"]])

           *params[["FA"]], # DIM dose conversion (ug/kg to umol)

           Level=paste(doral[1],"ug/kg",sep="_"))

  

  #~~~~APPLY MODEL~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~#### 

  # Do parallel for speed

  c1<-makeCluster(min(cores,n_distinct(All_Dose$Level))) # cluster for parallel 

  timestamp()

  modelOutput<-parLapply(c1,split(All_Dose,All_Dose$Level), function (LL,ini_par,t){

    #load data into cores

    source("human_pbpk.R")

    # Create dataframe of "events"that describe the dosing, which informs the

    # ODE function, and needs to have columns "var" = the state_variable that needs

    # to be changed,"time"= when the changes occurs,"value"=the value being changed

    # to,& "method"= how the new value interacts with the previous state variable

    # value. See ?deSolve::lsodes and ?deSolve::events.

    

    # combine or replace "base" parameters with case specific human parameters, 

    # carring out any calcuated paramters which are function of other specific case parameters 

    ini_pars <- initial_params_fun(params=ini_par)

    # STATE####

    # Subject specific UPDATES to the initial value of state variables

    st<-state_fun(st=state,ini_p=ini_pars)

    

    eventDat<-rbind(data.frame(var="ODOSEOXON",time=LL$time,

                               value=LL$ODOSEOXON ,	 

                               method="add",stringsAsFactors = FALSE),  # ("replace", "add", "multiply")

                    data.frame(var="ASTOMO",time=LL$time,

                               value=LL$ODOSEOXON ,	 

                               method="add",stringsAsFactors = FALSE))

    

    # DERIVATIVE ####

    # RUN MODEL 

    modelOutput<- ode(y = st, times = t,  #method = "lsodes",

                      func = Human_Model, parms = ini_pars,

                      events = list(data = eventDat[order(eventDat$time),]))

    result <- within(as.data.frame(modelOutput),{Level<-LL$Level[[1]]})

    return(result)

  },ini_par=params,t=times)

  stopCluster(c1)

  timestamp()

  ModelOutput<-do.call(rbind,modelOutput)##make big dataframe for evaluation



  #~~~END MODEL ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~####

  

  return(ModelOutput)

  

}



PODcost <- function(test_dose){

  

  test_result <- minRBCCEO(test_dose*1000)

  test_error <- (test_result - 90.0)

  

  print(sprintf("%f  %f",test_dose,test_result))

  

  return(test_error*test_error)

}



AEDcost <- function(test_dose){

  

  test_result <- avgCBLO(test_dose*1000)

  test_error <- (test_result - ac_50)

  

  print(sprintf("%f  %f",test_dose,test_result))

  

  return(test_error*test_error)

}



# get the dose that reproduces the AC50 in blood concentration or 10% brain AChE inhibition

final_dose <- optim(par = 4.8, PODcost, method = "Brent",lower = 1, upper = 10, control = list(reltol = 1e-3))   # POD limits



# finally run the model for this concentration

ModelOutput <- just_run_model(final_dose$par*1000)



final_dose$par

min(ModelOutput$RBCCE)


rm(list = ls()) # Clear workspace



#set the working directory to the location of these scripts

#setwd(dirname(rstudioapi::getActiveDocumentContext()$path))



#Environment####

library(dplyr)

library(tidyr)

library(parallel)

# number of cores availabe on current machine

tot_cores<-detectCores(all.tests = FALSE, logical = TRUE)  

cores<-tot_cores-1 # leave one core for other tasks 



ac_50 <<- -999             # enter the AC50 value here; units = umol/L

Ndays = 2                        # number of days to simulate

target_chem = "parent"            # oxon or parent compound

body_weight = 4.8                 # body weight in kg

subject_age = 0

scenario_number = 1

route = "food"



source("human_pbpk.R") # Loads model and base parameters

source("malathion_human_parameters.R") # male and female specific parameters



# Intial_parameters####

sex = 1						 # 0=male, 1= Female

params<-c(params[!names(params)%in%names(human_parameters[[sex+1]])],

          human_parameters[[sex+1]])



# set case-specific parameters

params[["TSTART"]]<-0.0         # START SIMULATION (HR)

params[["TSTOP"]]=Ndays*24      			# Simulation duration = 2 days

params[["AGE0"]]=subject_age

params[["BWSW"]] = 1   	 				# Switch for age (set =0) or set (set =1) if bwt provided

params[["BWST"]]= body_weight   	 			# kg

params[["FA"]]=1



# returns the average blood concentration of parent compound

# based on the daily dose of "dose" ug/kg/day

avgCBL <- function(dose){

  

  # TIMING COMMANDS ####

  MAXT=0.1       #maximum time step

  times<-seq(params[["TSTART"]],params[["TSTOP"]],by=MAXT)#

  

  # max number of points to write out to file

  POINTS_max<-10000  

  # if the more than 10000 timesteps, select evently spaced 10000 of them for reporting

  report_points<-if(length(times)<=POINTS_max) times else 

    times[seq(1,length(times),by=round(length(times)/POINTS_max))]

  table(report_points%in%times)#check all report values are in times.

  

  

  # Dosing ####

  # Once daily oral exposure 

  #DORAL<-read_excel("data/MOD-multiple_test_parent_malathion.xls", sheet="adult", 

  #                 col_names = c("time","doral")) # Dose in ug/kg

  

  # Dosing ####

  

  # once daily oral exposure for food

  if (route=="food"){

    if (Ndays < 100) {

      A <- c(dose)

      B <- c(0)

      C <- c("time","doral")

      

      DORAL <- data.frame(B,A)

      colnames(DORAL) <- C

    } else {

      A <- rep(dose,Ndays+1)

      B <- seq(0,Ndays*24,by=24)

      C <- c("time","doral")

      

      DORAL <- data.frame(B,A)

      colnames(DORAL) <- C

    }

  }

  # dosing for water exposure

  if (route=="water"){

    if (Ndays < 100) {

      # 6x daily for age <= 12

      if (subject_age<=12){

        A <- rep(dose/6.0,6)

        B <- seq(0,20,by=4)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

      # 4x daily for age > 12

      else {

        A <- rep(dose/4.0,4)

        B <- seq(0,18,by=6)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

    } else {

      # 6x daily for age <= 12

      if (subject_age<=12){

        A <- rep(dose/6.0,Ndays*6+1)

        B <- seq(0,Ndays*24,by=4)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

      # 4x daily for age > 12

      else {

        A <- rep(dose/4.0,Ndays*4+1)

        B <- seq(0,Ndays*24,by=6)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

    }

  }

  

  

  All_Dose<-DORAL%>%

    mutate(ODOSE=doral*(params[["BWST"]]/params[["MWPAR"]])

           *params[["FA"]], # DIM dose conversion (ug/kg to umol)

           Level=paste(doral[1],"ug/kg",sep="_"))

  

  #~~~~APPLY MODEL~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~#### 

  # Do parallel for speed

  c1<-makeCluster(min(cores,n_distinct(All_Dose$Level))) # cluster for parallel 

  timestamp()

  modelOutput<-parLapply(c1,split(All_Dose,All_Dose$Level), function (LL,ini_par,t){

    #load data into cores

    source("human_pbpk.R")

    # Create dataframe of "events"that describe the dosing, which informs the

    # ODE function, and needs to have columns "var" = the state_variable that needs

    # to be changed,"time"= when the changes occurs,"value"=the value being changed

    # to,& "method"= how the new value interacts with the previous state variable

    # value. See ?deSolve::lsodes and ?deSolve::events.

    

    # combine or replace "base" parameters with case specific human parameters, 

    # carring out any calcuated paramters which are function of other specific case parameters 

    ini_pars <- initial_params_fun(params=ini_par)

    # STATE####

    # Subject specific UPDATES to the initial value of state variables

    st<-state_fun(st=state,ini_p=ini_pars)

    

    eventDat<-rbind(data.frame(var="ODOSE",time=LL$time,

                               value=LL$ODOSE ,	 

                               method="add",stringsAsFactors = FALSE),  # ("replace", "add", "multiply")

                    data.frame(var="ASTOM",time=LL$time,

                               value=LL$ODOSE ,	 

                               method="add",stringsAsFactors = FALSE))

    

    # DERIVATIVE ####

    # RUN MODEL 

    modelOutput<- ode(y = st, times = t,  #method = "lsodes",

                      func = Human_Model, parms = ini_pars,

                      events = list(data = eventDat[order(eventDat$time),]))

    result <- within(as.data.frame(modelOutput),{Level<-LL$Level[[1]]})

    return(result)

  },ini_par=params,t=times)

  stopCluster(c1)

  timestamp()

  ModelOutput<-do.call(rbind,modelOutput)##make big dataframe for evaluation



  

  return(mean(tail(ModelOutput$CBL,240)))

  

}



# returns the average blood concentration of oxon

# based on the daily dose of "dose" ug/kg/day

avgCBLO <- function(dose){

  

  # TIMING COMMANDS ####

  MAXT=0.1       #maximum time step

  times<-seq(params[["TSTART"]],params[["TSTOP"]],by=MAXT)#

  

  # max number of points to write out to file

  POINTS_max<-10000  

  # if the more than 10000 timesteps, select evently spaced 10000 of them for reporting

  report_points<-if(length(times)<=POINTS_max) times else 

    times[seq(1,length(times),by=round(length(times)/POINTS_max))]

  table(report_points%in%times)#check all report values are in times.

  

  

  # change this to be auto-populated and not use Excel sheet

  # Dosing ####

  # Once daily oral exposure 

  #DORAL<-read_excel("data/MOD-multiple_test_parent_malathion.xls", sheet="adult", 

  #                 col_names = c("time","doral")) # Dose in ug/kg

  

  # Dosing ####

  

  # once daily oral exposure for food

  if (route=="food"){

    if (Ndays < 100) {

      A <- c(dose)

      B <- c(0)

      C <- c("time","doral")

      

      DORAL <- data.frame(B,A)

      colnames(DORAL) <- C

    } else {

      A <- rep(dose,Ndays+1)

      B <- seq(0,Ndays*24,by=24)

      C <- c("time","doral")

      

      DORAL <- data.frame(B,A)

      colnames(DORAL) <- C

    }

  }

  # dosing for water exposure

  if (route=="water"){

    if (Ndays < 100) {

      # 6x daily for age <= 12

      if (subject_age<=12){

        A <- rep(dose/6.0,6)

        B <- seq(0,20,by=4)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

      # 4x daily for age > 12

      else {

        A <- rep(dose/4.0,4)

        B <- seq(0,18,by=6)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

    } else {

      # 6x daily for age <= 12

      if (subject_age<=12){

        A <- rep(dose/6.0,Ndays*6+1)

        B <- seq(0,Ndays*24,by=4)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

      # 4x daily for age > 12

      else {

        A <- rep(dose/4.0,Ndays*4+1)

        B <- seq(0,Ndays*24,by=6)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

    }

  }

  

  All_Dose<-DORAL%>%

    mutate(ODOSE=doral*(params[["BWST"]]/params[["MWPAR"]])

           *params[["FA"]], # DIM dose conversion (ug/kg to umol)

           Level=paste(doral[1],"ug/kg",sep="_"))

  

  #~~~~APPLY MODEL~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~#### 

  # Do parallel for speed

  c1<-makeCluster(min(cores,n_distinct(All_Dose$Level))) # cluster for parallel 

  timestamp()

  modelOutput<-parLapply(c1,split(All_Dose,All_Dose$Level), function (LL,ini_par,t){

    #load data into cores

    source("human_pbpk.R")

    # Create dataframe of "events"that describe the dosing, which informs the

    # ODE function, and needs to have columns "var" = the state_variable that needs

    # to be changed,"time"= when the changes occurs,"value"=the value being changed

    # to,& "method"= how the new value interacts with the previous state variable

    # value. See ?deSolve::lsodes and ?deSolve::events.

    

    # combine or replace "base" parameters with case specific human parameters, 

    # carring out any calcuated paramters which are function of other specific case parameters 

    ini_pars <- initial_params_fun(params=ini_par)

    # STATE####

    # Subject specific UPDATES to the initial value of state variables

    st<-state_fun(st=state,ini_p=ini_pars)

    

    eventDat<-rbind(data.frame(var="ODOSE",time=LL$time,

                               value=LL$ODOSE ,	 

                               method="add",stringsAsFactors = FALSE),  # ("replace", "add", "multiply")

                    data.frame(var="ASTOM",time=LL$time,

                               value=LL$ODOSE ,	 

                               method="add",stringsAsFactors = FALSE))

    

    # DERIVATIVE ####

    # RUN MODEL 

    modelOutput<- ode(y = st, times = t,  #method = "lsodes",

                      func = Human_Model, parms = ini_pars,

                      events = list(data = eventDat[order(eventDat$time),]))

    result <- within(as.data.frame(modelOutput),{Level<-LL$Level[[1]]})

    return(result)

  },ini_par=params,t=times)

  stopCluster(c1)

  timestamp()

  ModelOutput<-do.call(rbind,modelOutput)##make big dataframe for evaluation



  #~~~END MODEL ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~####

  

  return(mean(tail(ModelOutput$CBLO,240)))

  

}



minRBCCE <- function(dose){

  

  # TIMING COMMANDS ####

  MAXT=0.1       #maximum time step

  times<-seq(params[["TSTART"]],params[["TSTOP"]],by=MAXT)#

  

  # max number of points to write out to file

  POINTS_max<-10000  

  # if the more than 10000 timesteps, select evently spaced 10000 of them for reporting

  report_points<-if(length(times)<=POINTS_max) times else 

    times[seq(1,length(times),by=round(length(times)/POINTS_max))]

  table(report_points%in%times)#check all report values are in times.

  

  

  # Dosing ####

  

  # once daily oral exposure for food

  if (route=="food"){

    if (Ndays < 100) {

      A <- c(dose)

      B <- c(0)

      C <- c("time","doral")

      

      DORAL <- data.frame(B,A)

      colnames(DORAL) <- C

    } else {

      A <- rep(dose,Ndays+1)

      B <- seq(0,Ndays*24,by=24)

      C <- c("time","doral")

      

      DORAL <- data.frame(B,A)

      colnames(DORAL) <- C

    }

  }

  # dosing for water exposure

  if (route=="water"){

    if (Ndays < 100) {

      # 6x daily for age <= 12

      if (subject_age<=12){

        A <- rep(dose/6.0,6)

        B <- seq(0,20,by=4)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

      # 4x daily for age > 12

      else {

        A <- rep(dose/4.0,4)

        B <- seq(0,18,by=6)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

    } else {

      # 6x daily for age <= 12

      if (subject_age<=12){

        A <- rep(dose/6.0,Ndays*6+1)

        B <- seq(0,Ndays*24,by=4)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

      # 4x daily for age > 12

      else {

        A <- rep(dose/4.0,Ndays*4+1)

        B <- seq(0,Ndays*24,by=6)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

    }

  }

  

  All_Dose<-DORAL%>%

    mutate(ODOSE=doral*(params[["BWST"]]/params[["MWPAR"]])

           *params[["FA"]], # DIM dose conversion (ug/kg to umol)

           Level=paste(doral[1],"ug/kg",sep="_"))

  

  #~~~~APPLY MODEL~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~#### 

  # Do parallel for speed

  c1<-makeCluster(min(cores,n_distinct(All_Dose$Level))) # cluster for parallel 

  timestamp()

  modelOutput<-parLapply(c1,split(All_Dose,All_Dose$Level), function (LL,ini_par,t){

    #load data into cores

    source("human_pbpk.R")

    # Create dataframe of "events"that describe the dosing, which informs the

    # ODE function, and needs to have columns "var" = the state_variable that needs

    # to be changed,"time"= when the changes occurs,"value"=the value being changed

    # to,& "method"= how the new value interacts with the previous state variable

    # value. See ?deSolve::lsodes and ?deSolve::events.

    

    # combine or replace "base" parameters with case specific human parameters, 

    # carring out any calcuated paramters which are function of other specific case parameters 

    ini_pars <- initial_params_fun(params=ini_par)

    # STATE####

    # Subject specific UPDATES to the initial value of state variables

    st<-state_fun(st=state,ini_p=ini_pars)

    

    eventDat<-rbind(data.frame(var="ODOSE",time=LL$time,

                               value=LL$ODOSE ,	 

                               method="add",stringsAsFactors = FALSE),  # ("replace", "add", "multiply")

                    data.frame(var="ASTOM",time=LL$time,

                               value=LL$ODOSE ,	 

                               method="add",stringsAsFactors = FALSE))

    

    # DERIVATIVE ####

    # RUN MODEL 

    modelOutput<- ode(y = st, times = t,  #method = "lsodes",

                      func = Human_Model, parms = ini_pars,

                      events = list(data = eventDat[order(eventDat$time),]))

    result <- within(as.data.frame(modelOutput),{Level<-LL$Level[[1]]})

    return(result)

  },ini_par=params,t=times)

  stopCluster(c1)

  timestamp()

  ModelOutput<-do.call(rbind,modelOutput)##make big dataframe for evaluation

  

  #~~~END MODEL ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~####

  

  return(min(ModelOutput$RBCCE))

  

}



# get the oral dose required to give a blood concentration of bld_target

# this function uses the secant method to iteratively find the required

# concentration and is ~3x faster than the R optimization function

# dose is ug/kg/day

# target is micromolar (umol/L)

get_oral_dose <- function(bld_target) {

  

  new_dose = 800000.0 # initial guess ug/kg/day

  fractional_error = 999.99

  iteration = 1

  

  # apply a 0.1% tolerance to the estimate

  while (fractional_error>0.001){

    

    #print something to the terminal so we can watch the progress

    print(sprintf("Iteration %.0f - Testing a dose of %f mg/kg/day in the model",

                  iteration, 0.001*new_dose))

    

    # run the model to test new dose

    # choice of parent compound or oxon

    # as chosen above in the variable parameters

    if (target_chem=="parent") {

      avg_Cbld <- avgCBL(new_dose) 

    } else {

      avg_Cbld <- avgCBLO(new_dose) 

    }

    

    

    # calculate new dose to test based on secant method between

    # zero and previous dose

    new_dose = (bld_target / avg_Cbld) * new_dose 

    

    # calculate the error between tested dose result and target

    fractional_error = abs(avg_Cbld - bld_target)/bld_target

    

    iteration <- iteration + 1

    

  }

  

  return(new_dose) 

}



just_run_model <- function(dose){

  

  # TIMING COMMANDS ####

  MAXT=0.1       #maximum time step

  times<-seq(params[["TSTART"]],params[["TSTOP"]],by=MAXT)#

  

  # max number of points to write out to file

  POINTS_max<-10000  

  # if the more than 10000 timesteps, select evently spaced 10000 of them for reporting

  report_points<-if(length(times)<=POINTS_max) times else 

    times[seq(1,length(times),by=round(length(times)/POINTS_max))]

  table(report_points%in%times)#check all report values are in times.



  # Dosing ####

  

  # once daily oral exposure for food

  if (route=="food"){

    if (Ndays < 100) {

      A <- c(dose)

      B <- c(0)

      C <- c("time","doral")

      

      DORAL <- data.frame(B,A)

      colnames(DORAL) <- C

    } else {

      A <- rep(dose,Ndays+1)

      B <- seq(0,Ndays*24,by=24)

      C <- c("time","doral")

      

      DORAL <- data.frame(B,A)

      colnames(DORAL) <- C

    }

  }

  # dosing for water exposure

  if (route=="water"){

    if (Ndays < 100) {

      # 6x daily for age <= 12

      if (subject_age<=12){

        A <- rep(dose/6.0,6)

        B <- seq(0,20,by=4)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

      # 4x daily for age > 12

      else {

        A <- rep(dose/4.0,4)

        B <- seq(0,18,by=6)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

    } else {

      # 6x daily for age <= 12

      if (subject_age<=12){

        A <- rep(dose/6.0,Ndays*6+1)

        B <- seq(0,Ndays*24,by=4)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

      # 4x daily for age > 12

      else {

        A <- rep(dose/4.0,Ndays*4+1)

        B <- seq(0,Ndays*24,by=6)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

    }

  }

  

  All_Dose<-DORAL%>%

    mutate(ODOSE=doral*(params[["BWST"]]/params[["MWPAR"]])

           *params[["FA"]], # DIM dose conversion (ug/kg to umol)

           Level=paste(doral[1],"ug/kg",sep="_"))

  

  #~~~~APPLY MODEL~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~#### 

  # Do parallel for speed

  c1<-makeCluster(min(cores,n_distinct(All_Dose$Level))) # cluster for parallel 

  timestamp()

  modelOutput<-parLapply(c1,split(All_Dose,All_Dose$Level), function (LL,ini_par,t){

    #load data into cores

    source("human_pbpk.R")

    # Create dataframe of "events"that describe the dosing, which informs the

    # ODE function, and needs to have columns "var" = the state_variable that needs

    # to be changed,"time"= when the changes occurs,"value"=the value being changed

    # to,& "method"= how the new value interacts with the previous state variable

    # value. See ?deSolve::lsodes and ?deSolve::events.

    

    # combine or replace "base" parameters with case specific human parameters, 

    # carring out any calcuated paramters which are function of other specific case parameters 

    ini_pars <- initial_params_fun(params=ini_par)

    # STATE####

    # Subject specific UPDATES to the initial value of state variables

    st<-state_fun(st=state,ini_p=ini_pars)

    

    eventDat<-rbind(data.frame(var="ODOSE",time=LL$time,

                               value=LL$ODOSE ,	 

                               method="add",stringsAsFactors = FALSE),  # ("replace", "add", "multiply")

                    data.frame(var="ASTOM",time=LL$time,

                               value=LL$ODOSE ,	 

                               method="add",stringsAsFactors = FALSE))

    

    # DERIVATIVE ####

    # RUN MODEL 

    modelOutput<- ode(y = st, times = t,  #method = "lsodes",

                      func = Human_Model, parms = ini_pars,

                      events = list(data = eventDat[order(eventDat$time),]))

    result <- within(as.data.frame(modelOutput),{Level<-LL$Level[[1]]})

    return(result)

  },ini_par=params,t=times)

  stopCluster(c1)

  timestamp()

  ModelOutput<-do.call(rbind,modelOutput)##make big dataframe for evaluation



  #~~~END MODEL ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~####

  

  return(ModelOutput)

  

}



PODcost <- function(test_dose){

  

  test_result <- minRBCCE(test_dose*1000)

  test_error <- (test_result - 90.0)

  

  print(sprintf("%f  %f",test_dose,test_result))

  

  return(test_error*test_error)

}



AEDcost <- function(test_dose){

  

  test_result <- avgCBL(test_dose*1000)

  test_error <- (test_result - ac_50)

  

  print(sprintf("%f  %f",test_dose,test_result))

  

  return(test_error*test_error)

}



# get the dose that reproduces the AC50 in blood concentration or 10% brain AChE inhibition

final_dose <- optim(par = 34.7, PODcost, method = "Brent",lower = 1, upper = 100, control = list(reltol = 1e-3))   # POD limits



# finally run the model for this concentration

ModelOutput <- just_run_model(final_dose$par*1000)



final_dose$par

min(ModelOutput$RBCCE)




rm(list = ls()) # Clear workspace



#set the working directory to the location of these scripts

#setwd(dirname(rstudioapi::getActiveDocumentContext()$path))



#Environment####

library(dplyr)

library(tidyr)

library(parallel)

# number of cores availabe on current machine

tot_cores<-detectCores(all.tests = FALSE, logical = TRUE)  

cores<-tot_cores-1 # leave one core for other tasks 



ac_50 <<- -999             # enter the AC50 value here; units = umol/L

Ndays = 2                        # number of days to simulate

target_chem = "oxon"            # oxon or parent compound

body_weight = 37.1                 # body weight in kg

subject_age = 6

route = "water"



source("human_pbpk.R") # Loads model and base parameters

source("malathion_human_parameters.R") # male and female specific parameters



# Intial_parameters####

sex = 1						 # 0=male, 1= Female

params<-c(params[!names(params)%in%names(human_parameters[[sex+1]])],

          human_parameters[[sex+1]])



# set case-specific parameters

params[["TSTART"]]<-0.0         # START SIMULATION (HR)

params[["TSTOP"]]=48      			# Simulation duration = 2 days

params[["AGE0"]]=subject_age

params[["BWSW"]] = 1   	 				# Switch for age (set =0) or set (set =1) if bwt provided

params[["BWST"]]= body_weight   	 			# kg

params[["FA"]]=1



# returns the average blood concentration of oxon

# based on the daily dose of "dose" ug/kg/day

avgCBLO <- function(dose){

  

  # TIMING COMMANDS ####

  MAXT=0.1       #maximum time step

  times<-seq(params[["TSTART"]],params[["TSTOP"]],by=MAXT)#

  

  # max number of points to write out to file

  POINTS_max<-10000  

  # if the more than 10000 timesteps, select evently spaced 10000 of them for reporting

  report_points<-if(length(times)<=POINTS_max) times else 

    times[seq(1,length(times),by=round(length(times)/POINTS_max))]

  table(report_points%in%times)#check all report values are in times.

  

  

  # Dosing ####

  # once daily oral exposure for food

  if (route=="food"){

    if (Ndays < 100) {

      A <- c(dose)

      B <- c(0)

      C <- c("time","doral")

      

      DORAL <- data.frame(B,A)

      colnames(DORAL) <- C

    } else {

      A <- rep(dose,Ndays+1)

      B <- seq(0,Ndays*24,by=24)

      C <- c("time","doral")

      

      DORAL <- data.frame(B,A)

      colnames(DORAL) <- C

    }

  }

  # dosing for water exposure

  if (route=="water"){

    if (Ndays < 100) {

      # 6x daily for age <= 12

      if (subject_age<=12){

        A <- rep(dose/6.0,6)

        B <- seq(0,20,by=4)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

      # 4x daily for age > 12

      else {

        A <- rep(dose/4.0,4)

        B <- seq(0,18,by=6)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

    } else {

      # 6x daily for age <= 12

      if (subject_age<=12){

        A <- rep(dose/6.0,Ndays*6+1)

        B <- seq(0,Ndays*24,by=4)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

      # 4x daily for age > 12

      else {

        A <- rep(dose/4.0,Ndays*4+1)

        B <- seq(0,Ndays*24,by=6)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

    }

  }

  

  All_Dose<-DORAL%>%

    mutate(ODOSEOXON=doral*(params[["BWST"]]/params[["MWOXON"]])

           *params[["FA"]], # DIM dose conversion (ug/kg to umol)

           Level=paste(doral[1],"ug/kg",sep="_"))

  

  #~~~~APPLY MODEL~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~#### 

  # Do parallel for speed

  c1<-makeCluster(min(cores,n_distinct(All_Dose$Level))) # cluster for parallel 

  timestamp()

  modelOutput<-parLapply(c1,split(All_Dose,All_Dose$Level), function (LL,ini_par,t){

    #load data into cores

    source("human_pbpk.R")

    # Create dataframe of "events"that describe the dosing, which informs the

    # ODE function, and needs to have columns "var" = the state_variable that needs

    # to be changed,"time"= when the changes occurs,"value"=the value being changed

    # to,& "method"= how the new value interacts with the previous state variable

    # value. See ?deSolve::lsodes and ?deSolve::events.

    

    # combine or replace "base" parameters with case specific human parameters, 

    # carring out any calcuated paramters which are function of other specific case parameters 

    ini_pars <- initial_params_fun(params=ini_par)

    # STATE####

    # Subject specific UPDATES to the initial value of state variables

    st<-state_fun(st=state,ini_p=ini_pars)

    

    eventDat<-rbind(data.frame(var="ODOSEOXON",time=LL$time,

                               value=LL$ODOSEOXON ,	 

                               method="add",stringsAsFactors = FALSE),  # ("replace", "add", "multiply")

                    data.frame(var="ASTOMO",time=LL$time,

                               value=LL$ODOSEOXON ,	 

                               method="add",stringsAsFactors = FALSE))

    

    # DERIVATIVE ####

    # RUN MODEL 

    modelOutput<- ode(y = st, times = t,  #method = "lsodes",

                      func = Human_Model, parms = ini_pars,

                      events = list(data = eventDat[order(eventDat$time),]))

    result <- within(as.data.frame(modelOutput),{Level<-LL$Level[[1]]})

    return(result)

  },ini_par=params,t=times)

  stopCluster(c1)

  timestamp()

  ModelOutput<-do.call(rbind,modelOutput)##make big dataframe for evaluation



  #~~~END MODEL ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~####

  

  return(mean(tail(ModelOutput$CBLO,240)))

  

}



minRBCCEO <- function(dose){

  

  # TIMING COMMANDS ####

  MAXT=0.1       #maximum time step

  times<-seq(params[["TSTART"]],params[["TSTOP"]],by=MAXT)#

  

  # max number of points to write out to file

  POINTS_max<-10000  

  # if the more than 10000 timesteps, select evently spaced 10000 of them for reporting

  report_points<-if(length(times)<=POINTS_max) times else 

    times[seq(1,length(times),by=round(length(times)/POINTS_max))]

  table(report_points%in%times)#check all report values are in times.

  

  

  # Dosing ####

  # once daily oral exposure for food

  if (route=="food"){

    if (Ndays < 100) {

      A <- c(dose)

      B <- c(0)

      C <- c("time","doral")

      

      DORAL <- data.frame(B,A)

      colnames(DORAL) <- C

    } else {

      A <- rep(dose,Ndays+1)

      B <- seq(0,Ndays*24,by=24)

      C <- c("time","doral")

      

      DORAL <- data.frame(B,A)

      colnames(DORAL) <- C

    }

  }

  # dosing for water exposure

  if (route=="water"){

    if (Ndays < 100) {

      # 6x daily for age <= 12

      if (subject_age<=12){

        A <- rep(dose/6.0,6)

        B <- seq(0,20,by=4)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

      # 4x daily for age > 12

      else {

        A <- rep(dose/4.0,4)

        B <- seq(0,18,by=6)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

    } else {

      # 6x daily for age <= 12

      if (subject_age<=12){

        A <- rep(dose/6.0,Ndays*6+1)

        B <- seq(0,Ndays*24,by=4)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

      # 4x daily for age > 12

      else {

        A <- rep(dose/4.0,Ndays*4+1)

        B <- seq(0,Ndays*24,by=6)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

    }

  }

  

  All_Dose<-DORAL%>%

    mutate(ODOSEOXON=doral*(params[["BWST"]]/params[["MWOXON"]])

           *params[["FA"]], # DIM dose conversion (ug/kg to umol)

           Level=paste(doral[1],"ug/kg",sep="_"))

  

  #~~~~APPLY MODEL~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~#### 

  # Do parallel for speed

  c1<-makeCluster(min(cores,n_distinct(All_Dose$Level))) # cluster for parallel 

  timestamp()

  modelOutput<-parLapply(c1,split(All_Dose,All_Dose$Level), function (LL,ini_par,t){

    #load data into cores

    source("human_pbpk.R")

    # Create dataframe of "events"that describe the dosing, which informs the

    # ODE function, and needs to have columns "var" = the state_variable that needs

    # to be changed,"time"= when the changes occurs,"value"=the value being changed

    # to,& "method"= how the new value interacts with the previous state variable

    # value. See ?deSolve::lsodes and ?deSolve::events.

    

    # combine or replace "base" parameters with case specific human parameters, 

    # carring out any calcuated paramters which are function of other specific case parameters 

    ini_pars <- initial_params_fun(params=ini_par)

    # STATE####

    # Subject specific UPDATES to the initial value of state variables

    st<-state_fun(st=state,ini_p=ini_pars)

    

    eventDat<-rbind(data.frame(var="ODOSEOXON",time=LL$time,

                               value=LL$ODOSEOXON ,	 

                               method="add",stringsAsFactors = FALSE),  # ("replace", "add", "multiply")

                    data.frame(var="ASTOMO",time=LL$time,

                               value=LL$ODOSEOXON ,	 

                               method="add",stringsAsFactors = FALSE))

    

    # DERIVATIVE ####

    # RUN MODEL 

    modelOutput<- ode(y = st, times = t,  #method = "lsodes",

                      func = Human_Model, parms = ini_pars,

                      events = list(data = eventDat[order(eventDat$time),]))

    result <- within(as.data.frame(modelOutput),{Level<-LL$Level[[1]]})

    return(result)

  },ini_par=params,t=times)

  stopCluster(c1)

  timestamp()

  ModelOutput<-do.call(rbind,modelOutput)##make big dataframe for evaluation

  

  #~~~END MODEL ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~####

  

  return(min(ModelOutput$RBCCE))

  

}



just_run_model <- function(dose){

  

  # TIMING COMMANDS ####

  MAXT=0.1       #maximum time step

  times<-seq(params[["TSTART"]],params[["TSTOP"]],by=MAXT)#

  

  # max number of points to write out to file

  POINTS_max<-10000  

  # if the more than 10000 timesteps, select evently spaced 10000 of them for reporting

  report_points<-if(length(times)<=POINTS_max) times else 

    times[seq(1,length(times),by=round(length(times)/POINTS_max))]

  table(report_points%in%times)#check all report values are in times.

  

  

  # Dosing ####

  # once daily oral exposure for food

  if (route=="food"){

    if (Ndays < 100) {

      A <- c(dose)

      B <- c(0)

      C <- c("time","doral")

      

      DORAL <- data.frame(B,A)

      colnames(DORAL) <- C

    } else {

      A <- rep(dose,Ndays+1)

      B <- seq(0,Ndays*24,by=24)

      C <- c("time","doral")

      

      DORAL <- data.frame(B,A)

      colnames(DORAL) <- C

    }

  }

  # dosing for water exposure

  if (route=="water"){

    if (Ndays < 100) {

      # 6x daily for age <= 12

      if (subject_age<=12){

        A <- rep(dose/6.0,6)

        B <- seq(0,20,by=4)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

      # 4x daily for age > 12

      else {

        A <- rep(dose/4.0,4)

        B <- seq(0,18,by=6)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

    } else {

      # 6x daily for age <= 12

      if (subject_age<=12){

        A <- rep(dose/6.0,Ndays*6+1)

        B <- seq(0,Ndays*24,by=4)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

      # 4x daily for age > 12

      else {

        A <- rep(dose/4.0,Ndays*4+1)

        B <- seq(0,Ndays*24,by=6)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

    }

  }

  

  All_Dose<-DORAL%>%

    mutate(ODOSEOXON=doral*(params[["BWST"]]/params[["MWOXON"]])

           *params[["FA"]], # DIM dose conversion (ug/kg to umol)

           Level=paste(doral[1],"ug/kg",sep="_"))

  

  #~~~~APPLY MODEL~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~#### 

  # Do parallel for speed

  c1<-makeCluster(min(cores,n_distinct(All_Dose$Level))) # cluster for parallel 

  timestamp()

  modelOutput<-parLapply(c1,split(All_Dose,All_Dose$Level), function (LL,ini_par,t){

    #load data into cores

    source("human_pbpk.R")

    # Create dataframe of "events"that describe the dosing, which informs the

    # ODE function, and needs to have columns "var" = the state_variable that needs

    # to be changed,"time"= when the changes occurs,"value"=the value being changed

    # to,& "method"= how the new value interacts with the previous state variable

    # value. See ?deSolve::lsodes and ?deSolve::events.

    

    # combine or replace "base" parameters with case specific human parameters, 

    # carring out any calcuated paramters which are function of other specific case parameters 

    ini_pars <- initial_params_fun(params=ini_par)

    # STATE####

    # Subject specific UPDATES to the initial value of state variables

    st<-state_fun(st=state,ini_p=ini_pars)

    

    eventDat<-rbind(data.frame(var="ODOSEOXON",time=LL$time,

                               value=LL$ODOSEOXON ,	 

                               method="add",stringsAsFactors = FALSE),  # ("replace", "add", "multiply")

                    data.frame(var="ASTOMO",time=LL$time,

                               value=LL$ODOSEOXON ,	 

                               method="add",stringsAsFactors = FALSE))

    

    # DERIVATIVE ####

    # RUN MODEL 

    modelOutput<- ode(y = st, times = t,  #method = "lsodes",

                      func = Human_Model, parms = ini_pars,

                      events = list(data = eventDat[order(eventDat$time),]))

    result <- within(as.data.frame(modelOutput),{Level<-LL$Level[[1]]})

    return(result)

  },ini_par=params,t=times)

  stopCluster(c1)

  timestamp()

  ModelOutput<-do.call(rbind,modelOutput)##make big dataframe for evaluation



  #~~~END MODEL ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~####

  

  return(ModelOutput)

  

}



PODcost <- function(test_dose){

  

  test_result <- minRBCCEO(test_dose*1000)

  test_error <- (test_result - 90.0)

  

  print(sprintf("%f  %f",test_dose,test_result))

  

  return(test_error*test_error)

}



AEDcost <- function(test_dose){

  

  test_result <- avgCBLO(test_dose*1000)

  test_error <- (test_result - ac_50)

  

  print(sprintf("%f  %f",test_dose,test_result))

  

  return(test_error*test_error)

}



# get the dose that reproduces the AC50 in blood concentration or 10% brain AChE inhibition



final_dose <- optim(par = 3.67, PODcost, method = "Brent",lower = 1, upper = 10, control = list(reltol = 1e-3))   # POD limits



# finally run the model for this concentration

ModelOutput <- just_run_model(final_dose$par*1000)



final_dose$par

min(ModelOutput$RBCCE)


rm(list = ls()) # Clear workspace



#set the working directory to the location of these scripts

#setwd(dirname(rstudioapi::getActiveDocumentContext()$path))



#Environment####

library(dplyr)

library(tidyr)

library(parallel)

# number of cores availabe on current machine

tot_cores<-detectCores(all.tests = FALSE, logical = TRUE)  

cores<-tot_cores-1 # leave one core for other tasks 



ac_50 <<- -999            # enter the AC50 value here; units = umol/L

Ndays = 2                        # number of days to simulate

target_chem = "parent"            # oxon or parent compound

body_weight = 37.1                 # body weight in kg

subject_age = 6

route = "water"

# =============================================================================



source("human_pbpk.R") # Loads model and base parameters

source("malathion_human_parameters.R") # male and female specific parameters



# Intial_parameters####

sex = 1						 # 0=male, 1= Female

params<-c(params[!names(params)%in%names(human_parameters[[sex+1]])],

          human_parameters[[sex+1]])



# set case-specific parameters

params[["TSTART"]]<-0.0         # START SIMULATION (HR)

params[["TSTOP"]]=48      			# Simulation duration = 2 days

params[["AGE0"]]=subject_age

params[["BWSW"]] = 1   	 				# Switch for age (set =0) or set (set =1) if bwt provided

params[["BWST"]]= body_weight   	 			# kg

params[["FA"]]=1



# returns the average blood concentration of parent compound

# based on the daily dose of "dose" ug/kg/day

avgCBL <- function(dose){

  

  # TIMING COMMANDS ####

  MAXT=0.1       #maximum time step

  times<-seq(params[["TSTART"]],params[["TSTOP"]],by=MAXT)#

  

  # max number of points to write out to file

  POINTS_max<-10000  

  # if the more than 10000 timesteps, select evently spaced 10000 of them for reporting

  report_points<-if(length(times)<=POINTS_max) times else 

    times[seq(1,length(times),by=round(length(times)/POINTS_max))]

  table(report_points%in%times)#check all report values are in times.

  

  

  # Dosing ####

  # once daily oral exposure for food

  if (route=="food"){

    if (Ndays < 100) {

      A <- c(dose)

      B <- c(0)

      C <- c("time","doral")

      

      DORAL <- data.frame(B,A)

      colnames(DORAL) <- C

    } else {

      A <- rep(dose,Ndays+1)

      B <- seq(0,Ndays*24,by=24)

      C <- c("time","doral")

      

      DORAL <- data.frame(B,A)

      colnames(DORAL) <- C

    }

  }

  # dosing for water exposure

  if (route=="water"){

    if (Ndays < 100) {

      # 6x daily for age <= 12

      if (subject_age<=12){

        A <- rep(dose/6.0,6)

        B <- seq(0,20,by=4)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

      # 4x daily for age > 12

      else {

        A <- rep(dose/4.0,4)

        B <- seq(0,18,by=6)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

    } else {

      # 6x daily for age <= 12

      if (subject_age<=12){

        A <- rep(dose/6.0,Ndays*6+1)

        B <- seq(0,Ndays*24,by=4)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

      # 4x daily for age > 12

      else {

        A <- rep(dose/4.0,Ndays*4+1)

        B <- seq(0,Ndays*24,by=6)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

    }

  }

  

  

  All_Dose<-DORAL%>%

    mutate(ODOSE=doral*(params[["BWST"]]/params[["MWPAR"]])

           *params[["FA"]], # DIM dose conversion (ug/kg to umol)

           Level=paste(doral[1],"ug/kg",sep="_"))

  

  #~~~~APPLY MODEL~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~#### 

  # Do parallel for speed

  c1<-makeCluster(min(cores,n_distinct(All_Dose$Level))) # cluster for parallel 

  timestamp()

  modelOutput<-parLapply(c1,split(All_Dose,All_Dose$Level), function (LL,ini_par,t){

    #load data into cores

    source("human_pbpk.R")

    # Create dataframe of "events"that describe the dosing, which informs the

    # ODE function, and needs to have columns "var" = the state_variable that needs

    # to be changed,"time"= when the changes occurs,"value"=the value being changed

    # to,& "method"= how the new value interacts with the previous state variable

    # value. See ?deSolve::lsodes and ?deSolve::events.

    

    # combine or replace "base" parameters with case specific human parameters, 

    # carring out any calcuated paramters which are function of other specific case parameters 

    ini_pars <- initial_params_fun(params=ini_par)

    # STATE####

    # Subject specific UPDATES to the initial value of state variables

    st<-state_fun(st=state,ini_p=ini_pars)

    

    eventDat<-rbind(data.frame(var="ODOSE",time=LL$time,

                               value=LL$ODOSE ,	 

                               method="add",stringsAsFactors = FALSE),  # ("replace", "add", "multiply")

                    data.frame(var="ASTOM",time=LL$time,

                               value=LL$ODOSE ,	 

                               method="add",stringsAsFactors = FALSE))

    

    # DERIVATIVE ####

    # RUN MODEL 

    modelOutput<- ode(y = st, times = t,  #method = "lsodes",

                      func = Human_Model, parms = ini_pars,

                      events = list(data = eventDat[order(eventDat$time),]))

    result <- within(as.data.frame(modelOutput),{Level<-LL$Level[[1]]})

    return(result)

  },ini_par=params,t=times)

  stopCluster(c1)

  timestamp()

  ModelOutput<-do.call(rbind,modelOutput)##make big dataframe for evaluation



  

  return(mean(tail(ModelOutput$CBL,240)))

  

}



# returns the average blood concentration of oxon

# based on the daily dose of "dose" ug/kg/day

avgCBLO <- function(dose){

  

  # TIMING COMMANDS ####

  MAXT=0.1       #maximum time step

  times<-seq(params[["TSTART"]],params[["TSTOP"]],by=MAXT)#

  

  # max number of points to write out to file

  POINTS_max<-10000  

  # if the more than 10000 timesteps, select evently spaced 10000 of them for reporting

  report_points<-if(length(times)<=POINTS_max) times else 

    times[seq(1,length(times),by=round(length(times)/POINTS_max))]

  table(report_points%in%times)#check all report values are in times.

  

  

  # once daily oral exposure for food

  if (route=="food"){

    if (Ndays < 100) {

      A <- c(dose)

      B <- c(0)

      C <- c("time","doral")

      

      DORAL <- data.frame(B,A)

      colnames(DORAL) <- C

    } else {

      A <- rep(dose,Ndays+1)

      B <- seq(0,Ndays*24,by=24)

      C <- c("time","doral")

      

      DORAL <- data.frame(B,A)

      colnames(DORAL) <- C

    }

  }

  # dosing for water exposure

  if (route=="water"){

    if (Ndays < 100) {

      # 6x daily for age <= 12

      if (subject_age<=12){

        A <- rep(dose/6.0,6)

        B <- seq(0,20,by=4)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

      # 4x daily for age > 12

      else {

        A <- rep(dose/4.0,4)

        B <- seq(0,18,by=6)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

    } else {

      # 6x daily for age <= 12

      if (subject_age<=12){

        A <- rep(dose/6.0,Ndays*6+1)

        B <- seq(0,Ndays*24,by=4)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

      # 4x daily for age > 12

      else {

        A <- rep(dose/4.0,Ndays*4+1)

        B <- seq(0,Ndays*24,by=6)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

    }

  }

  

  All_Dose<-DORAL%>%

    mutate(ODOSE=doral*(params[["BWST"]]/params[["MWPAR"]])

           *params[["FA"]], # DIM dose conversion (ug/kg to umol)

           Level=paste(doral[1],"ug/kg",sep="_"))

  

  #~~~~APPLY MODEL~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~#### 

  # Do parallel for speed

  c1<-makeCluster(min(cores,n_distinct(All_Dose$Level))) # cluster for parallel 

  timestamp()

  modelOutput<-parLapply(c1,split(All_Dose,All_Dose$Level), function (LL,ini_par,t){

    #load data into cores

    source("human_pbpk.R")

    # Create dataframe of "events"that describe the dosing, which informs the

    # ODE function, and needs to have columns "var" = the state_variable that needs

    # to be changed,"time"= when the changes occurs,"value"=the value being changed

    # to,& "method"= how the new value interacts with the previous state variable

    # value. See ?deSolve::lsodes and ?deSolve::events.

    

    # combine or replace "base" parameters with case specific human parameters, 

    # carring out any calcuated paramters which are function of other specific case parameters 

    ini_pars <- initial_params_fun(params=ini_par)

    # STATE####

    # Subject specific UPDATES to the initial value of state variables

    st<-state_fun(st=state,ini_p=ini_pars)

    

    eventDat<-rbind(data.frame(var="ODOSE",time=LL$time,

                               value=LL$ODOSE ,	 

                               method="add",stringsAsFactors = FALSE),  # ("replace", "add", "multiply")

                    data.frame(var="ASTOM",time=LL$time,

                               value=LL$ODOSE ,	 

                               method="add",stringsAsFactors = FALSE))

    

    # DERIVATIVE ####

    # RUN MODEL 

    modelOutput<- ode(y = st, times = t,  #method = "lsodes",

                      func = Human_Model, parms = ini_pars,

                      events = list(data = eventDat[order(eventDat$time),]))

    result <- within(as.data.frame(modelOutput),{Level<-LL$Level[[1]]})

    return(result)

  },ini_par=params,t=times)

  stopCluster(c1)

  timestamp()

  ModelOutput<-do.call(rbind,modelOutput)##make big dataframe for evaluation



  #~~~END MODEL ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~####

  

  return(mean(tail(ModelOutput$CBLO,240)))

  

}

minRBCCE <- function(dose){

  

  # TIMING COMMANDS ####

  MAXT=0.1       #maximum time step

  times<-seq(params[["TSTART"]],params[["TSTOP"]],by=MAXT)#

  

  # max number of points to write out to file

  POINTS_max<-10000  

  # if the more than 10000 timesteps, select evently spaced 10000 of them for reporting

  report_points<-if(length(times)<=POINTS_max) times else 

    times[seq(1,length(times),by=round(length(times)/POINTS_max))]

  table(report_points%in%times)#check all report values are in times.

  

  

  # Dosing ####

  # once daily oral exposure for food

  if (route=="food"){

    if (Ndays < 100) {

      A <- c(dose)

      B <- c(0)

      C <- c("time","doral")

      

      DORAL <- data.frame(B,A)

      colnames(DORAL) <- C

    } else {

      A <- rep(dose,Ndays+1)

      B <- seq(0,Ndays*24,by=24)

      C <- c("time","doral")

      

      DORAL <- data.frame(B,A)

      colnames(DORAL) <- C

    }

  }

  # dosing for water exposure

  if (route=="water"){

    if (Ndays < 100) {

      # 6x daily for age <= 12

      if (subject_age<=12){

        A <- rep(dose/6.0,6)

        B <- seq(0,20,by=4)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

      # 4x daily for age > 12

      else {

        A <- rep(dose/4.0,4)

        B <- seq(0,18,by=6)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

    } else {

      # 6x daily for age <= 12

      if (subject_age<=12){

        A <- rep(dose/6.0,Ndays*6+1)

        B <- seq(0,Ndays*24,by=4)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

      # 4x daily for age > 12

      else {

        A <- rep(dose/4.0,Ndays*4+1)

        B <- seq(0,Ndays*24,by=6)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

    }

  }

  

  All_Dose<-DORAL%>%

    mutate(ODOSE=doral*(params[["BWST"]]/params[["MWPAR"]])

           *params[["FA"]], # DIM dose conversion (ug/kg to umol)

           Level=paste(doral[1],"ug/kg",sep="_"))

  

  #~~~~APPLY MODEL~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~#### 

  # Do parallel for speed

  c1<-makeCluster(min(cores,n_distinct(All_Dose$Level))) # cluster for parallel 

  timestamp()

  modelOutput<-parLapply(c1,split(All_Dose,All_Dose$Level), function (LL,ini_par,t){

    #load data into cores

    source("human_pbpk.R")

    # Create dataframe of "events"that describe the dosing, which informs the

    # ODE function, and needs to have columns "var" = the state_variable that needs

    # to be changed,"time"= when the changes occurs,"value"=the value being changed

    # to,& "method"= how the new value interacts with the previous state variable

    # value. See ?deSolve::lsodes and ?deSolve::events.

    

    # combine or replace "base" parameters with case specific human parameters, 

    # carring out any calcuated paramters which are function of other specific case parameters 

    ini_pars <- initial_params_fun(params=ini_par)

    # STATE####

    # Subject specific UPDATES to the initial value of state variables

    st<-state_fun(st=state,ini_p=ini_pars)

    

    eventDat<-rbind(data.frame(var="ODOSE",time=LL$time,

                               value=LL$ODOSE ,	 

                               method="add",stringsAsFactors = FALSE),  # ("replace", "add", "multiply")

                    data.frame(var="ASTOM",time=LL$time,

                               value=LL$ODOSE ,	 

                               method="add",stringsAsFactors = FALSE))

    

    # DERIVATIVE ####

    # RUN MODEL 

    modelOutput<- ode(y = st, times = t,  #method = "lsodes",

                      func = Human_Model, parms = ini_pars,

                      events = list(data = eventDat[order(eventDat$time),]))

    result <- within(as.data.frame(modelOutput),{Level<-LL$Level[[1]]})

    return(result)

  },ini_par=params,t=times)

  stopCluster(c1)

  timestamp()

  ModelOutput<-do.call(rbind,modelOutput)##make big dataframe for evaluation

  

  #~~~END MODEL ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~####

  

  return(min(ModelOutput$RBCCE))

  

}



just_run_model <- function(dose){

  

  # TIMING COMMANDS ####

  MAXT=0.1       #maximum time step

  times<-seq(params[["TSTART"]],params[["TSTOP"]],by=MAXT)#

  

  # max number of points to write out to file

  POINTS_max<-10000  

  # if the more than 10000 timesteps, select evently spaced 10000 of them for reporting

  report_points<-if(length(times)<=POINTS_max) times else 

    times[seq(1,length(times),by=round(length(times)/POINTS_max))]

  table(report_points%in%times)#check all report values are in times.

  

  

  # Dosing ####

  # once daily oral exposure for food

  if (route=="food"){

    if (Ndays < 100) {

      A <- c(dose)

      B <- c(0)

      C <- c("time","doral")

      

      DORAL <- data.frame(B,A)

      colnames(DORAL) <- C

    } else {

      A <- rep(dose,Ndays+1)

      B <- seq(0,Ndays*24,by=24)

      C <- c("time","doral")

      

      DORAL <- data.frame(B,A)

      colnames(DORAL) <- C

    }

  }

  # dosing for water exposure

  if (route=="water"){

    if (Ndays < 100) {

      # 6x daily for age <= 12

      if (subject_age<=12){

        A <- rep(dose/6.0,6)

        B <- seq(0,20,by=4)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

      # 4x daily for age > 12

      else {

        A <- rep(dose/4.0,4)

        B <- seq(0,18,by=6)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

    } else {

      # 6x daily for age <= 12

      if (subject_age<=12){

        A <- rep(dose/6.0,Ndays*6+1)

        B <- seq(0,Ndays*24,by=4)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

      # 4x daily for age > 12

      else {

        A <- rep(dose/4.0,Ndays*4+1)

        B <- seq(0,Ndays*24,by=6)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

    }

  }

  

  All_Dose<-DORAL%>%

    mutate(ODOSE=doral*(params[["BWST"]]/params[["MWPAR"]])

           *params[["FA"]], # DIM dose conversion (ug/kg to umol)

           Level=paste(doral[1],"ug/kg",sep="_"))

  

  #~~~~APPLY MODEL~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~#### 

  # Do parallel for speed

  c1<-makeCluster(min(cores,n_distinct(All_Dose$Level))) # cluster for parallel 

  timestamp()

  modelOutput<-parLapply(c1,split(All_Dose,All_Dose$Level), function (LL,ini_par,t){

    #load data into cores

    source("human_pbpk.R")

    # Create dataframe of "events"that describe the dosing, which informs the

    # ODE function, and needs to have columns "var" = the state_variable that needs

    # to be changed,"time"= when the changes occurs,"value"=the value being changed

    # to,& "method"= how the new value interacts with the previous state variable

    # value. See ?deSolve::lsodes and ?deSolve::events.

    

    # combine or replace "base" parameters with case specific human parameters, 

    # carring out any calcuated paramters which are function of other specific case parameters 

    ini_pars <- initial_params_fun(params=ini_par)

    # STATE####

    # Subject specific UPDATES to the initial value of state variables

    st<-state_fun(st=state,ini_p=ini_pars)

    

    eventDat<-rbind(data.frame(var="ODOSE",time=LL$time,

                               value=LL$ODOSE ,	 

                               method="add",stringsAsFactors = FALSE),  # ("replace", "add", "multiply")

                    data.frame(var="ASTOM",time=LL$time,

                               value=LL$ODOSE ,	 

                               method="add",stringsAsFactors = FALSE))

    

    # DERIVATIVE ####

    # RUN MODEL 

    modelOutput<- ode(y = st, times = t,  #method = "lsodes",

                      func = Human_Model, parms = ini_pars,

                      events = list(data = eventDat[order(eventDat$time),]))

    result <- within(as.data.frame(modelOutput),{Level<-LL$Level[[1]]})

    return(result)

  },ini_par=params,t=times)

  stopCluster(c1)

  timestamp()

  ModelOutput<-do.call(rbind,modelOutput)##make big dataframe for evaluation

  

  #~~~END MODEL ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~####

  

  return(ModelOutput)

  

}



PODcost <- function(test_dose){

  

  test_result <- minRBCCE(test_dose*1000)

  test_error <- (test_result - 90.0)

  

  print(sprintf("%f  %f",test_dose,test_result))

  

  return(test_error*test_error)

}



AEDcost <- function(test_dose){

  

  test_result <- avgCBL(test_dose*1000)

  test_error <- (test_result - ac_50)

  

  print(sprintf("%f  %f",test_dose,test_result))

  

  return(test_error*test_error)

}



# get the dose that reproduces the AC50 in blood concentration or 10% brain AChE inhibition

final_dose <- optim(par = 26.7, PODcost, method = "Brent",lower = 1, upper = 100, control = list(reltol = 1e-3))   # POD limits



# finally run the model for this concentration

ModelOutput <- just_run_model(final_dose$par*1000)

final_dose$par

min(ModelOutput$RBCCE)




rm(list = ls()) # Clear workspace



#set the working directory to the location of these scripts

#setwd(dirname(rstudioapi::getActiveDocumentContext()$path))



#Environment####

library(dplyr)

library(tidyr)

library(parallel)

# number of cores availabe on current machine

tot_cores<-detectCores(all.tests = FALSE, logical = TRUE)  

cores<-tot_cores-1 # leave one core for other tasks 



ac_50 <<- -999             # enter the AC50 value here; units = umol/L

Ndays = 2                        # number of days to simulate

target_chem = "oxon"            # oxon or parent compound

body_weight = 67.3                 # body weight in kg

subject_age = 13

scenario_number = 1

route = "water"



source("human_pbpk.R") # Loads model and base parameters

source("malathion_human_parameters.R") # male and female specific parameters



# Intial_parameters####

sex = 1						 # 0=male, 1= Female

params<-c(params[!names(params)%in%names(human_parameters[[sex+1]])],

          human_parameters[[sex+1]])



# set case-specific parameters

params[["TSTART"]]<-0.0         # START SIMULATION (HR)

params[["TSTOP"]]=48      			# Simulation duration = 2 days

params[["AGE0"]]=subject_age

params[["BWSW"]] = 1   	 				# Switch for age (set =0) or set (set =1) if bwt provided

params[["BWST"]]= body_weight   	 			# kg

params[["FA"]]=1



# returns the average blood concentration of oxon

# based on the daily dose of "dose" ug/kg/day

avgCBLO <- function(dose){

  

  # TIMING COMMANDS ####

  MAXT=0.1       #maximum time step

  times<-seq(params[["TSTART"]],params[["TSTOP"]],by=MAXT)#

  

  # max number of points to write out to file

  POINTS_max<-10000  

  # if the more than 10000 timesteps, select evently spaced 10000 of them for reporting

  report_points<-if(length(times)<=POINTS_max) times else 

    times[seq(1,length(times),by=round(length(times)/POINTS_max))]

  table(report_points%in%times)#check all report values are in times.

  

  

  # Dosing ####

  # once daily oral exposure for food

  if (route=="food"){

    if (Ndays < 100) {

      A <- c(dose)

      B <- c(0)

      C <- c("time","doral")

      

      DORAL <- data.frame(B,A)

      colnames(DORAL) <- C

    } else {

      A <- rep(dose,Ndays+1)

      B <- seq(0,Ndays*24,by=24)

      C <- c("time","doral")

      

      DORAL <- data.frame(B,A)

      colnames(DORAL) <- C

    }

  }

  # dosing for water exposure

  if (route=="water"){

    if (Ndays < 100) {

      # 6x daily for age <= 12

      if (subject_age<=12){

        A <- rep(dose/6.0,6)

        B <- seq(0,20,by=4)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

      # 4x daily for age > 12

      else {

        A <- rep(dose/4.0,4)

        B <- seq(0,18,by=6)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

    } else {

      # 6x daily for age <= 12

      if (subject_age<=12){

        A <- rep(dose/6.0,Ndays*6+1)

        B <- seq(0,Ndays*24,by=4)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

      # 4x daily for age > 12

      else {

        A <- rep(dose/4.0,Ndays*4+1)

        B <- seq(0,Ndays*24,by=6)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

    }

  }

  

  All_Dose<-DORAL%>%

    mutate(ODOSEOXON=doral*(params[["BWST"]]/params[["MWOXON"]])

           *params[["FA"]], # DIM dose conversion (ug/kg to umol)

           Level=paste(doral[1],"ug/kg",sep="_"))

  

  #~~~~APPLY MODEL~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~#### 

  # Do parallel for speed

  c1<-makeCluster(min(cores,n_distinct(All_Dose$Level))) # cluster for parallel 

  timestamp()

  modelOutput<-parLapply(c1,split(All_Dose,All_Dose$Level), function (LL,ini_par,t){

    #load data into cores

    source("human_pbpk.R")

    # Create dataframe of "events"that describe the dosing, which informs the

    # ODE function, and needs to have columns "var" = the state_variable that needs

    # to be changed,"time"= when the changes occurs,"value"=the value being changed

    # to,& "method"= how the new value interacts with the previous state variable

    # value. See ?deSolve::lsodes and ?deSolve::events.

    

    # combine or replace "base" parameters with case specific human parameters, 

    # carring out any calcuated paramters which are function of other specific case parameters 

    ini_pars <- initial_params_fun(params=ini_par)

    # STATE####

    # Subject specific UPDATES to the initial value of state variables

    st<-state_fun(st=state,ini_p=ini_pars)

    

    eventDat<-rbind(data.frame(var="ODOSEOXON",time=LL$time,

                               value=LL$ODOSEOXON ,	 

                               method="add",stringsAsFactors = FALSE),  # ("replace", "add", "multiply")

                    data.frame(var="ASTOMO",time=LL$time,

                               value=LL$ODOSEOXON ,	 

                               method="add",stringsAsFactors = FALSE))

    

    # DERIVATIVE ####

    # RUN MODEL 

    modelOutput<- ode(y = st, times = t,  #method = "lsodes",

                      func = Human_Model, parms = ini_pars,

                      events = list(data = eventDat[order(eventDat$time),]))

    result <- within(as.data.frame(modelOutput),{Level<-LL$Level[[1]]})

    return(result)

  },ini_par=params,t=times)

  stopCluster(c1)

  timestamp()

  ModelOutput<-do.call(rbind,modelOutput)##make big dataframe for evaluation



  #~~~END MODEL ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~####

  

  return(mean(tail(ModelOutput$CBLO,240)))

  

}



minRBCCEO <- function(dose){

  

  # TIMING COMMANDS ####

  MAXT=0.1       #maximum time step

  times<-seq(params[["TSTART"]],params[["TSTOP"]],by=MAXT)#

  

  # max number of points to write out to file

  POINTS_max<-10000  

  # if the more than 10000 timesteps, select evently spaced 10000 of them for reporting

  report_points<-if(length(times)<=POINTS_max) times else 

    times[seq(1,length(times),by=round(length(times)/POINTS_max))]

  table(report_points%in%times)#check all report values are in times.

  

  

  # Dosing ####

  # once daily oral exposure for food

  if (route=="food"){

    if (Ndays < 100) {

      A <- c(dose)

      B <- c(0)

      C <- c("time","doral")

      

      DORAL <- data.frame(B,A)

      colnames(DORAL) <- C

    } else {

      A <- rep(dose,Ndays+1)

      B <- seq(0,Ndays*24,by=24)

      C <- c("time","doral")

      

      DORAL <- data.frame(B,A)

      colnames(DORAL) <- C

    }

  }

  # dosing for water exposure

  if (route=="water"){

    if (Ndays < 100) {

      # 6x daily for age <= 12

      if (subject_age<=12){

        A <- rep(dose/6.0,6)

        B <- seq(0,20,by=4)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

      # 4x daily for age > 12

      else {

        A <- rep(dose/4.0,4)

        B <- seq(0,18,by=6)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

    } else {

      # 6x daily for age <= 12

      if (subject_age<=12){

        A <- rep(dose/6.0,Ndays*6+1)

        B <- seq(0,Ndays*24,by=4)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

      # 4x daily for age > 12

      else {

        A <- rep(dose/4.0,Ndays*4+1)

        B <- seq(0,Ndays*24,by=6)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

    }

  }

  

  All_Dose<-DORAL%>%

    mutate(ODOSEOXON=doral*(params[["BWST"]]/params[["MWOXON"]])

           *params[["FA"]], # DIM dose conversion (ug/kg to umol)

           Level=paste(doral[1],"ug/kg",sep="_"))

  

  #~~~~APPLY MODEL~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~#### 

  # Do parallel for speed

  c1<-makeCluster(min(cores,n_distinct(All_Dose$Level))) # cluster for parallel 

  timestamp()

  modelOutput<-parLapply(c1,split(All_Dose,All_Dose$Level), function (LL,ini_par,t){

    #load data into cores

    source("human_pbpk.R")

    # Create dataframe of "events"that describe the dosing, which informs the

    # ODE function, and needs to have columns "var" = the state_variable that needs

    # to be changed,"time"= when the changes occurs,"value"=the value being changed

    # to,& "method"= how the new value interacts with the previous state variable

    # value. See ?deSolve::lsodes and ?deSolve::events.

    

    # combine or replace "base" parameters with case specific human parameters, 

    # carring out any calcuated paramters which are function of other specific case parameters 

    ini_pars <- initial_params_fun(params=ini_par)

    # STATE####

    # Subject specific UPDATES to the initial value of state variables

    st<-state_fun(st=state,ini_p=ini_pars)

    

    eventDat<-rbind(data.frame(var="ODOSEOXON",time=LL$time,

                               value=LL$ODOSEOXON ,	 

                               method="add",stringsAsFactors = FALSE),  # ("replace", "add", "multiply")

                    data.frame(var="ASTOMO",time=LL$time,

                               value=LL$ODOSEOXON ,	 

                               method="add",stringsAsFactors = FALSE))

    

    # DERIVATIVE ####

    # RUN MODEL 

    modelOutput<- ode(y = st, times = t,  #method = "lsodes",

                      func = Human_Model, parms = ini_pars,

                      events = list(data = eventDat[order(eventDat$time),]))

    result <- within(as.data.frame(modelOutput),{Level<-LL$Level[[1]]})

    return(result)

  },ini_par=params,t=times)

  stopCluster(c1)

  timestamp()

  ModelOutput<-do.call(rbind,modelOutput)##make big dataframe for evaluation

  

  #~~~END MODEL ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~####

  

  return(min(ModelOutput$RBCCE))

  

}



just_run_model <- function(dose){

  

  # TIMING COMMANDS ####

  MAXT=0.1       #maximum time step

  times<-seq(params[["TSTART"]],params[["TSTOP"]],by=MAXT)#

  

  # max number of points to write out to file

  POINTS_max<-10000  

  # if the more than 10000 timesteps, select evently spaced 10000 of them for reporting

  report_points<-if(length(times)<=POINTS_max) times else 

    times[seq(1,length(times),by=round(length(times)/POINTS_max))]

  table(report_points%in%times)#check all report values are in times.

  

  

  # Dosing ####

  # once daily oral exposure for food

  if (route=="food"){

    if (Ndays < 100) {

      A <- c(dose)

      B <- c(0)

      C <- c("time","doral")

      

      DORAL <- data.frame(B,A)

      colnames(DORAL) <- C

    } else {

      A <- rep(dose,Ndays+1)

      B <- seq(0,Ndays*24,by=24)

      C <- c("time","doral")

      

      DORAL <- data.frame(B,A)

      colnames(DORAL) <- C

    }

  }

  # dosing for water exposure

  if (route=="water"){

    if (Ndays < 100) {

      # 6x daily for age <= 12

      if (subject_age<=12){

        A <- rep(dose/6.0,6)

        B <- seq(0,20,by=4)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

      # 4x daily for age > 12

      else {

        A <- rep(dose/4.0,4)

        B <- seq(0,18,by=6)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

    } else {

      # 6x daily for age <= 12

      if (subject_age<=12){

        A <- rep(dose/6.0,Ndays*6+1)

        B <- seq(0,Ndays*24,by=4)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

      # 4x daily for age > 12

      else {

        A <- rep(dose/4.0,Ndays*4+1)

        B <- seq(0,Ndays*24,by=6)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

    }

  }

  

  All_Dose<-DORAL%>%

    mutate(ODOSEOXON=doral*(params[["BWST"]]/params[["MWOXON"]])

           *params[["FA"]], # DIM dose conversion (ug/kg to umol)

           Level=paste(doral[1],"ug/kg",sep="_"))

  

  #~~~~APPLY MODEL~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~#### 

  # Do parallel for speed

  c1<-makeCluster(min(cores,n_distinct(All_Dose$Level))) # cluster for parallel 

  timestamp()

  modelOutput<-parLapply(c1,split(All_Dose,All_Dose$Level), function (LL,ini_par,t){

    #load data into cores

    source("human_pbpk.R")

    # Create dataframe of "events"that describe the dosing, which informs the

    # ODE function, and needs to have columns "var" = the state_variable that needs

    # to be changed,"time"= when the changes occurs,"value"=the value being changed

    # to,& "method"= how the new value interacts with the previous state variable

    # value. See ?deSolve::lsodes and ?deSolve::events.

    

    # combine or replace "base" parameters with case specific human parameters, 

    # carring out any calcuated paramters which are function of other specific case parameters 

    ini_pars <- initial_params_fun(params=ini_par)

    # STATE####

    # Subject specific UPDATES to the initial value of state variables

    st<-state_fun(st=state,ini_p=ini_pars)

    

    eventDat<-rbind(data.frame(var="ODOSEOXON",time=LL$time,

                               value=LL$ODOSEOXON ,	 

                               method="add",stringsAsFactors = FALSE),  # ("replace", "add", "multiply")

                    data.frame(var="ASTOMO",time=LL$time,

                               value=LL$ODOSEOXON ,	 

                               method="add",stringsAsFactors = FALSE))

    

    # DERIVATIVE ####

    # RUN MODEL 

    modelOutput<- ode(y = st, times = t,  #method = "lsodes",

                      func = Human_Model, parms = ini_pars,

                      events = list(data = eventDat[order(eventDat$time),]))

    result <- within(as.data.frame(modelOutput),{Level<-LL$Level[[1]]})

    return(result)

  },ini_par=params,t=times)

  stopCluster(c1)

  timestamp()

  ModelOutput<-do.call(rbind,modelOutput)##make big dataframe for evaluation



  #~~~END MODEL ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~####

  

  return(ModelOutput)

  

}



PODcost <- function(test_dose){

  

  test_result <- minRBCCEO(test_dose*1000)

  test_error <- (test_result - 90.0)

  

  print(sprintf("%f  %f",test_dose,test_result))

  

  return(test_error*test_error)

}



AEDcost <- function(test_dose){

  

  test_result <- avgCBLO(test_dose*1000)

  test_error <- (test_result - ac_50)

  

  print(sprintf("%f  %f",test_dose,test_result))

  

  return(test_error*test_error)

}



# get the dose that reproduces the AC50 in blood concentration or 10% brain AChE inhibition



final_dose <- optim(par = 3.19, PODcost, method = "Brent",lower = 1, upper = 10, control = list(reltol = 1e-3))   # POD limits



# finally run the model for this concentration

ModelOutput <- just_run_model(final_dose$par*1000)



final_dose$par

min(ModelOutput$RBCCE)


rm(list = ls()) # Clear workspace



#set the working directory to the location of these scripts

#setwd(dirname(rstudioapi::getActiveDocumentContext()$path))



#Environment####

library(dplyr)

library(tidyr)

library(parallel)

# number of cores availabe on current machine

tot_cores<-detectCores(all.tests = FALSE, logical = TRUE)  

cores<-tot_cores-1 # leave one core for other tasks 



ac_50 <<- -999             # enter the AC50 value here; units = umol/L

Ndays = 2                        # number of days to simulate

target_chem = "parent"            # oxon or parent compound

body_weight = 67.3                 # body weight in kg

subject_age = 13

route = "water"



source("human_pbpk.R") # Loads model and base parameters

source("malathion_human_parameters.R") # male and female specific parameters



# Intial_parameters####

sex = 1						 # 0=male, 1= Female

params<-c(params[!names(params)%in%names(human_parameters[[sex+1]])],

          human_parameters[[sex+1]])



# set case-specific parameters

params[["TSTART"]]<-0.0         # START SIMULATION (HR)

params[["TSTOP"]]=48      			# Simulation duration = 2 days

params[["AGE0"]]=subject_age

params[["BWSW"]] = 1   	 				# Switch for age (set =0) or set (set =1) if bwt provided

params[["BWST"]]= body_weight   	 			# kg

params[["FA"]]=1



# returns the average blood concentration of parent compound

# based on the daily dose of "dose" ug/kg/day

avgCBL <- function(dose){

  

  # TIMING COMMANDS ####

  MAXT=0.1       #maximum time step

  times<-seq(params[["TSTART"]],params[["TSTOP"]],by=MAXT)#

  

  # max number of points to write out to file

  POINTS_max<-10000  

  # if the more than 10000 timesteps, select evently spaced 10000 of them for reporting

  report_points<-if(length(times)<=POINTS_max) times else 

    times[seq(1,length(times),by=round(length(times)/POINTS_max))]

  table(report_points%in%times)#check all report values are in times.

  

  

  # Dosing ####

  # once daily oral exposure for food

  if (route=="food"){

    if (Ndays < 100) {

      A <- c(dose)

      B <- c(0)

      C <- c("time","doral")

      

      DORAL <- data.frame(B,A)

      colnames(DORAL) <- C

    } else {

      A <- rep(dose,Ndays+1)

      B <- seq(0,Ndays*24,by=24)

      C <- c("time","doral")

      

      DORAL <- data.frame(B,A)

      colnames(DORAL) <- C

    }

  }

  # dosing for water exposure

  if (route=="water"){

    if (Ndays < 100) {

      # 6x daily for age <= 12

      if (subject_age<=12){

        A <- rep(dose/6.0,6)

        B <- seq(0,20,by=4)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

      # 4x daily for age > 12

      else {

        A <- rep(dose/4.0,4)

        B <- seq(0,18,by=6)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

    } else {

      # 6x daily for age <= 12

      if (subject_age<=12){

        A <- rep(dose/6.0,Ndays*6+1)

        B <- seq(0,Ndays*24,by=4)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

      # 4x daily for age > 12

      else {

        A <- rep(dose/4.0,Ndays*4+1)

        B <- seq(0,Ndays*24,by=6)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

    }

  }

  

  

  All_Dose<-DORAL%>%

    mutate(ODOSE=doral*(params[["BWST"]]/params[["MWPAR"]])

           *params[["FA"]], # DIM dose conversion (ug/kg to umol)

           Level=paste(doral[1],"ug/kg",sep="_"))

  

  #~~~~APPLY MODEL~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~#### 

  # Do parallel for speed

  c1<-makeCluster(min(cores,n_distinct(All_Dose$Level))) # cluster for parallel 

  timestamp()

  modelOutput<-parLapply(c1,split(All_Dose,All_Dose$Level), function (LL,ini_par,t){

    #load data into cores

    source("human_pbpk.R")

    # Create dataframe of "events"that describe the dosing, which informs the

    # ODE function, and needs to have columns "var" = the state_variable that needs

    # to be changed,"time"= when the changes occurs,"value"=the value being changed

    # to,& "method"= how the new value interacts with the previous state variable

    # value. See ?deSolve::lsodes and ?deSolve::events.

    

    # combine or replace "base" parameters with case specific human parameters, 

    # carring out any calcuated paramters which are function of other specific case parameters 

    ini_pars <- initial_params_fun(params=ini_par)

    # STATE####

    # Subject specific UPDATES to the initial value of state variables

    st<-state_fun(st=state,ini_p=ini_pars)

    

    eventDat<-rbind(data.frame(var="ODOSE",time=LL$time,

                               value=LL$ODOSE ,	 

                               method="add",stringsAsFactors = FALSE),  # ("replace", "add", "multiply")

                    data.frame(var="ASTOM",time=LL$time,

                               value=LL$ODOSE ,	 

                               method="add",stringsAsFactors = FALSE))

    

    # DERIVATIVE ####

    # RUN MODEL 

    modelOutput<- ode(y = st, times = t,  #method = "lsodes",

                      func = Human_Model, parms = ini_pars,

                      events = list(data = eventDat[order(eventDat$time),]))

    result <- within(as.data.frame(modelOutput),{Level<-LL$Level[[1]]})

    return(result)

  },ini_par=params,t=times)

  stopCluster(c1)

  timestamp()

  ModelOutput<-do.call(rbind,modelOutput)##make big dataframe for evaluation



  

  return(mean(tail(ModelOutput$CBL,240)))

  

}



# returns the average blood concentration of oxon

# based on the daily dose of "dose" ug/kg/day

avgCBLO <- function(dose){

  

  # TIMING COMMANDS ####

  MAXT=0.1       #maximum time step

  times<-seq(params[["TSTART"]],params[["TSTOP"]],by=MAXT)#

  

  # max number of points to write out to file

  POINTS_max<-10000  

  # if the more than 10000 timesteps, select evently spaced 10000 of them for reporting

  report_points<-if(length(times)<=POINTS_max) times else 

    times[seq(1,length(times),by=round(length(times)/POINTS_max))]

  table(report_points%in%times)#check all report values are in times.

  

  

  # Dosing ####

  

  # once daily oral exposure for food

  if (route=="food"){

    if (Ndays < 100) {

      A <- c(dose)

      B <- c(0)

      C <- c("time","doral")

      

      DORAL <- data.frame(B,A)

      colnames(DORAL) <- C

    } else {

      A <- rep(dose,Ndays+1)

      B <- seq(0,Ndays*24,by=24)

      C <- c("time","doral")

      

      DORAL <- data.frame(B,A)

      colnames(DORAL) <- C

    }

  }

  # dosing for water exposure

  if (route=="water"){

    if (Ndays < 100) {

      # 6x daily for age <= 12

      if (subject_age<=12){

        A <- rep(dose/6.0,6)

        B <- seq(0,20,by=4)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

      # 4x daily for age > 12

      else {

        A <- rep(dose/4.0,4)

        B <- seq(0,18,by=6)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

    } else {

      # 6x daily for age <= 12

      if (subject_age<=12){

        A <- rep(dose/6.0,Ndays*6+1)

        B <- seq(0,Ndays*24,by=4)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

      # 4x daily for age > 12

      else {

        A <- rep(dose/4.0,Ndays*4+1)

        B <- seq(0,Ndays*24,by=6)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

    }

  }

  

  All_Dose<-DORAL%>%

    mutate(ODOSE=doral*(params[["BWST"]]/params[["MWPAR"]])

           *params[["FA"]], # DIM dose conversion (ug/kg to umol)

           Level=paste(doral[1],"ug/kg",sep="_"))

  

  #~~~~APPLY MODEL~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~#### 

  # Do parallel for speed

  c1<-makeCluster(min(cores,n_distinct(All_Dose$Level))) # cluster for parallel 

  timestamp()

  modelOutput<-parLapply(c1,split(All_Dose,All_Dose$Level), function (LL,ini_par,t){

    #load data into cores

    source("human_pbpk.R")

    # Create dataframe of "events"that describe the dosing, which informs the

    # ODE function, and needs to have columns "var" = the state_variable that needs

    # to be changed,"time"= when the changes occurs,"value"=the value being changed

    # to,& "method"= how the new value interacts with the previous state variable

    # value. See ?deSolve::lsodes and ?deSolve::events.

    

    # combine or replace "base" parameters with case specific human parameters, 

    # carring out any calcuated paramters which are function of other specific case parameters 

    ini_pars <- initial_params_fun(params=ini_par)

    # STATE####

    # Subject specific UPDATES to the initial value of state variables

    st<-state_fun(st=state,ini_p=ini_pars)

    

    eventDat<-rbind(data.frame(var="ODOSE",time=LL$time,

                               value=LL$ODOSE ,	 

                               method="add",stringsAsFactors = FALSE),  # ("replace", "add", "multiply")

                    data.frame(var="ASTOM",time=LL$time,

                               value=LL$ODOSE ,	 

                               method="add",stringsAsFactors = FALSE))

    

    # DERIVATIVE ####

    # RUN MODEL 

    modelOutput<- ode(y = st, times = t,  #method = "lsodes",

                      func = Human_Model, parms = ini_pars,

                      events = list(data = eventDat[order(eventDat$time),]))

    result <- within(as.data.frame(modelOutput),{Level<-LL$Level[[1]]})

    return(result)

  },ini_par=params,t=times)

  stopCluster(c1)

  timestamp()

  ModelOutput<-do.call(rbind,modelOutput)##make big dataframe for evaluation



  #~~~END MODEL ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~####

  

  return(mean(tail(ModelOutput$CBLO,240)))

  

}

minRBCCE <- function(dose){

  

  # TIMING COMMANDS ####

  MAXT=0.1       #maximum time step

  times<-seq(params[["TSTART"]],params[["TSTOP"]],by=MAXT)#

  

  # max number of points to write out to file

  POINTS_max<-10000  

  # if the more than 10000 timesteps, select evently spaced 10000 of them for reporting

  report_points<-if(length(times)<=POINTS_max) times else 

    times[seq(1,length(times),by=round(length(times)/POINTS_max))]

  table(report_points%in%times)#check all report values are in times.

  

  

  # Dosing ####

  # once daily oral exposure for food

  if (route=="food"){

    if (Ndays < 100) {

      A <- c(dose)

      B <- c(0)

      C <- c("time","doral")

      

      DORAL <- data.frame(B,A)

      colnames(DORAL) <- C

    } else {

      A <- rep(dose,Ndays+1)

      B <- seq(0,Ndays*24,by=24)

      C <- c("time","doral")

      

      DORAL <- data.frame(B,A)

      colnames(DORAL) <- C

    }

  }

  # dosing for water exposure

  if (route=="water"){

    if (Ndays < 100) {

      # 6x daily for age <= 12

      if (subject_age<=12){

        A <- rep(dose/6.0,6)

        B <- seq(0,20,by=4)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

      # 4x daily for age > 12

      else {

        A <- rep(dose/4.0,4)

        B <- seq(0,18,by=6)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

    } else {

      # 6x daily for age <= 12

      if (subject_age<=12){

        A <- rep(dose/6.0,Ndays*6+1)

        B <- seq(0,Ndays*24,by=4)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

      # 4x daily for age > 12

      else {

        A <- rep(dose/4.0,Ndays*4+1)

        B <- seq(0,Ndays*24,by=6)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

    }

  }

  

  All_Dose<-DORAL%>%

    mutate(ODOSE=doral*(params[["BWST"]]/params[["MWPAR"]])

           *params[["FA"]], # DIM dose conversion (ug/kg to umol)

           Level=paste(doral[1],"ug/kg",sep="_"))

  

  #~~~~APPLY MODEL~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~#### 

  # Do parallel for speed

  c1<-makeCluster(min(cores,n_distinct(All_Dose$Level))) # cluster for parallel 

  timestamp()

  modelOutput<-parLapply(c1,split(All_Dose,All_Dose$Level), function (LL,ini_par,t){

    #load data into cores

    source("human_pbpk.R")

    # Create dataframe of "events"that describe the dosing, which informs the

    # ODE function, and needs to have columns "var" = the state_variable that needs

    # to be changed,"time"= when the changes occurs,"value"=the value being changed

    # to,& "method"= how the new value interacts with the previous state variable

    # value. See ?deSolve::lsodes and ?deSolve::events.

    

    # combine or replace "base" parameters with case specific human parameters, 

    # carring out any calcuated paramters which are function of other specific case parameters 

    ini_pars <- initial_params_fun(params=ini_par)

    # STATE####

    # Subject specific UPDATES to the initial value of state variables

    st<-state_fun(st=state,ini_p=ini_pars)

    

    eventDat<-rbind(data.frame(var="ODOSE",time=LL$time,

                               value=LL$ODOSE ,	 

                               method="add",stringsAsFactors = FALSE),  # ("replace", "add", "multiply")

                    data.frame(var="ASTOM",time=LL$time,

                               value=LL$ODOSE ,	 

                               method="add",stringsAsFactors = FALSE))

    

    # DERIVATIVE ####

    # RUN MODEL 

    modelOutput<- ode(y = st, times = t,  #method = "lsodes",

                      func = Human_Model, parms = ini_pars,

                      events = list(data = eventDat[order(eventDat$time),]))

    result <- within(as.data.frame(modelOutput),{Level<-LL$Level[[1]]})

    return(result)

  },ini_par=params,t=times)

  stopCluster(c1)

  timestamp()

  ModelOutput<-do.call(rbind,modelOutput)##make big dataframe for evaluation

  

  #~~~END MODEL ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~####

  

  return(min(ModelOutput$RBCCE))

  

}



just_run_model <- function(dose){

  

  # TIMING COMMANDS ####

  MAXT=0.1       #maximum time step

  times<-seq(params[["TSTART"]],params[["TSTOP"]],by=MAXT)#

  

  # max number of points to write out to file

  POINTS_max<-10000  

  # if the more than 10000 timesteps, select evently spaced 10000 of them for reporting

  report_points<-if(length(times)<=POINTS_max) times else 

    times[seq(1,length(times),by=round(length(times)/POINTS_max))]

  table(report_points%in%times)#check all report values are in times.

  

  

  # Dosing ####

  # once daily oral exposure for food

  if (route=="food"){

    if (Ndays < 100) {

      A <- c(dose)

      B <- c(0)

      C <- c("time","doral")

      

      DORAL <- data.frame(B,A)

      colnames(DORAL) <- C

    } else {

      A <- rep(dose,Ndays+1)

      B <- seq(0,Ndays*24,by=24)

      C <- c("time","doral")

      

      DORAL <- data.frame(B,A)

      colnames(DORAL) <- C

    }

  }

  # dosing for water exposure

  if (route=="water"){

    if (Ndays < 100) {

      # 6x daily for age <= 12

      if (subject_age<=12){

        A <- rep(dose/6.0,6)

        B <- seq(0,20,by=4)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

      # 4x daily for age > 12

      else {

        A <- rep(dose/4.0,4)

        B <- seq(0,18,by=6)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

    } else {

      # 6x daily for age <= 12

      if (subject_age<=12){

        A <- rep(dose/6.0,Ndays*6+1)

        B <- seq(0,Ndays*24,by=4)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

      # 4x daily for age > 12

      else {

        A <- rep(dose/4.0,Ndays*4+1)

        B <- seq(0,Ndays*24,by=6)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

    }

  }

  

  All_Dose<-DORAL%>%

    mutate(ODOSE=doral*(params[["BWST"]]/params[["MWPAR"]])

           *params[["FA"]], # DIM dose conversion (ug/kg to umol)

           Level=paste(doral[1],"ug/kg",sep="_"))

  

  #~~~~APPLY MODEL~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~#### 

  # Do parallel for speed

  c1<-makeCluster(min(cores,n_distinct(All_Dose$Level))) # cluster for parallel 

  timestamp()

  modelOutput<-parLapply(c1,split(All_Dose,All_Dose$Level), function (LL,ini_par,t){

    #load data into cores

    source("human_pbpk.R")

    # Create dataframe of "events"that describe the dosing, which informs the

    # ODE function, and needs to have columns "var" = the state_variable that needs

    # to be changed,"time"= when the changes occurs,"value"=the value being changed

    # to,& "method"= how the new value interacts with the previous state variable

    # value. See ?deSolve::lsodes and ?deSolve::events.

    

    # combine or replace "base" parameters with case specific human parameters, 

    # carring out any calcuated paramters which are function of other specific case parameters 

    ini_pars <- initial_params_fun(params=ini_par)

    # STATE####

    # Subject specific UPDATES to the initial value of state variables

    st<-state_fun(st=state,ini_p=ini_pars)

    

    eventDat<-rbind(data.frame(var="ODOSE",time=LL$time,

                               value=LL$ODOSE ,	 

                               method="add",stringsAsFactors = FALSE),  # ("replace", "add", "multiply")

                    data.frame(var="ASTOM",time=LL$time,

                               value=LL$ODOSE ,	 

                               method="add",stringsAsFactors = FALSE))

    

    # DERIVATIVE ####

    # RUN MODEL 

    modelOutput<- ode(y = st, times = t,  #method = "lsodes",

                      func = Human_Model, parms = ini_pars,

                      events = list(data = eventDat[order(eventDat$time),]))

    result <- within(as.data.frame(modelOutput),{Level<-LL$Level[[1]]})

    return(result)

  },ini_par=params,t=times)

  stopCluster(c1)

  timestamp()

  ModelOutput<-do.call(rbind,modelOutput)##make big dataframe for evaluation

  

  #~~~END MODEL ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~####

  

  return(ModelOutput)

  

}



PODcost <- function(test_dose){

  

  test_result <- minRBCCE(test_dose*1000)

  test_error <- (test_result - 90.0)

  

  print(sprintf("%f  %f",test_dose,test_result))

  

  return(test_error*test_error)

}



AEDcost <- function(test_dose){

  

  test_result <- avgCBL(test_dose*1000)

  test_error <- (test_result - ac_50)

  

  print(sprintf("%f  %f",test_dose,test_result))

  

  return(test_error*test_error)

}



# get the dose that reproduces the AC50 in blood concentration or 10% brain AChE inhibition



final_dose <- optim(par = 23.5, PODcost, method = "Brent",lower = 1, upper = 100, control = list(reltol = 1e-3))   # POD limits



# finally run the model for this concentration

ModelOutput <- just_run_model(final_dose$par*1000)



final_dose$par

min(ModelOutput$RBCCE)




rm(list = ls()) # Clear workspace



#set the working directory to the location of these scripts

#setwd(dirname(rstudioapi::getActiveDocumentContext()$path))



#Environment####

library(dplyr)

library(tidyr)

library(parallel)

# number of cores availabe on current machine

tot_cores<-detectCores(all.tests = FALSE, logical = TRUE)  

cores<-tot_cores-1 # leave one core for other tasks 



ac_50 <<- -999             # enter the AC50 value here; units = umol/L

Ndays = 2                        # number of days to simulate

target_chem = "oxon"            # oxon or parent compound

body_weight = 81.5                 # body weight in kg

subject_age = 20

route = "water"



source("human_pbpk.R") # Loads model and base parameters

source("malathion_human_parameters.R") # male and female specific parameters



# Intial_parameters####

sex = 1						 # 0=male, 1= Female

params<-c(params[!names(params)%in%names(human_parameters[[sex+1]])],

          human_parameters[[sex+1]])



# set case-specific parameters

params[["TSTART"]]<-0.0         # START SIMULATION (HR)

params[["TSTOP"]]=48      			# Simulation duration = 2 days

params[["AGE0"]]=subject_age

params[["BWSW"]] = 1   	 				# Switch for age (set =0) or set (set =1) if bwt provided

params[["BWST"]]= body_weight   	 			# kg

params[["FA"]]=1



# returns the average blood concentration of oxon

# based on the daily dose of "dose" ug/kg/day

avgCBLO <- function(dose){

  

  # TIMING COMMANDS ####

  MAXT=0.1       #maximum time step

  times<-seq(params[["TSTART"]],params[["TSTOP"]],by=MAXT)#

  

  # max number of points to write out to file

  POINTS_max<-10000  

  # if the more than 10000 timesteps, select evently spaced 10000 of them for reporting

  report_points<-if(length(times)<=POINTS_max) times else 

    times[seq(1,length(times),by=round(length(times)/POINTS_max))]

  table(report_points%in%times)#check all report values are in times.

  

  

  # Dosing ####

  # once daily oral exposure for food

  if (route=="food"){

    if (Ndays < 100) {

      A <- c(dose)

      B <- c(0)

      C <- c("time","doral")

      

      DORAL <- data.frame(B,A)

      colnames(DORAL) <- C

    } else {

      A <- rep(dose,Ndays+1)

      B <- seq(0,Ndays*24,by=24)

      C <- c("time","doral")

      

      DORAL <- data.frame(B,A)

      colnames(DORAL) <- C

    }

  }

  # dosing for water exposure

  if (route=="water"){

    if (Ndays < 100) {

      # 6x daily for age <= 12

      if (subject_age<=12){

        A <- rep(dose/6.0,6)

        B <- seq(0,20,by=4)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

      # 4x daily for age > 12

      else {

        A <- rep(dose/4.0,4)

        B <- seq(0,18,by=6)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

    } else {

      # 6x daily for age <= 12

      if (subject_age<=12){

        A <- rep(dose/6.0,Ndays*6+1)

        B <- seq(0,Ndays*24,by=4)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

      # 4x daily for age > 12

      else {

        A <- rep(dose/4.0,Ndays*4+1)

        B <- seq(0,Ndays*24,by=6)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

    }

  }

  

  All_Dose<-DORAL%>%

    mutate(ODOSEOXON=doral*(params[["BWST"]]/params[["MWOXON"]])

           *params[["FA"]], # DIM dose conversion (ug/kg to umol)

           Level=paste(doral[1],"ug/kg",sep="_"))

  

  #~~~~APPLY MODEL~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~#### 

  # Do parallel for speed

  c1<-makeCluster(min(cores,n_distinct(All_Dose$Level))) # cluster for parallel 

  timestamp()

  modelOutput<-parLapply(c1,split(All_Dose,All_Dose$Level), function (LL,ini_par,t){

    #load data into cores

    source("human_pbpk.R")

    # Create dataframe of "events"that describe the dosing, which informs the

    # ODE function, and needs to have columns "var" = the state_variable that needs

    # to be changed,"time"= when the changes occurs,"value"=the value being changed

    # to,& "method"= how the new value interacts with the previous state variable

    # value. See ?deSolve::lsodes and ?deSolve::events.

    

    # combine or replace "base" parameters with case specific human parameters, 

    # carring out any calcuated paramters which are function of other specific case parameters 

    ini_pars <- initial_params_fun(params=ini_par)

    # STATE####

    # Subject specific UPDATES to the initial value of state variables

    st<-state_fun(st=state,ini_p=ini_pars)

    

    eventDat<-rbind(data.frame(var="ODOSEOXON",time=LL$time,

                               value=LL$ODOSEOXON ,	 

                               method="add",stringsAsFactors = FALSE),  # ("replace", "add", "multiply")

                    data.frame(var="ASTOMO",time=LL$time,

                               value=LL$ODOSEOXON ,	 

                               method="add",stringsAsFactors = FALSE))

    

    # DERIVATIVE ####

    # RUN MODEL 

    modelOutput<- ode(y = st, times = t,  #method = "lsodes",

                      func = Human_Model, parms = ini_pars,

                      events = list(data = eventDat[order(eventDat$time),]))

    result <- within(as.data.frame(modelOutput),{Level<-LL$Level[[1]]})

    return(result)

  },ini_par=params,t=times)

  stopCluster(c1)

  timestamp()

  ModelOutput<-do.call(rbind,modelOutput)##make big dataframe for evaluation



  #~~~END MODEL ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~####

  

  return(mean(tail(ModelOutput$CBLO,240)))

  

}



minRBCCEO <- function(dose){

  

  # TIMING COMMANDS ####

  MAXT=0.1       #maximum time step

  times<-seq(params[["TSTART"]],params[["TSTOP"]],by=MAXT)#

  

  # max number of points to write out to file

  POINTS_max<-10000  

  # if the more than 10000 timesteps, select evently spaced 10000 of them for reporting

  report_points<-if(length(times)<=POINTS_max) times else 

    times[seq(1,length(times),by=round(length(times)/POINTS_max))]

  table(report_points%in%times)#check all report values are in times.

  

  

  # Dosing ####

  # once daily oral exposure for food

  if (route=="food"){

    if (Ndays < 100) {

      A <- c(dose)

      B <- c(0)

      C <- c("time","doral")

      

      DORAL <- data.frame(B,A)

      colnames(DORAL) <- C

    } else {

      A <- rep(dose,Ndays+1)

      B <- seq(0,Ndays*24,by=24)

      C <- c("time","doral")

      

      DORAL <- data.frame(B,A)

      colnames(DORAL) <- C

    }

  }

  # dosing for water exposure

  if (route=="water"){

    if (Ndays < 100) {

      # 6x daily for age <= 12

      if (subject_age<=12){

        A <- rep(dose/6.0,6)

        B <- seq(0,20,by=4)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

      # 4x daily for age > 12

      else {

        A <- rep(dose/4.0,4)

        B <- seq(0,18,by=6)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

    } else {

      # 6x daily for age <= 12

      if (subject_age<=12){

        A <- rep(dose/6.0,Ndays*6+1)

        B <- seq(0,Ndays*24,by=4)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

      # 4x daily for age > 12

      else {

        A <- rep(dose/4.0,Ndays*4+1)

        B <- seq(0,Ndays*24,by=6)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

    }

  }

  

  All_Dose<-DORAL%>%

    mutate(ODOSEOXON=doral*(params[["BWST"]]/params[["MWOXON"]])

           *params[["FA"]], # DIM dose conversion (ug/kg to umol)

           Level=paste(doral[1],"ug/kg",sep="_"))

  

  #~~~~APPLY MODEL~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~#### 

  # Do parallel for speed

  c1<-makeCluster(min(cores,n_distinct(All_Dose$Level))) # cluster for parallel 

  timestamp()

  modelOutput<-parLapply(c1,split(All_Dose,All_Dose$Level), function (LL,ini_par,t){

    #load data into cores

    source("human_pbpk.R")

    # Create dataframe of "events"that describe the dosing, which informs the

    # ODE function, and needs to have columns "var" = the state_variable that needs

    # to be changed,"time"= when the changes occurs,"value"=the value being changed

    # to,& "method"= how the new value interacts with the previous state variable

    # value. See ?deSolve::lsodes and ?deSolve::events.

    

    # combine or replace "base" parameters with case specific human parameters, 

    # carring out any calcuated paramters which are function of other specific case parameters 

    ini_pars <- initial_params_fun(params=ini_par)

    # STATE####

    # Subject specific UPDATES to the initial value of state variables

    st<-state_fun(st=state,ini_p=ini_pars)

    

    eventDat<-rbind(data.frame(var="ODOSEOXON",time=LL$time,

                               value=LL$ODOSEOXON ,	 

                               method="add",stringsAsFactors = FALSE),  # ("replace", "add", "multiply")

                    data.frame(var="ASTOMO",time=LL$time,

                               value=LL$ODOSEOXON ,	 

                               method="add",stringsAsFactors = FALSE))

    

    # DERIVATIVE ####

    # RUN MODEL 

    modelOutput<- ode(y = st, times = t,  #method = "lsodes",

                      func = Human_Model, parms = ini_pars,

                      events = list(data = eventDat[order(eventDat$time),]))

    result <- within(as.data.frame(modelOutput),{Level<-LL$Level[[1]]})

    return(result)

  },ini_par=params,t=times)

  stopCluster(c1)

  timestamp()

  ModelOutput<-do.call(rbind,modelOutput)##make big dataframe for evaluation

  

  #~~~END MODEL ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~####

  

  return(min(ModelOutput$RBCCE))

  

}



just_run_model <- function(dose){

  

  # TIMING COMMANDS ####

  MAXT=0.1       #maximum time step

  times<-seq(params[["TSTART"]],params[["TSTOP"]],by=MAXT)#

  

  # max number of points to write out to file

  POINTS_max<-10000  

  # if the more than 10000 timesteps, select evently spaced 10000 of them for reporting

  report_points<-if(length(times)<=POINTS_max) times else 

    times[seq(1,length(times),by=round(length(times)/POINTS_max))]

  table(report_points%in%times)#check all report values are in times.

  

  

  # Dosing ####

  # once daily oral exposure for food

  if (route=="food"){

    if (Ndays < 100) {

      A <- c(dose)

      B <- c(0)

      C <- c("time","doral")

      

      DORAL <- data.frame(B,A)

      colnames(DORAL) <- C

    } else {

      A <- rep(dose,Ndays+1)

      B <- seq(0,Ndays*24,by=24)

      C <- c("time","doral")

      

      DORAL <- data.frame(B,A)

      colnames(DORAL) <- C

    }

  }

  # dosing for water exposure

  if (route=="water"){

    if (Ndays < 100) {

      # 6x daily for age <= 12

      if (subject_age<=12){

        A <- rep(dose/6.0,6)

        B <- seq(0,20,by=4)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

      # 4x daily for age > 12

      else {

        A <- rep(dose/4.0,4)

        B <- seq(0,18,by=6)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

    } else {

      # 6x daily for age <= 12

      if (subject_age<=12){

        A <- rep(dose/6.0,Ndays*6+1)

        B <- seq(0,Ndays*24,by=4)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

      # 4x daily for age > 12

      else {

        A <- rep(dose/4.0,Ndays*4+1)

        B <- seq(0,Ndays*24,by=6)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

    }

  }

  

  All_Dose<-DORAL%>%

    mutate(ODOSEOXON=doral*(params[["BWST"]]/params[["MWOXON"]])

           *params[["FA"]], # DIM dose conversion (ug/kg to umol)

           Level=paste(doral[1],"ug/kg",sep="_"))

  

  #~~~~APPLY MODEL~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~#### 

  # Do parallel for speed

  c1<-makeCluster(min(cores,n_distinct(All_Dose$Level))) # cluster for parallel 

  timestamp()

  modelOutput<-parLapply(c1,split(All_Dose,All_Dose$Level), function (LL,ini_par,t){

    #load data into cores

    source("human_pbpk.R")

    # Create dataframe of "events"that describe the dosing, which informs the

    # ODE function, and needs to have columns "var" = the state_variable that needs

    # to be changed,"time"= when the changes occurs,"value"=the value being changed

    # to,& "method"= how the new value interacts with the previous state variable

    # value. See ?deSolve::lsodes and ?deSolve::events.

    

    # combine or replace "base" parameters with case specific human parameters, 

    # carring out any calcuated paramters which are function of other specific case parameters 

    ini_pars <- initial_params_fun(params=ini_par)

    # STATE####

    # Subject specific UPDATES to the initial value of state variables

    st<-state_fun(st=state,ini_p=ini_pars)

    

    eventDat<-rbind(data.frame(var="ODOSEOXON",time=LL$time,

                               value=LL$ODOSEOXON ,	 

                               method="add",stringsAsFactors = FALSE),  # ("replace", "add", "multiply")

                    data.frame(var="ASTOMO",time=LL$time,

                               value=LL$ODOSEOXON ,	 

                               method="add",stringsAsFactors = FALSE))

    

    # DERIVATIVE ####

    # RUN MODEL 

    modelOutput<- ode(y = st, times = t,  #method = "lsodes",

                      func = Human_Model, parms = ini_pars,

                      events = list(data = eventDat[order(eventDat$time),]))

    result <- within(as.data.frame(modelOutput),{Level<-LL$Level[[1]]})

    return(result)

  },ini_par=params,t=times)

  stopCluster(c1)

  timestamp()

  ModelOutput<-do.call(rbind,modelOutput)##make big dataframe for evaluation



  #~~~END MODEL ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~####

  

  return(ModelOutput)

  

}



PODcost <- function(test_dose){

  

  test_result <- minRBCCEO(test_dose*1000)

  test_error <- (test_result - 90.0)

  

  print(sprintf("%f  %f",test_dose,test_result))

  

  return(test_error*test_error)

}



AEDcost <- function(test_dose){

  

  test_result <- avgCBLO(test_dose*1000)

  test_error <- (test_result - ac_50)

  

  print(sprintf("%f  %f",test_dose,test_result))

  

  return(test_error*test_error)

}



# get the dose that reproduces the AC50 in blood concentration or 10% brain AChE inhibition



final_dose <- optim(par = 3.02, PODcost, method = "Brent",lower = 1, upper = 10, control = list(reltol = 1e-3))   # POD limits



# finally run the model for this concentration

ModelOutput <- just_run_model(final_dose$par*1000)



final_dose$par

min(ModelOutput$RBCCE)


rm(list = ls()) # Clear workspace



#set the working directory to the location of these scripts

#setwd(dirname(rstudioapi::getActiveDocumentContext()$path))



#Environment####

library(dplyr)

library(tidyr)

library(parallel)

# number of cores availabe on current machine

tot_cores<-detectCores(all.tests = FALSE, logical = TRUE)  

cores<-tot_cores-1 # leave one core for other tasks 



ac_50 <<- -999             # enter the AC50 value here; units = umol/L

Ndays = 2                        # number of days to simulate

target_chem = "parent"            # oxon or parent compound

body_weight = 81.5                 # body weight in kg

subject_age = 20

route = "water"



source("human_pbpk.R") # Loads model and base parameters

source("malathion_human_parameters.R") # male and female specific parameters



# Intial_parameters####

sex = 1						 # 0=male, 1= Female

params<-c(params[!names(params)%in%names(human_parameters[[sex+1]])],

          human_parameters[[sex+1]])



# set case-specific parameters

params[["TSTART"]]<-0.0         # START SIMULATION (HR)

params[["TSTOP"]]=48      			# Simulation duration = 2 days

params[["AGE0"]]=subject_age

params[["BWSW"]] = 1   	 				# Switch for age (set =0) or set (set =1) if bwt provided

params[["BWST"]]= body_weight   	 			# kg

params[["FA"]]=1



# returns the average blood concentration of parent compound

# based on the daily dose of "dose" ug/kg/day

avgCBL <- function(dose){

  

  # TIMING COMMANDS ####

  MAXT=0.1       #maximum time step

  times<-seq(params[["TSTART"]],params[["TSTOP"]],by=MAXT)#

  

  # max number of points to write out to file

  POINTS_max<-10000  

  # if the more than 10000 timesteps, select evently spaced 10000 of them for reporting

  report_points<-if(length(times)<=POINTS_max) times else 

    times[seq(1,length(times),by=round(length(times)/POINTS_max))]

  table(report_points%in%times)#check all report values are in times.

  

  

  # Dosing ####

  # once daily oral exposure for food

  if (route=="food"){

    if (Ndays < 100) {

      A <- c(dose)

      B <- c(0)

      C <- c("time","doral")

      

      DORAL <- data.frame(B,A)

      colnames(DORAL) <- C

    } else {

      A <- rep(dose,Ndays+1)

      B <- seq(0,Ndays*24,by=24)

      C <- c("time","doral")

      

      DORAL <- data.frame(B,A)

      colnames(DORAL) <- C

    }

  }

  # dosing for water exposure

  if (route=="water"){

    if (Ndays < 100) {

      # 6x daily for age <= 12

      if (subject_age<=12){

        A <- rep(dose/6.0,6)

        B <- seq(0,20,by=4)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

      # 4x daily for age > 12

      else {

        A <- rep(dose/4.0,4)

        B <- seq(0,18,by=6)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

    } else {

      # 6x daily for age <= 12

      if (subject_age<=12){

        A <- rep(dose/6.0,Ndays*6+1)

        B <- seq(0,Ndays*24,by=4)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

      # 4x daily for age > 12

      else {

        A <- rep(dose/4.0,Ndays*4+1)

        B <- seq(0,Ndays*24,by=6)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

    }

  }

  

  

  All_Dose<-DORAL%>%

    mutate(ODOSE=doral*(params[["BWST"]]/params[["MWPAR"]])

           *params[["FA"]], # DIM dose conversion (ug/kg to umol)

           Level=paste(doral[1],"ug/kg",sep="_"))

  

  #~~~~APPLY MODEL~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~#### 

  # Do parallel for speed

  c1<-makeCluster(min(cores,n_distinct(All_Dose$Level))) # cluster for parallel 

  timestamp()

  modelOutput<-parLapply(c1,split(All_Dose,All_Dose$Level), function (LL,ini_par,t){

    #load data into cores

    source("human_pbpk.R")

    # Create dataframe of "events"that describe the dosing, which informs the

    # ODE function, and needs to have columns "var" = the state_variable that needs

    # to be changed,"time"= when the changes occurs,"value"=the value being changed

    # to,& "method"= how the new value interacts with the previous state variable

    # value. See ?deSolve::lsodes and ?deSolve::events.

    

    # combine or replace "base" parameters with case specific human parameters, 

    # carring out any calcuated paramters which are function of other specific case parameters 

    ini_pars <- initial_params_fun(params=ini_par)

    # STATE####

    # Subject specific UPDATES to the initial value of state variables

    st<-state_fun(st=state,ini_p=ini_pars)

    

    eventDat<-rbind(data.frame(var="ODOSE",time=LL$time,

                               value=LL$ODOSE ,	 

                               method="add",stringsAsFactors = FALSE),  # ("replace", "add", "multiply")

                    data.frame(var="ASTOM",time=LL$time,

                               value=LL$ODOSE ,	 

                               method="add",stringsAsFactors = FALSE))

    

    # DERIVATIVE ####

    # RUN MODEL 

    modelOutput<- ode(y = st, times = t,  #method = "lsodes",

                      func = Human_Model, parms = ini_pars,

                      events = list(data = eventDat[order(eventDat$time),]))

    result <- within(as.data.frame(modelOutput),{Level<-LL$Level[[1]]})

    return(result)

  },ini_par=params,t=times)

  stopCluster(c1)

  timestamp()

  ModelOutput<-do.call(rbind,modelOutput)##make big dataframe for evaluation



  

  return(mean(tail(ModelOutput$CBL,240)))

  

}



# returns the average blood concentration of oxon

# based on the daily dose of "dose" ug/kg/day

avgCBLO <- function(dose){

  

  # TIMING COMMANDS ####

  MAXT=0.1       #maximum time step

  times<-seq(params[["TSTART"]],params[["TSTOP"]],by=MAXT)#

  

  # max number of points to write out to file

  POINTS_max<-10000  

  # if the more than 10000 timesteps, select evently spaced 10000 of them for reporting

  report_points<-if(length(times)<=POINTS_max) times else 

    times[seq(1,length(times),by=round(length(times)/POINTS_max))]

  table(report_points%in%times)#check all report values are in times.

  

  

  # Dosing ####

  

  # once daily oral exposure for food

  if (route=="food"){

    if (Ndays < 100) {

      A <- c(dose)

      B <- c(0)

      C <- c("time","doral")

      

      DORAL <- data.frame(B,A)

      colnames(DORAL) <- C

    } else {

      A <- rep(dose,Ndays+1)

      B <- seq(0,Ndays*24,by=24)

      C <- c("time","doral")

      

      DORAL <- data.frame(B,A)

      colnames(DORAL) <- C

    }

  }

  # dosing for water exposure

  if (route=="water"){

    if (Ndays < 100) {

      # 6x daily for age <= 12

      if (subject_age<=12){

        A <- rep(dose/6.0,6)

        B <- seq(0,20,by=4)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

      # 4x daily for age > 12

      else {

        A <- rep(dose/4.0,4)

        B <- seq(0,18,by=6)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

    } else {

      # 6x daily for age <= 12

      if (subject_age<=12){

        A <- rep(dose/6.0,Ndays*6+1)

        B <- seq(0,Ndays*24,by=4)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

      # 4x daily for age > 12

      else {

        A <- rep(dose/4.0,Ndays*4+1)

        B <- seq(0,Ndays*24,by=6)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

    }

  }

  

  All_Dose<-DORAL%>%

    mutate(ODOSE=doral*(params[["BWST"]]/params[["MWPAR"]])

           *params[["FA"]], # DIM dose conversion (ug/kg to umol)

           Level=paste(doral[1],"ug/kg",sep="_"))

  

  #~~~~APPLY MODEL~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~#### 

  # Do parallel for speed

  c1<-makeCluster(min(cores,n_distinct(All_Dose$Level))) # cluster for parallel 

  timestamp()

  modelOutput<-parLapply(c1,split(All_Dose,All_Dose$Level), function (LL,ini_par,t){

    #load data into cores

    source("human_pbpk.R")

    # Create dataframe of "events"that describe the dosing, which informs the

    # ODE function, and needs to have columns "var" = the state_variable that needs

    # to be changed,"time"= when the changes occurs,"value"=the value being changed

    # to,& "method"= how the new value interacts with the previous state variable

    # value. See ?deSolve::lsodes and ?deSolve::events.

    

    # combine or replace "base" parameters with case specific human parameters, 

    # carring out any calcuated paramters which are function of other specific case parameters 

    ini_pars <- initial_params_fun(params=ini_par)

    # STATE####

    # Subject specific UPDATES to the initial value of state variables

    st<-state_fun(st=state,ini_p=ini_pars)

    

    eventDat<-rbind(data.frame(var="ODOSE",time=LL$time,

                               value=LL$ODOSE ,	 

                               method="add",stringsAsFactors = FALSE),  # ("replace", "add", "multiply")

                    data.frame(var="ASTOM",time=LL$time,

                               value=LL$ODOSE ,	 

                               method="add",stringsAsFactors = FALSE))

    

    # DERIVATIVE ####

    # RUN MODEL 

    modelOutput<- ode(y = st, times = t,  #method = "lsodes",

                      func = Human_Model, parms = ini_pars,

                      events = list(data = eventDat[order(eventDat$time),]))

    result <- within(as.data.frame(modelOutput),{Level<-LL$Level[[1]]})

    return(result)

  },ini_par=params,t=times)

  stopCluster(c1)

  timestamp()

  ModelOutput<-do.call(rbind,modelOutput)##make big dataframe for evaluation



  #~~~END MODEL ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~####

  

  return(mean(tail(ModelOutput$CBLO,240)))

  

}

minRBCCE <- function(dose){

  

  # TIMING COMMANDS ####

  MAXT=0.1       #maximum time step

  times<-seq(params[["TSTART"]],params[["TSTOP"]],by=MAXT)#

  

  # max number of points to write out to file

  POINTS_max<-10000  

  # if the more than 10000 timesteps, select evently spaced 10000 of them for reporting

  report_points<-if(length(times)<=POINTS_max) times else 

    times[seq(1,length(times),by=round(length(times)/POINTS_max))]

  table(report_points%in%times)#check all report values are in times.

  

  

  # Dosing ####

  # once daily oral exposure for food

  if (route=="food"){

    if (Ndays < 100) {

      A <- c(dose)

      B <- c(0)

      C <- c("time","doral")

      

      DORAL <- data.frame(B,A)

      colnames(DORAL) <- C

    } else {

      A <- rep(dose,Ndays+1)

      B <- seq(0,Ndays*24,by=24)

      C <- c("time","doral")

      

      DORAL <- data.frame(B,A)

      colnames(DORAL) <- C

    }

  }

  # dosing for water exposure

  if (route=="water"){

    if (Ndays < 100) {

      # 6x daily for age <= 12

      if (subject_age<=12){

        A <- rep(dose/6.0,6)

        B <- seq(0,20,by=4)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

      # 4x daily for age > 12

      else {

        A <- rep(dose/4.0,4)

        B <- seq(0,18,by=6)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

    } else {

      # 6x daily for age <= 12

      if (subject_age<=12){

        A <- rep(dose/6.0,Ndays*6+1)

        B <- seq(0,Ndays*24,by=4)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

      # 4x daily for age > 12

      else {

        A <- rep(dose/4.0,Ndays*4+1)

        B <- seq(0,Ndays*24,by=6)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

    }

  }

  

  All_Dose<-DORAL%>%

    mutate(ODOSE=doral*(params[["BWST"]]/params[["MWPAR"]])

           *params[["FA"]], # DIM dose conversion (ug/kg to umol)

           Level=paste(doral[1],"ug/kg",sep="_"))

  

  #~~~~APPLY MODEL~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~#### 

  # Do parallel for speed

  c1<-makeCluster(min(cores,n_distinct(All_Dose$Level))) # cluster for parallel 

  timestamp()

  modelOutput<-parLapply(c1,split(All_Dose,All_Dose$Level), function (LL,ini_par,t){

    #load data into cores

    source("human_pbpk.R")

    # Create dataframe of "events"that describe the dosing, which informs the

    # ODE function, and needs to have columns "var" = the state_variable that needs

    # to be changed,"time"= when the changes occurs,"value"=the value being changed

    # to,& "method"= how the new value interacts with the previous state variable

    # value. See ?deSolve::lsodes and ?deSolve::events.

    

    # combine or replace "base" parameters with case specific human parameters, 

    # carring out any calcuated paramters which are function of other specific case parameters 

    ini_pars <- initial_params_fun(params=ini_par)

    # STATE####

    # Subject specific UPDATES to the initial value of state variables

    st<-state_fun(st=state,ini_p=ini_pars)

    

    eventDat<-rbind(data.frame(var="ODOSE",time=LL$time,

                               value=LL$ODOSE ,	 

                               method="add",stringsAsFactors = FALSE),  # ("replace", "add", "multiply")

                    data.frame(var="ASTOM",time=LL$time,

                               value=LL$ODOSE ,	 

                               method="add",stringsAsFactors = FALSE))

    

    # DERIVATIVE ####

    # RUN MODEL 

    modelOutput<- ode(y = st, times = t,  #method = "lsodes",

                      func = Human_Model, parms = ini_pars,

                      events = list(data = eventDat[order(eventDat$time),]))

    result <- within(as.data.frame(modelOutput),{Level<-LL$Level[[1]]})

    return(result)

  },ini_par=params,t=times)

  stopCluster(c1)

  timestamp()

  ModelOutput<-do.call(rbind,modelOutput)##make big dataframe for evaluation

  

  #~~~END MODEL ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~####

  

  return(min(ModelOutput$RBCCE))

  

}



just_run_model <- function(dose){

  

  # TIMING COMMANDS ####

  MAXT=0.1       #maximum time step

  times<-seq(params[["TSTART"]],params[["TSTOP"]],by=MAXT)#

  

  # max number of points to write out to file

  POINTS_max<-10000  

  # if the more than 10000 timesteps, select evently spaced 10000 of them for reporting

  report_points<-if(length(times)<=POINTS_max) times else 

    times[seq(1,length(times),by=round(length(times)/POINTS_max))]

  table(report_points%in%times)#check all report values are in times.

  

  

  # Dosing ####

  # once daily oral exposure for food

  if (route=="food"){

    if (Ndays < 100) {

      A <- c(dose)

      B <- c(0)

      C <- c("time","doral")

      

      DORAL <- data.frame(B,A)

      colnames(DORAL) <- C

    } else {

      A <- rep(dose,Ndays+1)

      B <- seq(0,Ndays*24,by=24)

      C <- c("time","doral")

      

      DORAL <- data.frame(B,A)

      colnames(DORAL) <- C

    }

  }

  # dosing for water exposure

  if (route=="water"){

    if (Ndays < 100) {

      # 6x daily for age <= 12

      if (subject_age<=12){

        A <- rep(dose/6.0,6)

        B <- seq(0,20,by=4)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

      # 4x daily for age > 12

      else {

        A <- rep(dose/4.0,4)

        B <- seq(0,18,by=6)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

    } else {

      # 6x daily for age <= 12

      if (subject_age<=12){

        A <- rep(dose/6.0,Ndays*6+1)

        B <- seq(0,Ndays*24,by=4)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

      # 4x daily for age > 12

      else {

        A <- rep(dose/4.0,Ndays*4+1)

        B <- seq(0,Ndays*24,by=6)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

    }

  }

  

  All_Dose<-DORAL%>%

    mutate(ODOSE=doral*(params[["BWST"]]/params[["MWPAR"]])

           *params[["FA"]], # DIM dose conversion (ug/kg to umol)

           Level=paste(doral[1],"ug/kg",sep="_"))

  

  #~~~~APPLY MODEL~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~#### 

  # Do parallel for speed

  c1<-makeCluster(min(cores,n_distinct(All_Dose$Level))) # cluster for parallel 

  timestamp()

  modelOutput<-parLapply(c1,split(All_Dose,All_Dose$Level), function (LL,ini_par,t){

    #load data into cores

    source("human_pbpk.R")

    # Create dataframe of "events"that describe the dosing, which informs the

    # ODE function, and needs to have columns "var" = the state_variable that needs

    # to be changed,"time"= when the changes occurs,"value"=the value being changed

    # to,& "method"= how the new value interacts with the previous state variable

    # value. See ?deSolve::lsodes and ?deSolve::events.

    

    # combine or replace "base" parameters with case specific human parameters, 

    # carring out any calcuated paramters which are function of other specific case parameters 

    ini_pars <- initial_params_fun(params=ini_par)

    # STATE####

    # Subject specific UPDATES to the initial value of state variables

    st<-state_fun(st=state,ini_p=ini_pars)

    

    eventDat<-rbind(data.frame(var="ODOSE",time=LL$time,

                               value=LL$ODOSE ,	 

                               method="add",stringsAsFactors = FALSE),  # ("replace", "add", "multiply")

                    data.frame(var="ASTOM",time=LL$time,

                               value=LL$ODOSE ,	 

                               method="add",stringsAsFactors = FALSE))

    

    # DERIVATIVE ####

    # RUN MODEL 

    modelOutput<- ode(y = st, times = t,  #method = "lsodes",

                      func = Human_Model, parms = ini_pars,

                      events = list(data = eventDat[order(eventDat$time),]))

    result <- within(as.data.frame(modelOutput),{Level<-LL$Level[[1]]})

    return(result)

  },ini_par=params,t=times)

  stopCluster(c1)

  timestamp()

  ModelOutput<-do.call(rbind,modelOutput)##make big dataframe for evaluation

  

  #~~~END MODEL ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~####

  

  return(ModelOutput)

  

}



PODcost <- function(test_dose){

  

  test_result <- minRBCCE(test_dose*1000)

  test_error <- (test_result - 90.0)

  

  print(sprintf("%f  %f",test_dose,test_result))

  

  return(test_error*test_error)

}



AEDcost <- function(test_dose){

  

  test_result <- avgCBL(test_dose*1000)

  test_error <- (test_result - ac_50)

  

  print(sprintf("%f  %f",test_dose,test_result))

  

  return(test_error*test_error)

}



# get the dose that reproduces the AC50 in blood concentration or 10% brain AChE inhibition



final_dose <- optim(par = 23.5, PODcost, method = "Brent",lower = 1, upper = 100, control = list(reltol = 1e-3))   # POD limits



# finally run the model for this concentration

ModelOutput <- just_run_model(final_dose$par*1000)



final_dose$par

min(ModelOutput$RBCCE)




rm(list = ls()) # Clear workspace



#set the working directory to the location of these scripts

#setwd(dirname(rstudioapi::getActiveDocumentContext()$path))



#Environment####

library(dplyr)

library(tidyr)

library(parallel)

# number of cores availabe on current machine

tot_cores<-detectCores(all.tests = FALSE, logical = TRUE)  

cores<-tot_cores-1 # leave one core for other tasks 



ac_50 <<- -999             # enter the AC50 value here; units = umol/L

Ndays = 2                        # number of days to simulate

target_chem = "oxon"            # oxon or parent compound

body_weight = 81.2                 # body weight in kg

subject_age = 50

route = "water"



source("human_pbpk.R") # Loads model and base parameters

source("malathion_human_parameters.R") # male and female specific parameters



# Intial_parameters####

sex = 1						 # 0=male, 1= Female

params<-c(params[!names(params)%in%names(human_parameters[[sex+1]])],

          human_parameters[[sex+1]])



# set case-specific parameters

params[["TSTART"]]<-0.0         # START SIMULATION (HR)

params[["TSTOP"]]=48      			# Simulation duration = 2 days

params[["AGE0"]]=subject_age

params[["BWSW"]] = 1   	 				# Switch for age (set =0) or set (set =1) if bwt provided

params[["BWST"]]= body_weight   	 			# kg

params[["FA"]]=1



# returns the average blood concentration of oxon

# based on the daily dose of "dose" ug/kg/day

avgCBLO <- function(dose){

  

  # TIMING COMMANDS ####

  MAXT=0.1       #maximum time step

  times<-seq(params[["TSTART"]],params[["TSTOP"]],by=MAXT)#

  

  # max number of points to write out to file

  POINTS_max<-10000  

  # if the more than 10000 timesteps, select evently spaced 10000 of them for reporting

  report_points<-if(length(times)<=POINTS_max) times else 

    times[seq(1,length(times),by=round(length(times)/POINTS_max))]

  table(report_points%in%times)#check all report values are in times.

  

  

  # Dosing ####

  # once daily oral exposure for food

  if (route=="food"){

    if (Ndays < 100) {

      A <- c(dose)

      B <- c(0)

      C <- c("time","doral")

      

      DORAL <- data.frame(B,A)

      colnames(DORAL) <- C

    } else {

      A <- rep(dose,Ndays+1)

      B <- seq(0,Ndays*24,by=24)

      C <- c("time","doral")

      

      DORAL <- data.frame(B,A)

      colnames(DORAL) <- C

    }

  }

  # dosing for water exposure

  if (route=="water"){

    if (Ndays < 100) {

      # 6x daily for age <= 12

      if (subject_age<=12){

        A <- rep(dose/6.0,6)

        B <- seq(0,20,by=4)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

      # 4x daily for age > 12

      else {

        A <- rep(dose/4.0,4)

        B <- seq(0,18,by=6)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

    } else {

      # 6x daily for age <= 12

      if (subject_age<=12){

        A <- rep(dose/6.0,Ndays*6+1)

        B <- seq(0,Ndays*24,by=4)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

      # 4x daily for age > 12

      else {

        A <- rep(dose/4.0,Ndays*4+1)

        B <- seq(0,Ndays*24,by=6)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

    }

  }

  

  All_Dose<-DORAL%>%

    mutate(ODOSEOXON=doral*(params[["BWST"]]/params[["MWOXON"]])

           *params[["FA"]], # DIM dose conversion (ug/kg to umol)

           Level=paste(doral[1],"ug/kg",sep="_"))

  

  #~~~~APPLY MODEL~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~#### 

  # Do parallel for speed

  c1<-makeCluster(min(cores,n_distinct(All_Dose$Level))) # cluster for parallel 

  timestamp()

  modelOutput<-parLapply(c1,split(All_Dose,All_Dose$Level), function (LL,ini_par,t){

    #load data into cores

    source("human_pbpk.R")

    # Create dataframe of "events"that describe the dosing, which informs the

    # ODE function, and needs to have columns "var" = the state_variable that needs

    # to be changed,"time"= when the changes occurs,"value"=the value being changed

    # to,& "method"= how the new value interacts with the previous state variable

    # value. See ?deSolve::lsodes and ?deSolve::events.

    

    # combine or replace "base" parameters with case specific human parameters, 

    # carring out any calcuated paramters which are function of other specific case parameters 

    ini_pars <- initial_params_fun(params=ini_par)

    # STATE####

    # Subject specific UPDATES to the initial value of state variables

    st<-state_fun(st=state,ini_p=ini_pars)

    

    eventDat<-rbind(data.frame(var="ODOSEOXON",time=LL$time,

                               value=LL$ODOSEOXON ,	 

                               method="add",stringsAsFactors = FALSE),  # ("replace", "add", "multiply")

                    data.frame(var="ASTOMO",time=LL$time,

                               value=LL$ODOSEOXON ,	 

                               method="add",stringsAsFactors = FALSE))

    

    # DERIVATIVE ####

    # RUN MODEL 

    modelOutput<- ode(y = st, times = t,  #method = "lsodes",

                      func = Human_Model, parms = ini_pars,

                      events = list(data = eventDat[order(eventDat$time),]))

    result <- within(as.data.frame(modelOutput),{Level<-LL$Level[[1]]})

    return(result)

  },ini_par=params,t=times)

  stopCluster(c1)

  timestamp()

  ModelOutput<-do.call(rbind,modelOutput)##make big dataframe for evaluation



  #~~~END MODEL ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~####

  

  return(mean(tail(ModelOutput$CBLO,240)))

  

}



minRBCCEO <- function(dose){

  

  # TIMING COMMANDS ####

  MAXT=0.1       #maximum time step

  times<-seq(params[["TSTART"]],params[["TSTOP"]],by=MAXT)#

  

  # max number of points to write out to file

  POINTS_max<-10000  

  # if the more than 10000 timesteps, select evently spaced 10000 of them for reporting

  report_points<-if(length(times)<=POINTS_max) times else 

    times[seq(1,length(times),by=round(length(times)/POINTS_max))]

  table(report_points%in%times)#check all report values are in times.

  

  

  # Dosing ####

  # once daily oral exposure for food

  if (route=="food"){

    if (Ndays < 100) {

      A <- c(dose)

      B <- c(0)

      C <- c("time","doral")

      

      DORAL <- data.frame(B,A)

      colnames(DORAL) <- C

    } else {

      A <- rep(dose,Ndays+1)

      B <- seq(0,Ndays*24,by=24)

      C <- c("time","doral")

      

      DORAL <- data.frame(B,A)

      colnames(DORAL) <- C

    }

  }

  # dosing for water exposure

  if (route=="water"){

    if (Ndays < 100) {

      # 6x daily for age <= 12

      if (subject_age<=12){

        A <- rep(dose/6.0,6)

        B <- seq(0,20,by=4)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

      # 4x daily for age > 12

      else {

        A <- rep(dose/4.0,4)

        B <- seq(0,18,by=6)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

    } else {

      # 6x daily for age <= 12

      if (subject_age<=12){

        A <- rep(dose/6.0,Ndays*6+1)

        B <- seq(0,Ndays*24,by=4)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

      # 4x daily for age > 12

      else {

        A <- rep(dose/4.0,Ndays*4+1)

        B <- seq(0,Ndays*24,by=6)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

    }

  }

  

  All_Dose<-DORAL%>%

    mutate(ODOSEOXON=doral*(params[["BWST"]]/params[["MWOXON"]])

           *params[["FA"]], # DIM dose conversion (ug/kg to umol)

           Level=paste(doral[1],"ug/kg",sep="_"))

  

  #~~~~APPLY MODEL~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~#### 

  # Do parallel for speed

  c1<-makeCluster(min(cores,n_distinct(All_Dose$Level))) # cluster for parallel 

  timestamp()

  modelOutput<-parLapply(c1,split(All_Dose,All_Dose$Level), function (LL,ini_par,t){

    #load data into cores

    source("human_pbpk.R")

    # Create dataframe of "events"that describe the dosing, which informs the

    # ODE function, and needs to have columns "var" = the state_variable that needs

    # to be changed,"time"= when the changes occurs,"value"=the value being changed

    # to,& "method"= how the new value interacts with the previous state variable

    # value. See ?deSolve::lsodes and ?deSolve::events.

    

    # combine or replace "base" parameters with case specific human parameters, 

    # carring out any calcuated paramters which are function of other specific case parameters 

    ini_pars <- initial_params_fun(params=ini_par)

    # STATE####

    # Subject specific UPDATES to the initial value of state variables

    st<-state_fun(st=state,ini_p=ini_pars)

    

    eventDat<-rbind(data.frame(var="ODOSEOXON",time=LL$time,

                               value=LL$ODOSEOXON ,	 

                               method="add",stringsAsFactors = FALSE),  # ("replace", "add", "multiply")

                    data.frame(var="ASTOMO",time=LL$time,

                               value=LL$ODOSEOXON ,	 

                               method="add",stringsAsFactors = FALSE))

    

    # DERIVATIVE ####

    # RUN MODEL 

    modelOutput<- ode(y = st, times = t,  #method = "lsodes",

                      func = Human_Model, parms = ini_pars,

                      events = list(data = eventDat[order(eventDat$time),]))

    result <- within(as.data.frame(modelOutput),{Level<-LL$Level[[1]]})

    return(result)

  },ini_par=params,t=times)

  stopCluster(c1)

  timestamp()

  ModelOutput<-do.call(rbind,modelOutput)##make big dataframe for evaluation

  

  #~~~END MODEL ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~####

  

  return(min(ModelOutput$RBCCE))

  

}



just_run_model <- function(dose){

  

  # TIMING COMMANDS ####

  MAXT=0.1       #maximum time step

  times<-seq(params[["TSTART"]],params[["TSTOP"]],by=MAXT)#

  

  # max number of points to write out to file

  POINTS_max<-10000  

  # if the more than 10000 timesteps, select evently spaced 10000 of them for reporting

  report_points<-if(length(times)<=POINTS_max) times else 

    times[seq(1,length(times),by=round(length(times)/POINTS_max))]

  table(report_points%in%times)#check all report values are in times.

  

  

  # Dosing ####

  # once daily oral exposure for food

  if (route=="food"){

    if (Ndays < 100) {

      A <- c(dose)

      B <- c(0)

      C <- c("time","doral")

      

      DORAL <- data.frame(B,A)

      colnames(DORAL) <- C

    } else {

      A <- rep(dose,Ndays+1)

      B <- seq(0,Ndays*24,by=24)

      C <- c("time","doral")

      

      DORAL <- data.frame(B,A)

      colnames(DORAL) <- C

    }

  }

  # dosing for water exposure

  if (route=="water"){

    if (Ndays < 100) {

      # 6x daily for age <= 12

      if (subject_age<=12){

        A <- rep(dose/6.0,6)

        B <- seq(0,20,by=4)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

      # 4x daily for age > 12

      else {

        A <- rep(dose/4.0,4)

        B <- seq(0,18,by=6)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

    } else {

      # 6x daily for age <= 12

      if (subject_age<=12){

        A <- rep(dose/6.0,Ndays*6+1)

        B <- seq(0,Ndays*24,by=4)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

      # 4x daily for age > 12

      else {

        A <- rep(dose/4.0,Ndays*4+1)

        B <- seq(0,Ndays*24,by=6)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

    }

  }

  

  All_Dose<-DORAL%>%

    mutate(ODOSEOXON=doral*(params[["BWST"]]/params[["MWOXON"]])

           *params[["FA"]], # DIM dose conversion (ug/kg to umol)

           Level=paste(doral[1],"ug/kg",sep="_"))

  

  #~~~~APPLY MODEL~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~#### 

  # Do parallel for speed

  c1<-makeCluster(min(cores,n_distinct(All_Dose$Level))) # cluster for parallel 

  timestamp()

  modelOutput<-parLapply(c1,split(All_Dose,All_Dose$Level), function (LL,ini_par,t){

    #load data into cores

    source("human_pbpk.R")

    # Create dataframe of "events"that describe the dosing, which informs the

    # ODE function, and needs to have columns "var" = the state_variable that needs

    # to be changed,"time"= when the changes occurs,"value"=the value being changed

    # to,& "method"= how the new value interacts with the previous state variable

    # value. See ?deSolve::lsodes and ?deSolve::events.

    

    # combine or replace "base" parameters with case specific human parameters, 

    # carring out any calcuated paramters which are function of other specific case parameters 

    ini_pars <- initial_params_fun(params=ini_par)

    # STATE####

    # Subject specific UPDATES to the initial value of state variables

    st<-state_fun(st=state,ini_p=ini_pars)

    

    eventDat<-rbind(data.frame(var="ODOSEOXON",time=LL$time,

                               value=LL$ODOSEOXON ,	 

                               method="add",stringsAsFactors = FALSE),  # ("replace", "add", "multiply")

                    data.frame(var="ASTOMO",time=LL$time,

                               value=LL$ODOSEOXON ,	 

                               method="add",stringsAsFactors = FALSE))

    

    # DERIVATIVE ####

    # RUN MODEL 

    modelOutput<- ode(y = st, times = t,  #method = "lsodes",

                      func = Human_Model, parms = ini_pars,

                      events = list(data = eventDat[order(eventDat$time),]))

    result <- within(as.data.frame(modelOutput),{Level<-LL$Level[[1]]})

    return(result)

  },ini_par=params,t=times)

  stopCluster(c1)

  timestamp()

  ModelOutput<-do.call(rbind,modelOutput)##make big dataframe for evaluation



  #~~~END MODEL ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~####

  

  return(ModelOutput)

  

}



PODcost <- function(test_dose){

  

  test_result <- minRBCCEO(test_dose*1000)

  test_error <- (test_result - 90.0)

  

  print(sprintf("%f  %f",test_dose,test_result))

  

  return(test_error*test_error)

}



AEDcost <- function(test_dose){

  

  test_result <- avgCBLO(test_dose*1000)

  test_error <- (test_result - ac_50)

  

  print(sprintf("%f  %f",test_dose,test_result))

  

  return(test_error*test_error)

}



# get the dose that reproduces the AC50 in blood concentration or 10% brain AChE inhibition



final_dose <- optim(par = 3.02, PODcost, method = "Brent",lower = 1, upper = 10, control = list(reltol = 1e-3))   # POD limits



# finally run the model for this concentration

ModelOutput <- just_run_model(final_dose$par*1000)



final_dose$par

min(ModelOutput$RBCCE)


rm(list = ls()) # Clear workspace



#set the working directory to the location of these scripts

#setwd(dirname(rstudioapi::getActiveDocumentContext()$path))



#Environment####

library(dplyr)

library(tidyr)

library(parallel)

# number of cores availabe on current machine

tot_cores<-detectCores(all.tests = FALSE, logical = TRUE)  

cores<-tot_cores-1 # leave one core for other tasks 



ac_50 <<- -999             # enter the AC50 value here; units = umol/L

Ndays = 2                        # number of days to simulate

target_chem = "parent"            # oxon or parent compound

body_weight = 81.2                 # body weight in kg

subject_age = 50

route = "water"



source("human_pbpk.R") # Loads model and base parameters

source("malathion_human_parameters.R") # male and female specific parameters



# Intial_parameters####

sex = 1						 # 0=male, 1= Female

params<-c(params[!names(params)%in%names(human_parameters[[sex+1]])],

          human_parameters[[sex+1]])



# set case-specific parameters

params[["TSTART"]]<-0.0         # START SIMULATION (HR)

params[["TSTOP"]]=48      			# Simulation duration = 2 days

params[["AGE0"]]=subject_age

params[["BWSW"]] = 1   	 				# Switch for age (set =0) or set (set =1) if bwt provided

params[["BWST"]]= body_weight   	 			# kg

params[["FA"]]=1



# returns the average blood concentration of parent compound

# based on the daily dose of "dose" ug/kg/day

avgCBL <- function(dose){

  

  # TIMING COMMANDS ####

  MAXT=0.1       #maximum time step

  times<-seq(params[["TSTART"]],params[["TSTOP"]],by=MAXT)#

  

  # max number of points to write out to file

  POINTS_max<-10000  

  # if the more than 10000 timesteps, select evently spaced 10000 of them for reporting

  report_points<-if(length(times)<=POINTS_max) times else 

    times[seq(1,length(times),by=round(length(times)/POINTS_max))]

  table(report_points%in%times)#check all report values are in times.

  

  

  # Dosing ####

  # once daily oral exposure for food

  if (route=="food"){

    if (Ndays < 100) {

      A <- c(dose)

      B <- c(0)

      C <- c("time","doral")

      

      DORAL <- data.frame(B,A)

      colnames(DORAL) <- C

    } else {

      A <- rep(dose,Ndays+1)

      B <- seq(0,Ndays*24,by=24)

      C <- c("time","doral")

      

      DORAL <- data.frame(B,A)

      colnames(DORAL) <- C

    }

  }

  # dosing for water exposure

  if (route=="water"){

    if (Ndays < 100) {

      # 6x daily for age <= 12

      if (subject_age<=12){

        A <- rep(dose/6.0,6)

        B <- seq(0,20,by=4)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

      # 4x daily for age > 12

      else {

        A <- rep(dose/4.0,4)

        B <- seq(0,18,by=6)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

    } else {

      # 6x daily for age <= 12

      if (subject_age<=12){

        A <- rep(dose/6.0,Ndays*6+1)

        B <- seq(0,Ndays*24,by=4)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

      # 4x daily for age > 12

      else {

        A <- rep(dose/4.0,Ndays*4+1)

        B <- seq(0,Ndays*24,by=6)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

    }

  }

  

  

  All_Dose<-DORAL%>%

    mutate(ODOSE=doral*(params[["BWST"]]/params[["MWPAR"]])

           *params[["FA"]], # DIM dose conversion (ug/kg to umol)

           Level=paste(doral[1],"ug/kg",sep="_"))

  

  #~~~~APPLY MODEL~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~#### 

  # Do parallel for speed

  c1<-makeCluster(min(cores,n_distinct(All_Dose$Level))) # cluster for parallel 

  timestamp()

  modelOutput<-parLapply(c1,split(All_Dose,All_Dose$Level), function (LL,ini_par,t){

    #load data into cores

    source("human_pbpk.R")

    # Create dataframe of "events"that describe the dosing, which informs the

    # ODE function, and needs to have columns "var" = the state_variable that needs

    # to be changed,"time"= when the changes occurs,"value"=the value being changed

    # to,& "method"= how the new value interacts with the previous state variable

    # value. See ?deSolve::lsodes and ?deSolve::events.

    

    # combine or replace "base" parameters with case specific human parameters, 

    # carring out any calcuated paramters which are function of other specific case parameters 

    ini_pars <- initial_params_fun(params=ini_par)

    # STATE####

    # Subject specific UPDATES to the initial value of state variables

    st<-state_fun(st=state,ini_p=ini_pars)

    

    eventDat<-rbind(data.frame(var="ODOSE",time=LL$time,

                               value=LL$ODOSE ,	 

                               method="add",stringsAsFactors = FALSE),  # ("replace", "add", "multiply")

                    data.frame(var="ASTOM",time=LL$time,

                               value=LL$ODOSE ,	 

                               method="add",stringsAsFactors = FALSE))

    

    # DERIVATIVE ####

    # RUN MODEL 

    modelOutput<- ode(y = st, times = t,  #method = "lsodes",

                      func = Human_Model, parms = ini_pars,

                      events = list(data = eventDat[order(eventDat$time),]))

    result <- within(as.data.frame(modelOutput),{Level<-LL$Level[[1]]})

    return(result)

  },ini_par=params,t=times)

  stopCluster(c1)

  timestamp()

  ModelOutput<-do.call(rbind,modelOutput)##make big dataframe for evaluation



  

  return(mean(tail(ModelOutput$CBL,240)))

  

}



# returns the average blood concentration of oxon

# based on the daily dose of "dose" ug/kg/day

avgCBLO <- function(dose){

  

  # TIMING COMMANDS ####

  MAXT=0.1       #maximum time step

  times<-seq(params[["TSTART"]],params[["TSTOP"]],by=MAXT)#

  

  # max number of points to write out to file

  POINTS_max<-10000  

  # if the more than 10000 timesteps, select evently spaced 10000 of them for reporting

  report_points<-if(length(times)<=POINTS_max) times else 

    times[seq(1,length(times),by=round(length(times)/POINTS_max))]

  table(report_points%in%times)#check all report values are in times.

  

  

  # Dosing ####

  

  # once daily oral exposure for food

  if (route=="food"){

    if (Ndays < 100) {

      A <- c(dose)

      B <- c(0)

      C <- c("time","doral")

      

      DORAL <- data.frame(B,A)

      colnames(DORAL) <- C

    } else {

      A <- rep(dose,Ndays+1)

      B <- seq(0,Ndays*24,by=24)

      C <- c("time","doral")

      

      DORAL <- data.frame(B,A)

      colnames(DORAL) <- C

    }

  }

  # dosing for water exposure

  if (route=="water"){

    if (Ndays < 100) {

      # 6x daily for age <= 12

      if (subject_age<=12){

        A <- rep(dose/6.0,6)

        B <- seq(0,20,by=4)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

      # 4x daily for age > 12

      else {

        A <- rep(dose/4.0,4)

        B <- seq(0,18,by=6)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

    } else {

      # 6x daily for age <= 12

      if (subject_age<=12){

        A <- rep(dose/6.0,Ndays*6+1)

        B <- seq(0,Ndays*24,by=4)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

      # 4x daily for age > 12

      else {

        A <- rep(dose/4.0,Ndays*4+1)

        B <- seq(0,Ndays*24,by=6)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

    }

  }

  

  All_Dose<-DORAL%>%

    mutate(ODOSE=doral*(params[["BWST"]]/params[["MWPAR"]])

           *params[["FA"]], # DIM dose conversion (ug/kg to umol)

           Level=paste(doral[1],"ug/kg",sep="_"))

  

  #~~~~APPLY MODEL~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~#### 

  # Do parallel for speed

  c1<-makeCluster(min(cores,n_distinct(All_Dose$Level))) # cluster for parallel 

  timestamp()

  modelOutput<-parLapply(c1,split(All_Dose,All_Dose$Level), function (LL,ini_par,t){

    #load data into cores

    source("human_pbpk.R")

    # Create dataframe of "events"that describe the dosing, which informs the

    # ODE function, and needs to have columns "var" = the state_variable that needs

    # to be changed,"time"= when the changes occurs,"value"=the value being changed

    # to,& "method"= how the new value interacts with the previous state variable

    # value. See ?deSolve::lsodes and ?deSolve::events.

    

    # combine or replace "base" parameters with case specific human parameters, 

    # carring out any calcuated paramters which are function of other specific case parameters 

    ini_pars <- initial_params_fun(params=ini_par)

    # STATE####

    # Subject specific UPDATES to the initial value of state variables

    st<-state_fun(st=state,ini_p=ini_pars)

    

    eventDat<-rbind(data.frame(var="ODOSE",time=LL$time,

                               value=LL$ODOSE ,	 

                               method="add",stringsAsFactors = FALSE),  # ("replace", "add", "multiply")

                    data.frame(var="ASTOM",time=LL$time,

                               value=LL$ODOSE ,	 

                               method="add",stringsAsFactors = FALSE))

    

    # DERIVATIVE ####

    # RUN MODEL 

    modelOutput<- ode(y = st, times = t,  #method = "lsodes",

                      func = Human_Model, parms = ini_pars,

                      events = list(data = eventDat[order(eventDat$time),]))

    result <- within(as.data.frame(modelOutput),{Level<-LL$Level[[1]]})

    return(result)

  },ini_par=params,t=times)

  stopCluster(c1)

  timestamp()

  ModelOutput<-do.call(rbind,modelOutput)##make big dataframe for evaluation



  #~~~END MODEL ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~####

  

  return(mean(tail(ModelOutput$CBLO,240)))

  

}

minRBCCE <- function(dose){

  

  # TIMING COMMANDS ####

  MAXT=0.1       #maximum time step

  times<-seq(params[["TSTART"]],params[["TSTOP"]],by=MAXT)#

  

  # max number of points to write out to file

  POINTS_max<-10000  

  # if the more than 10000 timesteps, select evently spaced 10000 of them for reporting

  report_points<-if(length(times)<=POINTS_max) times else 

    times[seq(1,length(times),by=round(length(times)/POINTS_max))]

  table(report_points%in%times)#check all report values are in times.

  

  

  # Dosing ####

  # once daily oral exposure for food

  if (route=="food"){

    if (Ndays < 100) {

      A <- c(dose)

      B <- c(0)

      C <- c("time","doral")

      

      DORAL <- data.frame(B,A)

      colnames(DORAL) <- C

    } else {

      A <- rep(dose,Ndays+1)

      B <- seq(0,Ndays*24,by=24)

      C <- c("time","doral")

      

      DORAL <- data.frame(B,A)

      colnames(DORAL) <- C

    }

  }

  # dosing for water exposure

  if (route=="water"){

    if (Ndays < 100) {

      # 6x daily for age <= 12

      if (subject_age<=12){

        A <- rep(dose/6.0,6)

        B <- seq(0,20,by=4)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

      # 4x daily for age > 12

      else {

        A <- rep(dose/4.0,4)

        B <- seq(0,18,by=6)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

    } else {

      # 6x daily for age <= 12

      if (subject_age<=12){

        A <- rep(dose/6.0,Ndays*6+1)

        B <- seq(0,Ndays*24,by=4)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

      # 4x daily for age > 12

      else {

        A <- rep(dose/4.0,Ndays*4+1)

        B <- seq(0,Ndays*24,by=6)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

    }

  }

  

  All_Dose<-DORAL%>%

    mutate(ODOSE=doral*(params[["BWST"]]/params[["MWPAR"]])

           *params[["FA"]], # DIM dose conversion (ug/kg to umol)

           Level=paste(doral[1],"ug/kg",sep="_"))

  

  #~~~~APPLY MODEL~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~#### 

  # Do parallel for speed

  c1<-makeCluster(min(cores,n_distinct(All_Dose$Level))) # cluster for parallel 

  timestamp()

  modelOutput<-parLapply(c1,split(All_Dose,All_Dose$Level), function (LL,ini_par,t){

    #load data into cores

    source("human_pbpk.R")

    # Create dataframe of "events"that describe the dosing, which informs the

    # ODE function, and needs to have columns "var" = the state_variable that needs

    # to be changed,"time"= when the changes occurs,"value"=the value being changed

    # to,& "method"= how the new value interacts with the previous state variable

    # value. See ?deSolve::lsodes and ?deSolve::events.

    

    # combine or replace "base" parameters with case specific human parameters, 

    # carring out any calcuated paramters which are function of other specific case parameters 

    ini_pars <- initial_params_fun(params=ini_par)

    # STATE####

    # Subject specific UPDATES to the initial value of state variables

    st<-state_fun(st=state,ini_p=ini_pars)

    

    eventDat<-rbind(data.frame(var="ODOSE",time=LL$time,

                               value=LL$ODOSE ,	 

                               method="add",stringsAsFactors = FALSE),  # ("replace", "add", "multiply")

                    data.frame(var="ASTOM",time=LL$time,

                               value=LL$ODOSE ,	 

                               method="add",stringsAsFactors = FALSE))

    

    # DERIVATIVE ####

    # RUN MODEL 

    modelOutput<- ode(y = st, times = t,  #method = "lsodes",

                      func = Human_Model, parms = ini_pars,

                      events = list(data = eventDat[order(eventDat$time),]))

    result <- within(as.data.frame(modelOutput),{Level<-LL$Level[[1]]})

    return(result)

  },ini_par=params,t=times)

  stopCluster(c1)

  timestamp()

  ModelOutput<-do.call(rbind,modelOutput)##make big dataframe for evaluation

  

  #~~~END MODEL ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~####

  

  return(min(ModelOutput$RBCCE))

  

}



just_run_model <- function(dose){

  

  # TIMING COMMANDS ####

  MAXT=0.1       #maximum time step

  times<-seq(params[["TSTART"]],params[["TSTOP"]],by=MAXT)#

  

  # max number of points to write out to file

  POINTS_max<-10000  

  # if the more than 10000 timesteps, select evently spaced 10000 of them for reporting

  report_points<-if(length(times)<=POINTS_max) times else 

    times[seq(1,length(times),by=round(length(times)/POINTS_max))]

  table(report_points%in%times)#check all report values are in times.

  

  

  # Dosing ####

  # once daily oral exposure for food

  if (route=="food"){

    if (Ndays < 100) {

      A <- c(dose)

      B <- c(0)

      C <- c("time","doral")

      

      DORAL <- data.frame(B,A)

      colnames(DORAL) <- C

    } else {

      A <- rep(dose,Ndays+1)

      B <- seq(0,Ndays*24,by=24)

      C <- c("time","doral")

      

      DORAL <- data.frame(B,A)

      colnames(DORAL) <- C

    }

  }

  # dosing for water exposure

  if (route=="water"){

    if (Ndays < 100) {

      # 6x daily for age <= 12

      if (subject_age<=12){

        A <- rep(dose/6.0,6)

        B <- seq(0,20,by=4)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

      # 4x daily for age > 12

      else {

        A <- rep(dose/4.0,4)

        B <- seq(0,18,by=6)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

    } else {

      # 6x daily for age <= 12

      if (subject_age<=12){

        A <- rep(dose/6.0,Ndays*6+1)

        B <- seq(0,Ndays*24,by=4)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

      # 4x daily for age > 12

      else {

        A <- rep(dose/4.0,Ndays*4+1)

        B <- seq(0,Ndays*24,by=6)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

    }

  }

  

  All_Dose<-DORAL%>%

    mutate(ODOSE=doral*(params[["BWST"]]/params[["MWPAR"]])

           *params[["FA"]], # DIM dose conversion (ug/kg to umol)

           Level=paste(doral[1],"ug/kg",sep="_"))

  

  #~~~~APPLY MODEL~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~#### 

  # Do parallel for speed

  c1<-makeCluster(min(cores,n_distinct(All_Dose$Level))) # cluster for parallel 

  timestamp()

  modelOutput<-parLapply(c1,split(All_Dose,All_Dose$Level), function (LL,ini_par,t){

    #load data into cores

    source("human_pbpk.R")

    # Create dataframe of "events"that describe the dosing, which informs the

    # ODE function, and needs to have columns "var" = the state_variable that needs

    # to be changed,"time"= when the changes occurs,"value"=the value being changed

    # to,& "method"= how the new value interacts with the previous state variable

    # value. See ?deSolve::lsodes and ?deSolve::events.

    

    # combine or replace "base" parameters with case specific human parameters, 

    # carring out any calcuated paramters which are function of other specific case parameters 

    ini_pars <- initial_params_fun(params=ini_par)

    # STATE####

    # Subject specific UPDATES to the initial value of state variables

    st<-state_fun(st=state,ini_p=ini_pars)

    

    eventDat<-rbind(data.frame(var="ODOSE",time=LL$time,

                               value=LL$ODOSE ,	 

                               method="add",stringsAsFactors = FALSE),  # ("replace", "add", "multiply")

                    data.frame(var="ASTOM",time=LL$time,

                               value=LL$ODOSE ,	 

                               method="add",stringsAsFactors = FALSE))

    

    # DERIVATIVE ####

    # RUN MODEL 

    modelOutput<- ode(y = st, times = t,  #method = "lsodes",

                      func = Human_Model, parms = ini_pars,

                      events = list(data = eventDat[order(eventDat$time),]))

    result <- within(as.data.frame(modelOutput),{Level<-LL$Level[[1]]})

    return(result)

  },ini_par=params,t=times)

  stopCluster(c1)

  timestamp()

  ModelOutput<-do.call(rbind,modelOutput)##make big dataframe for evaluation

  

  #~~~END MODEL ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~####

  

  return(ModelOutput)

  

}



PODcost <- function(test_dose){

  

  test_result <- minRBCCE(test_dose*1000)

  test_error <- (test_result - 90.0)

  

  print(sprintf("%f  %f",test_dose,test_result))

  

  return(test_error*test_error)

}



AEDcost <- function(test_dose){

  

  test_result <- avgCBL(test_dose*1000)

  test_error <- (test_result - ac_50)

  

  print(sprintf("%f  %f",test_dose,test_result))

  

  return(test_error*test_error)

}



# get the dose that reproduces the AC50 in blood concentration or 10% brain AChE inhibition



final_dose <- optim(par = 23.5, PODcost, method = "Brent",lower = 1, upper = 100, control = list(reltol = 1e-3))   # POD limits



# finally run the model for this concentration

ModelOutput <- just_run_model(final_dose$par*1000)



final_dose$par

min(ModelOutput$RBCCE)




rm(list = ls()) # Clear workspace



#set the working directory to the location of these scripts

#setwd(dirname(rstudioapi::getActiveDocumentContext()$path))



#Environment####

library(dplyr)

library(tidyr)

library(parallel)

# number of cores availabe on current machine

tot_cores<-detectCores(all.tests = FALSE, logical = TRUE)  

cores<-tot_cores-1 # leave one core for other tasks 



ac_50 <<- -999             # enter the AC50 value here; units = umol/L

Ndays = 2                        # number of days to simulate

target_chem = "oxon"            # oxon or parent compound

body_weight = 72.9                 # body weight in kg

subject_age = 13

route = "water"



source("human_pbpk.R") # Loads model and base parameters

source("malathion_human_parameters.R") # male and female specific parameters



# Intial_parameters####

sex = 1						 # 0=male, 1= Female

params<-c(params[!names(params)%in%names(human_parameters[[sex+1]])],

          human_parameters[[sex+1]])



# set case-specific parameters

params[["TSTART"]]<-0.0         # START SIMULATION (HR)

params[["TSTOP"]]=48      			# Simulation duration = 2 days

params[["AGE0"]]=subject_age

params[["BWSW"]] = 1   	 				# Switch for age (set =0) or set (set =1) if bwt provided

params[["BWST"]]= body_weight   	 			# kg

params[["FA"]]=1



# returns the average blood concentration of oxon

# based on the daily dose of "dose" ug/kg/day

avgCBLO <- function(dose){

  

  # TIMING COMMANDS ####

  MAXT=0.1       #maximum time step

  times<-seq(params[["TSTART"]],params[["TSTOP"]],by=MAXT)#

  

  # max number of points to write out to file

  POINTS_max<-10000  

  # if the more than 10000 timesteps, select evently spaced 10000 of them for reporting

  report_points<-if(length(times)<=POINTS_max) times else 

    times[seq(1,length(times),by=round(length(times)/POINTS_max))]

  table(report_points%in%times)#check all report values are in times.

  

  

  # Dosing ####

  

  # once daily oral exposure for food

  if (route=="food"){

    if (Ndays < 100) {

      A <- c(dose)

      B <- c(0)

      C <- c("time","doral")

      

      DORAL <- data.frame(B,A)

      colnames(DORAL) <- C

    } else {

      A <- rep(dose,Ndays+1)

      B <- seq(0,Ndays*24,by=24)

      C <- c("time","doral")

      

      DORAL <- data.frame(B,A)

      colnames(DORAL) <- C

    }

  }

  # dosing for water exposure

  if (route=="water"){

    if (Ndays < 100) {

      # 6x daily for age <= 12

      if (subject_age<=12){

        A <- rep(dose/6.0,6)

        B <- seq(0,20,by=4)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

      # 4x daily for age > 12

      else {

        A <- rep(dose/4.0,4)

        B <- seq(0,18,by=6)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

    } else {

      # 6x daily for age <= 12

      if (subject_age<=12){

        A <- rep(dose/6.0,Ndays*6+1)

        B <- seq(0,Ndays*24,by=4)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

      # 4x daily for age > 12

      else {

        A <- rep(dose/4.0,Ndays*4+1)

        B <- seq(0,Ndays*24,by=6)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

    }

  }

  

  All_Dose<-DORAL%>%

    mutate(ODOSEOXON=doral*(params[["BWST"]]/params[["MWOXON"]])

           *params[["FA"]], # DIM dose conversion (ug/kg to umol)

           Level=paste(doral[1],"ug/kg",sep="_"))

  

  #~~~~APPLY MODEL~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~#### 

  # Do parallel for speed

  c1<-makeCluster(min(cores,n_distinct(All_Dose$Level))) # cluster for parallel 

  timestamp()

  modelOutput<-parLapply(c1,split(All_Dose,All_Dose$Level), function (LL,ini_par,t){

    #load data into cores

    source("human_pbpk.R")

    # Create dataframe of "events"that describe the dosing, which informs the

    # ODE function, and needs to have columns "var" = the state_variable that needs

    # to be changed,"time"= when the changes occurs,"value"=the value being changed

    # to,& "method"= how the new value interacts with the previous state variable

    # value. See ?deSolve::lsodes and ?deSolve::events.

    

    # combine or replace "base" parameters with case specific human parameters, 

    # carring out any calcuated paramters which are function of other specific case parameters 

    ini_pars <- initial_params_fun(params=ini_par)

    # STATE####

    # Subject specific UPDATES to the initial value of state variables

    st<-state_fun(st=state,ini_p=ini_pars)

    

    eventDat<-rbind(data.frame(var="ODOSEOXON",time=LL$time,

                               value=LL$ODOSEOXON ,	 

                               method="add",stringsAsFactors = FALSE),  # ("replace", "add", "multiply")

                    data.frame(var="ASTOMO",time=LL$time,

                               value=LL$ODOSEOXON ,	 

                               method="add",stringsAsFactors = FALSE))

    

    # DERIVATIVE ####

    # RUN MODEL 

    modelOutput<- ode(y = st, times = t,  #method = "lsodes",

                      func = Human_Model, parms = ini_pars,

                      events = list(data = eventDat[order(eventDat$time),]))

    result <- within(as.data.frame(modelOutput),{Level<-LL$Level[[1]]})

    return(result)

  },ini_par=params,t=times)

  stopCluster(c1)

  timestamp()

  ModelOutput<-do.call(rbind,modelOutput)##make big dataframe for evaluation



  #~~~END MODEL ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~####

  

  return(mean(tail(ModelOutput$CBLO,240)))

  

}



minRBCCEO <- function(dose){

  

  # TIMING COMMANDS ####

  MAXT=0.1       #maximum time step

  times<-seq(params[["TSTART"]],params[["TSTOP"]],by=MAXT)#

  

  # max number of points to write out to file

  POINTS_max<-10000  

  # if the more than 10000 timesteps, select evently spaced 10000 of them for reporting

  report_points<-if(length(times)<=POINTS_max) times else 

    times[seq(1,length(times),by=round(length(times)/POINTS_max))]

  table(report_points%in%times)#check all report values are in times.

  

  

  # Dosing ####

  

  # once daily oral exposure for food

  if (route=="food"){

    if (Ndays < 100) {

      A <- c(dose)

      B <- c(0)

      C <- c("time","doral")

      

      DORAL <- data.frame(B,A)

      colnames(DORAL) <- C

    } else {

      A <- rep(dose,Ndays+1)

      B <- seq(0,Ndays*24,by=24)

      C <- c("time","doral")

      

      DORAL <- data.frame(B,A)

      colnames(DORAL) <- C

    }

  }

  # dosing for water exposure

  if (route=="water"){

    if (Ndays < 100) {

      # 6x daily for age <= 12

      if (subject_age<=12){

        A <- rep(dose/6.0,6)

        B <- seq(0,20,by=4)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

      # 4x daily for age > 12

      else {

        A <- rep(dose/4.0,4)

        B <- seq(0,18,by=6)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

    } else {

      # 6x daily for age <= 12

      if (subject_age<=12){

        A <- rep(dose/6.0,Ndays*6+1)

        B <- seq(0,Ndays*24,by=4)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

      # 4x daily for age > 12

      else {

        A <- rep(dose/4.0,Ndays*4+1)

        B <- seq(0,Ndays*24,by=6)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

    }

  }

  

  All_Dose<-DORAL%>%

    mutate(ODOSEOXON=doral*(params[["BWST"]]/params[["MWOXON"]])

           *params[["FA"]], # DIM dose conversion (ug/kg to umol)

           Level=paste(doral[1],"ug/kg",sep="_"))

  

  #~~~~APPLY MODEL~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~#### 

  # Do parallel for speed

  c1<-makeCluster(min(cores,n_distinct(All_Dose$Level))) # cluster for parallel 

  timestamp()

  modelOutput<-parLapply(c1,split(All_Dose,All_Dose$Level), function (LL,ini_par,t){

    #load data into cores

    source("human_pbpk.R")

    # Create dataframe of "events"that describe the dosing, which informs the

    # ODE function, and needs to have columns "var" = the state_variable that needs

    # to be changed,"time"= when the changes occurs,"value"=the value being changed

    # to,& "method"= how the new value interacts with the previous state variable

    # value. See ?deSolve::lsodes and ?deSolve::events.

    

    # combine or replace "base" parameters with case specific human parameters, 

    # carring out any calcuated paramters which are function of other specific case parameters 

    ini_pars <- initial_params_fun(params=ini_par)

    # STATE####

    # Subject specific UPDATES to the initial value of state variables

    st<-state_fun(st=state,ini_p=ini_pars)

    

    eventDat<-rbind(data.frame(var="ODOSEOXON",time=LL$time,

                               value=LL$ODOSEOXON ,	 

                               method="add",stringsAsFactors = FALSE),  # ("replace", "add", "multiply")

                    data.frame(var="ASTOMO",time=LL$time,

                               value=LL$ODOSEOXON ,	 

                               method="add",stringsAsFactors = FALSE))

    

    # DERIVATIVE ####

    # RUN MODEL 

    modelOutput<- ode(y = st, times = t,  #method = "lsodes",

                      func = Human_Model, parms = ini_pars,

                      events = list(data = eventDat[order(eventDat$time),]))

    result <- within(as.data.frame(modelOutput),{Level<-LL$Level[[1]]})

    return(result)

  },ini_par=params,t=times)

  stopCluster(c1)

  timestamp()

  ModelOutput<-do.call(rbind,modelOutput)##make big dataframe for evaluation

  

  #~~~END MODEL ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~####

  

  return(min(ModelOutput$RBCCE))

  

}



just_run_model <- function(dose){

  

  # TIMING COMMANDS ####

  MAXT=0.1       #maximum time step

  times<-seq(params[["TSTART"]],params[["TSTOP"]],by=MAXT)#

  

  # max number of points to write out to file

  POINTS_max<-10000  

  # if the more than 10000 timesteps, select evently spaced 10000 of them for reporting

  report_points<-if(length(times)<=POINTS_max) times else 

    times[seq(1,length(times),by=round(length(times)/POINTS_max))]

  table(report_points%in%times)#check all report values are in times.

  

  

  # Dosing ####

  

  # once daily oral exposure for food

  if (route=="food"){

    if (Ndays < 100) {

      A <- c(dose)

      B <- c(0)

      C <- c("time","doral")

      

      DORAL <- data.frame(B,A)

      colnames(DORAL) <- C

    } else {

      A <- rep(dose,Ndays+1)

      B <- seq(0,Ndays*24,by=24)

      C <- c("time","doral")

      

      DORAL <- data.frame(B,A)

      colnames(DORAL) <- C

    }

  }

  # dosing for water exposure

  if (route=="water"){

    if (Ndays < 100) {

      # 6x daily for age <= 12

      if (subject_age<=12){

        A <- rep(dose/6.0,6)

        B <- seq(0,20,by=4)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

      # 4x daily for age > 12

      else {

        A <- rep(dose/4.0,4)

        B <- seq(0,18,by=6)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

    } else {

      # 6x daily for age <= 12

      if (subject_age<=12){

        A <- rep(dose/6.0,Ndays*6+1)

        B <- seq(0,Ndays*24,by=4)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

      # 4x daily for age > 12

      else {

        A <- rep(dose/4.0,Ndays*4+1)

        B <- seq(0,Ndays*24,by=6)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

    }

  }

  

  All_Dose<-DORAL%>%

    mutate(ODOSEOXON=doral*(params[["BWST"]]/params[["MWOXON"]])

           *params[["FA"]], # DIM dose conversion (ug/kg to umol)

           Level=paste(doral[1],"ug/kg",sep="_"))

  

  #~~~~APPLY MODEL~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~#### 

  # Do parallel for speed

  c1<-makeCluster(min(cores,n_distinct(All_Dose$Level))) # cluster for parallel 

  timestamp()

  modelOutput<-parLapply(c1,split(All_Dose,All_Dose$Level), function (LL,ini_par,t){

    #load data into cores

    source("human_pbpk.R")

    # Create dataframe of "events"that describe the dosing, which informs the

    # ODE function, and needs to have columns "var" = the state_variable that needs

    # to be changed,"time"= when the changes occurs,"value"=the value being changed

    # to,& "method"= how the new value interacts with the previous state variable

    # value. See ?deSolve::lsodes and ?deSolve::events.

    

    # combine or replace "base" parameters with case specific human parameters, 

    # carring out any calcuated paramters which are function of other specific case parameters 

    ini_pars <- initial_params_fun(params=ini_par)

    # STATE####

    # Subject specific UPDATES to the initial value of state variables

    st<-state_fun(st=state,ini_p=ini_pars)

    

    eventDat<-rbind(data.frame(var="ODOSEOXON",time=LL$time,

                               value=LL$ODOSEOXON ,	 

                               method="add",stringsAsFactors = FALSE),  # ("replace", "add", "multiply")

                    data.frame(var="ASTOMO",time=LL$time,

                               value=LL$ODOSEOXON ,	 

                               method="add",stringsAsFactors = FALSE))

    

    # DERIVATIVE ####

    # RUN MODEL 

    modelOutput<- ode(y = st, times = t,  #method = "lsodes",

                      func = Human_Model, parms = ini_pars,

                      events = list(data = eventDat[order(eventDat$time),]))

    result <- within(as.data.frame(modelOutput),{Level<-LL$Level[[1]]})

    return(result)

  },ini_par=params,t=times)

  stopCluster(c1)

  timestamp()

  ModelOutput<-do.call(rbind,modelOutput)##make big dataframe for evaluation



  #~~~END MODEL ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~####

  

  return(ModelOutput)

  

}



PODcost <- function(test_dose){

  

  test_result <- minRBCCEO(test_dose*1000)

  test_error <- (test_result - 90.0)

  

  print(sprintf("%f  %f",test_dose,test_result))

  

  return(test_error*test_error)

}



AEDcost <- function(test_dose){

  

  test_result <- avgCBLO(test_dose*1000)

  test_error <- (test_result - ac_50)

  

  print(sprintf("%f  %f",test_dose,test_result))

  

  return(test_error*test_error)

}



# get the dose that reproduces the AC50 in blood concentration or 10% brain AChE inhibition



final_dose <- optim(par = 3.12, PODcost, method = "Brent",lower = 1, upper = 10, control = list(reltol = 1e-3))   # POD limits



# finally run the model for this concentration

ModelOutput <- just_run_model(final_dose$par*1000)

final_dose$par

min(ModelOutput$RBCCE)


rm(list = ls()) # Clear workspace



#set the working directory to the location of these scripts

#setwd(dirname(rstudioapi::getActiveDocumentContext()$path))



#Environment####

library(dplyr)

library(tidyr)

library(parallel)

# number of cores availabe on current machine

tot_cores<-detectCores(all.tests = FALSE, logical = TRUE)  

cores<-tot_cores-1 # leave one core for other tasks 



ac_50 <<- -999             # enter the AC50 value here; units = umol/L

Ndays = 2                        # number of days to simulate

target_chem = "parent"            # oxon or parent compound

body_weight = 72.9                 # body weight in kg

subject_age = 13

route = "water"



source("human_pbpk.R") # Loads model and base parameters

source("malathion_human_parameters.R") # male and female specific parameters



# Intial_parameters####

sex = 1						 # 0=male, 1= Female

params<-c(params[!names(params)%in%names(human_parameters[[sex+1]])],

          human_parameters[[sex+1]])



# set case-specific parameters

params[["TSTART"]]<-0.0         # START SIMULATION (HR)

params[["TSTOP"]]=48      			# Simulation duration = 2 days

params[["AGE0"]]=subject_age

params[["BWSW"]] = 1   	 				# Switch for age (set =0) or set (set =1) if bwt provided

params[["BWST"]]= body_weight   	 			# kg

params[["FA"]]=1



# returns the average blood concentration of parent compound

# based on the daily dose of "dose" ug/kg/day

avgCBL <- function(dose){

  

  # TIMING COMMANDS ####

  MAXT=0.1       #maximum time step

  times<-seq(params[["TSTART"]],params[["TSTOP"]],by=MAXT)#

  

  # max number of points to write out to file

  POINTS_max<-10000  

  # if the more than 10000 timesteps, select evently spaced 10000 of them for reporting

  report_points<-if(length(times)<=POINTS_max) times else 

    times[seq(1,length(times),by=round(length(times)/POINTS_max))]

  table(report_points%in%times)#check all report values are in times.

  

  

  # Dosing ####

  # once daily oral exposure for food

  if (route=="food"){

    if (Ndays < 100) {

      A <- c(dose)

      B <- c(0)

      C <- c("time","doral")

      

      DORAL <- data.frame(B,A)

      colnames(DORAL) <- C

    } else {

      A <- rep(dose,Ndays+1)

      B <- seq(0,Ndays*24,by=24)

      C <- c("time","doral")

      

      DORAL <- data.frame(B,A)

      colnames(DORAL) <- C

    }

  }

  # dosing for water exposure

  if (route=="water"){

    if (Ndays < 100) {

      # 6x daily for age <= 12

      if (subject_age<=12){

        A <- rep(dose/6.0,6)

        B <- seq(0,20,by=4)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

      # 4x daily for age > 12

      else {

        A <- rep(dose/4.0,4)

        B <- seq(0,18,by=6)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

    } else {

      # 6x daily for age <= 12

      if (subject_age<=12){

        A <- rep(dose/6.0,Ndays*6+1)

        B <- seq(0,Ndays*24,by=4)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

      # 4x daily for age > 12

      else {

        A <- rep(dose/4.0,Ndays*4+1)

        B <- seq(0,Ndays*24,by=6)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

    }

  }

  

  

  All_Dose<-DORAL%>%

    mutate(ODOSE=doral*(params[["BWST"]]/params[["MWPAR"]])

           *params[["FA"]], # DIM dose conversion (ug/kg to umol)

           Level=paste(doral[1],"ug/kg",sep="_"))

  

  #~~~~APPLY MODEL~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~#### 

  # Do parallel for speed

  c1<-makeCluster(min(cores,n_distinct(All_Dose$Level))) # cluster for parallel 

  timestamp()

  modelOutput<-parLapply(c1,split(All_Dose,All_Dose$Level), function (LL,ini_par,t){

    #load data into cores

    source("human_pbpk.R")

    # Create dataframe of "events"that describe the dosing, which informs the

    # ODE function, and needs to have columns "var" = the state_variable that needs

    # to be changed,"time"= when the changes occurs,"value"=the value being changed

    # to,& "method"= how the new value interacts with the previous state variable

    # value. See ?deSolve::lsodes and ?deSolve::events.

    

    # combine or replace "base" parameters with case specific human parameters, 

    # carring out any calcuated paramters which are function of other specific case parameters 

    ini_pars <- initial_params_fun(params=ini_par)

    # STATE####

    # Subject specific UPDATES to the initial value of state variables

    st<-state_fun(st=state,ini_p=ini_pars)

    

    eventDat<-rbind(data.frame(var="ODOSE",time=LL$time,

                               value=LL$ODOSE ,	 

                               method="add",stringsAsFactors = FALSE),  # ("replace", "add", "multiply")

                    data.frame(var="ASTOM",time=LL$time,

                               value=LL$ODOSE ,	 

                               method="add",stringsAsFactors = FALSE))

    

    # DERIVATIVE ####

    # RUN MODEL 

    modelOutput<- ode(y = st, times = t,  #method = "lsodes",

                      func = Human_Model, parms = ini_pars,

                      events = list(data = eventDat[order(eventDat$time),]))

    result <- within(as.data.frame(modelOutput),{Level<-LL$Level[[1]]})

    return(result)

  },ini_par=params,t=times)

  stopCluster(c1)

  timestamp()

  ModelOutput<-do.call(rbind,modelOutput)##make big dataframe for evaluation



  

  return(mean(tail(ModelOutput$CBL,240)))

  

}



# returns the average blood concentration of oxon

# based on the daily dose of "dose" ug/kg/day

avgCBLO <- function(dose){

  

  # TIMING COMMANDS ####

  MAXT=0.1       #maximum time step

  times<-seq(params[["TSTART"]],params[["TSTOP"]],by=MAXT)#

  

  # max number of points to write out to file

  POINTS_max<-10000  

  # if the more than 10000 timesteps, select evently spaced 10000 of them for reporting

  report_points<-if(length(times)<=POINTS_max) times else 

    times[seq(1,length(times),by=round(length(times)/POINTS_max))]

  table(report_points%in%times)#check all report values are in times.

  

  

  # Dosing ####

  

  # once daily oral exposure for food

  if (route=="food"){

    if (Ndays < 100) {

      A <- c(dose)

      B <- c(0)

      C <- c("time","doral")

      

      DORAL <- data.frame(B,A)

      colnames(DORAL) <- C

    } else {

      A <- rep(dose,Ndays+1)

      B <- seq(0,Ndays*24,by=24)

      C <- c("time","doral")

      

      DORAL <- data.frame(B,A)

      colnames(DORAL) <- C

    }

  }

  # dosing for water exposure

  if (route=="water"){

    if (Ndays < 100) {

      # 6x daily for age <= 12

      if (subject_age<=12){

        A <- rep(dose/6.0,6)

        B <- seq(0,20,by=4)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

      # 4x daily for age > 12

      else {

        A <- rep(dose/4.0,4)

        B <- seq(0,18,by=6)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

    } else {

      # 6x daily for age <= 12

      if (subject_age<=12){

        A <- rep(dose/6.0,Ndays*6+1)

        B <- seq(0,Ndays*24,by=4)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

      # 4x daily for age > 12

      else {

        A <- rep(dose/4.0,Ndays*4+1)

        B <- seq(0,Ndays*24,by=6)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

    }

  }

  

  All_Dose<-DORAL%>%

    mutate(ODOSE=doral*(params[["BWST"]]/params[["MWPAR"]])

           *params[["FA"]], # DIM dose conversion (ug/kg to umol)

           Level=paste(doral[1],"ug/kg",sep="_"))

  

  #~~~~APPLY MODEL~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~#### 

  # Do parallel for speed

  c1<-makeCluster(min(cores,n_distinct(All_Dose$Level))) # cluster for parallel 

  timestamp()

  modelOutput<-parLapply(c1,split(All_Dose,All_Dose$Level), function (LL,ini_par,t){

    #load data into cores

    source("human_pbpk.R")

    # Create dataframe of "events"that describe the dosing, which informs the

    # ODE function, and needs to have columns "var" = the state_variable that needs

    # to be changed,"time"= when the changes occurs,"value"=the value being changed

    # to,& "method"= how the new value interacts with the previous state variable

    # value. See ?deSolve::lsodes and ?deSolve::events.

    

    # combine or replace "base" parameters with case specific human parameters, 

    # carring out any calcuated paramters which are function of other specific case parameters 

    ini_pars <- initial_params_fun(params=ini_par)

    # STATE####

    # Subject specific UPDATES to the initial value of state variables

    st<-state_fun(st=state,ini_p=ini_pars)

    

    eventDat<-rbind(data.frame(var="ODOSE",time=LL$time,

                               value=LL$ODOSE ,	 

                               method="add",stringsAsFactors = FALSE),  # ("replace", "add", "multiply")

                    data.frame(var="ASTOM",time=LL$time,

                               value=LL$ODOSE ,	 

                               method="add",stringsAsFactors = FALSE))

    

    # DERIVATIVE ####

    # RUN MODEL 

    modelOutput<- ode(y = st, times = t,  #method = "lsodes",

                      func = Human_Model, parms = ini_pars,

                      events = list(data = eventDat[order(eventDat$time),]))

    result <- within(as.data.frame(modelOutput),{Level<-LL$Level[[1]]})

    return(result)

  },ini_par=params,t=times)

  stopCluster(c1)

  timestamp()

  ModelOutput<-do.call(rbind,modelOutput)##make big dataframe for evaluation



  #~~~END MODEL ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~####

  

  return(mean(tail(ModelOutput$CBLO,240)))

  

}

minRBCCE <- function(dose){

  

  # TIMING COMMANDS ####

  MAXT=0.1       #maximum time step

  times<-seq(params[["TSTART"]],params[["TSTOP"]],by=MAXT)#

  

  # max number of points to write out to file

  POINTS_max<-10000  

  # if the more than 10000 timesteps, select evently spaced 10000 of them for reporting

  report_points<-if(length(times)<=POINTS_max) times else 

    times[seq(1,length(times),by=round(length(times)/POINTS_max))]

  table(report_points%in%times)#check all report values are in times.

  

  

  # Dosing ####

  # once daily oral exposure for food

  if (route=="food"){

    if (Ndays < 100) {

      A <- c(dose)

      B <- c(0)

      C <- c("time","doral")

      

      DORAL <- data.frame(B,A)

      colnames(DORAL) <- C

    } else {

      A <- rep(dose,Ndays+1)

      B <- seq(0,Ndays*24,by=24)

      C <- c("time","doral")

      

      DORAL <- data.frame(B,A)

      colnames(DORAL) <- C

    }

  }

  # dosing for water exposure

  if (route=="water"){

    if (Ndays < 100) {

      # 6x daily for age <= 12

      if (subject_age<=12){

        A <- rep(dose/6.0,6)

        B <- seq(0,20,by=4)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

      # 4x daily for age > 12

      else {

        A <- rep(dose/4.0,4)

        B <- seq(0,18,by=6)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

    } else {

      # 6x daily for age <= 12

      if (subject_age<=12){

        A <- rep(dose/6.0,Ndays*6+1)

        B <- seq(0,Ndays*24,by=4)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

      # 4x daily for age > 12

      else {

        A <- rep(dose/4.0,Ndays*4+1)

        B <- seq(0,Ndays*24,by=6)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

    }

  }

  

  All_Dose<-DORAL%>%

    mutate(ODOSE=doral*(params[["BWST"]]/params[["MWPAR"]])

           *params[["FA"]], # DIM dose conversion (ug/kg to umol)

           Level=paste(doral[1],"ug/kg",sep="_"))

  

  #~~~~APPLY MODEL~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~#### 

  # Do parallel for speed

  c1<-makeCluster(min(cores,n_distinct(All_Dose$Level))) # cluster for parallel 

  timestamp()

  modelOutput<-parLapply(c1,split(All_Dose,All_Dose$Level), function (LL,ini_par,t){

    #load data into cores

    source("human_pbpk.R")

    # Create dataframe of "events"that describe the dosing, which informs the

    # ODE function, and needs to have columns "var" = the state_variable that needs

    # to be changed,"time"= when the changes occurs,"value"=the value being changed

    # to,& "method"= how the new value interacts with the previous state variable

    # value. See ?deSolve::lsodes and ?deSolve::events.

    

    # combine or replace "base" parameters with case specific human parameters, 

    # carring out any calcuated paramters which are function of other specific case parameters 

    ini_pars <- initial_params_fun(params=ini_par)

    # STATE####

    # Subject specific UPDATES to the initial value of state variables

    st<-state_fun(st=state,ini_p=ini_pars)

    

    eventDat<-rbind(data.frame(var="ODOSE",time=LL$time,

                               value=LL$ODOSE ,	 

                               method="add",stringsAsFactors = FALSE),  # ("replace", "add", "multiply")

                    data.frame(var="ASTOM",time=LL$time,

                               value=LL$ODOSE ,	 

                               method="add",stringsAsFactors = FALSE))

    

    # DERIVATIVE ####

    # RUN MODEL 

    modelOutput<- ode(y = st, times = t,  #method = "lsodes",

                      func = Human_Model, parms = ini_pars,

                      events = list(data = eventDat[order(eventDat$time),]))

    result <- within(as.data.frame(modelOutput),{Level<-LL$Level[[1]]})

    return(result)

  },ini_par=params,t=times)

  stopCluster(c1)

  timestamp()

  ModelOutput<-do.call(rbind,modelOutput)##make big dataframe for evaluation

  

  #~~~END MODEL ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~####

  

  return(min(ModelOutput$RBCCE))

  

}



just_run_model <- function(dose){

  

  # TIMING COMMANDS ####

  MAXT=0.1       #maximum time step

  times<-seq(params[["TSTART"]],params[["TSTOP"]],by=MAXT)#

  

  # max number of points to write out to file

  POINTS_max<-10000  

  # if the more than 10000 timesteps, select evently spaced 10000 of them for reporting

  report_points<-if(length(times)<=POINTS_max) times else 

    times[seq(1,length(times),by=round(length(times)/POINTS_max))]

  table(report_points%in%times)#check all report values are in times.

  

  

  # Dosing ####

  # once daily oral exposure for food

  if (route=="food"){

    if (Ndays < 100) {

      A <- c(dose)

      B <- c(0)

      C <- c("time","doral")

      

      DORAL <- data.frame(B,A)

      colnames(DORAL) <- C

    } else {

      A <- rep(dose,Ndays+1)

      B <- seq(0,Ndays*24,by=24)

      C <- c("time","doral")

      

      DORAL <- data.frame(B,A)

      colnames(DORAL) <- C

    }

  }

  # dosing for water exposure

  if (route=="water"){

    if (Ndays < 100) {

      # 6x daily for age <= 12

      if (subject_age<=12){

        A <- rep(dose/6.0,6)

        B <- seq(0,20,by=4)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

      # 4x daily for age > 12

      else {

        A <- rep(dose/4.0,4)

        B <- seq(0,18,by=6)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

    } else {

      # 6x daily for age <= 12

      if (subject_age<=12){

        A <- rep(dose/6.0,Ndays*6+1)

        B <- seq(0,Ndays*24,by=4)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

      # 4x daily for age > 12

      else {

        A <- rep(dose/4.0,Ndays*4+1)

        B <- seq(0,Ndays*24,by=6)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

    }

  }

  

  All_Dose<-DORAL%>%

    mutate(ODOSE=doral*(params[["BWST"]]/params[["MWPAR"]])

           *params[["FA"]], # DIM dose conversion (ug/kg to umol)

           Level=paste(doral[1],"ug/kg",sep="_"))

  

  #~~~~APPLY MODEL~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~#### 

  # Do parallel for speed

  c1<-makeCluster(min(cores,n_distinct(All_Dose$Level))) # cluster for parallel 

  timestamp()

  modelOutput<-parLapply(c1,split(All_Dose,All_Dose$Level), function (LL,ini_par,t){

    #load data into cores

    source("human_pbpk.R")

    # Create dataframe of "events"that describe the dosing, which informs the

    # ODE function, and needs to have columns "var" = the state_variable that needs

    # to be changed,"time"= when the changes occurs,"value"=the value being changed

    # to,& "method"= how the new value interacts with the previous state variable

    # value. See ?deSolve::lsodes and ?deSolve::events.

    

    # combine or replace "base" parameters with case specific human parameters, 

    # carring out any calcuated paramters which are function of other specific case parameters 

    ini_pars <- initial_params_fun(params=ini_par)

    # STATE####

    # Subject specific UPDATES to the initial value of state variables

    st<-state_fun(st=state,ini_p=ini_pars)

    

    eventDat<-rbind(data.frame(var="ODOSE",time=LL$time,

                               value=LL$ODOSE ,	 

                               method="add",stringsAsFactors = FALSE),  # ("replace", "add", "multiply")

                    data.frame(var="ASTOM",time=LL$time,

                               value=LL$ODOSE ,	 

                               method="add",stringsAsFactors = FALSE))

    

    # DERIVATIVE ####

    # RUN MODEL 

    modelOutput<- ode(y = st, times = t,  #method = "lsodes",

                      func = Human_Model, parms = ini_pars,

                      events = list(data = eventDat[order(eventDat$time),]))

    result <- within(as.data.frame(modelOutput),{Level<-LL$Level[[1]]})

    return(result)

  },ini_par=params,t=times)

  stopCluster(c1)

  timestamp()

  ModelOutput<-do.call(rbind,modelOutput)##make big dataframe for evaluation

  

  #~~~END MODEL ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~####

  

  return(ModelOutput)

  

}



PODcost <- function(test_dose){

  

  test_result <- minRBCCE(test_dose*1000)

  test_error <- (test_result - 90.0)

  

  print(sprintf("%f  %f",test_dose,test_result))

  

  return(test_error*test_error)

}



AEDcost <- function(test_dose){

  

  test_result <- avgCBL(test_dose*1000)

  test_error <- (test_result - ac_50)

  

  print(sprintf("%f  %f",test_dose,test_result))

  

  return(test_error*test_error)

}



# get the dose that reproduces the AC50 in blood concentration or 10% brain AChE inhibition



final_dose <- optim(par = 23.5, PODcost, method = "Brent",lower = 1, upper = 100, control = list(reltol = 1e-3))   # POD limits



# finally run the model for this concentration

ModelOutput <- just_run_model(final_dose$par*1000)



final_dose$par

min(ModelOutput$RBCCE)




rm(list = ls()) # Clear workspace



#set the working directory to the location of these scripts

#setwd(dirname(rstudioapi::getActiveDocumentContext()$path))



#Environment####

library(dplyr)

library(tidyr)

library(parallel)

# number of cores availabe on current machine

tot_cores<-detectCores(all.tests = FALSE, logical = TRUE)  

cores<-tot_cores-1 # leave one core for other tasks 



ac_50 <<- -999             # enter the AC50 value here; units = umol/L

Ndays = 123                        # number of days to simulate

target_chem = "oxon"            # oxon or parent compound

body_weight = 4.8                 # body weight in kg

subject_age = 0

route = "water"



source("human_pbpk.R") # Loads model and base parameters

source("malathion_human_parameters.R") # male and female specific parameters



# Intial_parameters####

sex = 1						 # 0=male, 1= Female

params<-c(params[!names(params)%in%names(human_parameters[[sex+1]])],

          human_parameters[[sex+1]])



# set case-specific parameters

params[["TSTART"]]<-0.0         # START SIMULATION (HR)

params[["TSTOP"]]=Ndays*24      			# Simulation duration = 2 days

params[["AGE0"]]=subject_age

params[["BWSW"]] = 1   	 				# Switch for age (set =0) or set (set =1) if bwt provided

params[["BWST"]]= body_weight   	 			# kg

params[["FA"]]=1



# returns the average blood concentration of oxon

# based on the daily dose of "dose" ug/kg/day

avgCBLO <- function(dose){

  

  # TIMING COMMANDS ####

  MAXT=0.1       #maximum time step

  times<-seq(params[["TSTART"]],params[["TSTOP"]],by=MAXT)#

  

  # max number of points to write out to file

  POINTS_max<-10000  

  # if the more than 10000 timesteps, select evently spaced 10000 of them for reporting

  report_points<-if(length(times)<=POINTS_max) times else 

    times[seq(1,length(times),by=round(length(times)/POINTS_max))]

  table(report_points%in%times)#check all report values are in times.

  

  

  # Dosing ####

  # once daily oral exposure for food

  if (route=="food"){

    if (Ndays < 100) {

      A <- c(dose)

      B <- c(0)

      C <- c("time","doral")

      

      DORAL <- data.frame(B,A)

      colnames(DORAL) <- C

    } else {

      A <- rep(dose,Ndays+1)

      B <- seq(0,Ndays*24,by=24)

      C <- c("time","doral")

      

      DORAL <- data.frame(B,A)

      colnames(DORAL) <- C

    }

  }

  # dosing for water exposure

  if (route=="water"){

    if (Ndays < 100) {

      # 6x daily for age <= 12

      if (subject_age<=12){

        A <- rep(dose/6.0,6)

        B <- seq(0,20,by=4)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

      # 4x daily for age > 12

      else {

        A <- rep(dose/4.0,4)

        B <- seq(0,18,by=6)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

    } else {

      # 6x daily for age <= 12

      if (subject_age<=12){

        A <- rep(dose/6.0,Ndays*6+1)

        B <- seq(0,Ndays*24,by=4)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

      # 4x daily for age > 12

      else {

        A <- rep(dose/4.0,Ndays*4+1)

        B <- seq(0,Ndays*24,by=6)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

    }

  }

  

  All_Dose<-DORAL%>%

    mutate(ODOSEOXON=doral*(params[["BWST"]]/params[["MWOXON"]])

           *params[["FA"]], # DIM dose conversion (ug/kg to umol)

           Level=paste(doral[1],"ug/kg",sep="_"))

  

  #~~~~APPLY MODEL~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~#### 

  # Do parallel for speed

  c1<-makeCluster(min(cores,n_distinct(All_Dose$Level))) # cluster for parallel 

  timestamp()

  modelOutput<-parLapply(c1,split(All_Dose,All_Dose$Level), function (LL,ini_par,t){

    #load data into cores

    source("human_pbpk.R")

    # Create dataframe of "events"that describe the dosing, which informs the

    # ODE function, and needs to have columns "var" = the state_variable that needs

    # to be changed,"time"= when the changes occurs,"value"=the value being changed

    # to,& "method"= how the new value interacts with the previous state variable

    # value. See ?deSolve::lsodes and ?deSolve::events.

    

    # combine or replace "base" parameters with case specific human parameters, 

    # carring out any calcuated paramters which are function of other specific case parameters 

    ini_pars <- initial_params_fun(params=ini_par)

    # STATE####

    # Subject specific UPDATES to the initial value of state variables

    st<-state_fun(st=state,ini_p=ini_pars)

    

    eventDat<-rbind(data.frame(var="ODOSEOXON",time=LL$time,

                               value=LL$ODOSEOXON ,	 

                               method="add",stringsAsFactors = FALSE),  # ("replace", "add", "multiply")

                    data.frame(var="ASTOMO",time=LL$time,

                               value=LL$ODOSEOXON ,	 

                               method="add",stringsAsFactors = FALSE))

    

    # DERIVATIVE ####

    # RUN MODEL 

    modelOutput<- ode(y = st, times = t,  #method = "lsodes",

                      func = Human_Model, parms = ini_pars,

                      events = list(data = eventDat[order(eventDat$time),]))

    result <- within(as.data.frame(modelOutput),{Level<-LL$Level[[1]]})

    return(result)

  },ini_par=params,t=times)

  stopCluster(c1)

  timestamp()

  ModelOutput<-do.call(rbind,modelOutput)##make big dataframe for evaluation



  #~~~END MODEL ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~####

  

  return(mean(tail(ModelOutput$CBLO,240)))

  

}



minRBCCEO <- function(dose){

  

  # TIMING COMMANDS ####

  MAXT=0.1       #maximum time step

  times<-seq(params[["TSTART"]],params[["TSTOP"]],by=MAXT)#

  

  # max number of points to write out to file

  POINTS_max<-10000  

  # if the more than 10000 timesteps, select evently spaced 10000 of them for reporting

  report_points<-if(length(times)<=POINTS_max) times else 

    times[seq(1,length(times),by=round(length(times)/POINTS_max))]

  table(report_points%in%times)#check all report values are in times.

  

  

  # Dosing ####

  # once daily oral exposure for food

  if (route=="food"){

    if (Ndays < 100) {

      A <- c(dose)

      B <- c(0)

      C <- c("time","doral")

      

      DORAL <- data.frame(B,A)

      colnames(DORAL) <- C

    } else {

      A <- rep(dose,Ndays+1)

      B <- seq(0,Ndays*24,by=24)

      C <- c("time","doral")

      

      DORAL <- data.frame(B,A)

      colnames(DORAL) <- C

    }

  }

  # dosing for water exposure

  if (route=="water"){

    if (Ndays < 100) {

      # 6x daily for age <= 12

      if (subject_age<=12){

        A <- rep(dose/6.0,6)

        B <- seq(0,20,by=4)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

      # 4x daily for age > 12

      else {

        A <- rep(dose/4.0,4)

        B <- seq(0,18,by=6)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

    } else {

      # 6x daily for age <= 12

      if (subject_age<=12){

        A <- rep(dose/6.0,Ndays*6+1)

        B <- seq(0,Ndays*24,by=4)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

      # 4x daily for age > 12

      else {

        A <- rep(dose/4.0,Ndays*4+1)

        B <- seq(0,Ndays*24,by=6)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

    }

  }

  

  All_Dose<-DORAL%>%

    mutate(ODOSEOXON=doral*(params[["BWST"]]/params[["MWOXON"]])

           *params[["FA"]], # DIM dose conversion (ug/kg to umol)

           Level=paste(doral[1],"ug/kg",sep="_"))

  

  #~~~~APPLY MODEL~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~#### 

  # Do parallel for speed

  c1<-makeCluster(min(cores,n_distinct(All_Dose$Level))) # cluster for parallel 

  timestamp()

  modelOutput<-parLapply(c1,split(All_Dose,All_Dose$Level), function (LL,ini_par,t){

    #load data into cores

    source("human_pbpk.R")

    # Create dataframe of "events"that describe the dosing, which informs the

    # ODE function, and needs to have columns "var" = the state_variable that needs

    # to be changed,"time"= when the changes occurs,"value"=the value being changed

    # to,& "method"= how the new value interacts with the previous state variable

    # value. See ?deSolve::lsodes and ?deSolve::events.

    

    # combine or replace "base" parameters with case specific human parameters, 

    # carring out any calcuated paramters which are function of other specific case parameters 

    ini_pars <- initial_params_fun(params=ini_par)

    # STATE####

    # Subject specific UPDATES to the initial value of state variables

    st<-state_fun(st=state,ini_p=ini_pars)

    

    eventDat<-rbind(data.frame(var="ODOSEOXON",time=LL$time,

                               value=LL$ODOSEOXON ,	 

                               method="add",stringsAsFactors = FALSE),  # ("replace", "add", "multiply")

                    data.frame(var="ASTOMO",time=LL$time,

                               value=LL$ODOSEOXON ,	 

                               method="add",stringsAsFactors = FALSE))

    

    # DERIVATIVE ####

    # RUN MODEL 

    modelOutput<- ode(y = st, times = t,  #method = "lsodes",

                      func = Human_Model, parms = ini_pars,

                      events = list(data = eventDat[order(eventDat$time),]))

    result <- within(as.data.frame(modelOutput),{Level<-LL$Level[[1]]})

    return(result)

  },ini_par=params,t=times)

  stopCluster(c1)

  timestamp()

  ModelOutput<-do.call(rbind,modelOutput)##make big dataframe for evaluation

  

  #~~~END MODEL ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~####

  

  return(min(ModelOutput$RBCCE))

  

}



just_run_model <- function(dose){

  

  # TIMING COMMANDS ####

  MAXT=0.1       #maximum time step

  times<-seq(params[["TSTART"]],params[["TSTOP"]],by=MAXT)#

  

  # max number of points to write out to file

  POINTS_max<-10000  

  # if the more than 10000 timesteps, select evently spaced 10000 of them for reporting

  report_points<-if(length(times)<=POINTS_max) times else 

    times[seq(1,length(times),by=round(length(times)/POINTS_max))]

  table(report_points%in%times)#check all report values are in times.

  

  

  # Dosing ####

  # once daily oral exposure for food

  if (route=="food"){

    if (Ndays < 100) {

      A <- c(dose)

      B <- c(0)

      C <- c("time","doral")

      

      DORAL <- data.frame(B,A)

      colnames(DORAL) <- C

    } else {

      A <- rep(dose,Ndays+1)

      B <- seq(0,Ndays*24,by=24)

      C <- c("time","doral")

      

      DORAL <- data.frame(B,A)

      colnames(DORAL) <- C

    }

  }

  # dosing for water exposure

  if (route=="water"){

    if (Ndays < 100) {

      # 6x daily for age <= 12

      if (subject_age<=12){

        A <- rep(dose/6.0,6)

        B <- seq(0,20,by=4)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

      # 4x daily for age > 12

      else {

        A <- rep(dose/4.0,4)

        B <- seq(0,18,by=6)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

    } else {

      # 6x daily for age <= 12

      if (subject_age<=12){

        A <- rep(dose/6.0,Ndays*6+1)

        B <- seq(0,Ndays*24,by=4)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

      # 4x daily for age > 12

      else {

        A <- rep(dose/4.0,Ndays*4+1)

        B <- seq(0,Ndays*24,by=6)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

    }

  }

  

  All_Dose<-DORAL%>%

    mutate(ODOSEOXON=doral*(params[["BWST"]]/params[["MWOXON"]])

           *params[["FA"]], # DIM dose conversion (ug/kg to umol)

           Level=paste(doral[1],"ug/kg",sep="_"))

  

  #~~~~APPLY MODEL~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~#### 

  # Do parallel for speed

  c1<-makeCluster(min(cores,n_distinct(All_Dose$Level))) # cluster for parallel 

  timestamp()

  modelOutput<-parLapply(c1,split(All_Dose,All_Dose$Level), function (LL,ini_par,t){

    #load data into cores

    source("human_pbpk.R")

    # Create dataframe of "events"that describe the dosing, which informs the

    # ODE function, and needs to have columns "var" = the state_variable that needs

    # to be changed,"time"= when the changes occurs,"value"=the value being changed

    # to,& "method"= how the new value interacts with the previous state variable

    # value. See ?deSolve::lsodes and ?deSolve::events.

    

    # combine or replace "base" parameters with case specific human parameters, 

    # carring out any calcuated paramters which are function of other specific case parameters 

    ini_pars <- initial_params_fun(params=ini_par)

    # STATE####

    # Subject specific UPDATES to the initial value of state variables

    st<-state_fun(st=state,ini_p=ini_pars)

    

    eventDat<-rbind(data.frame(var="ODOSEOXON",time=LL$time,

                               value=LL$ODOSEOXON ,	 

                               method="add",stringsAsFactors = FALSE),  # ("replace", "add", "multiply")

                    data.frame(var="ASTOMO",time=LL$time,

                               value=LL$ODOSEOXON ,	 

                               method="add",stringsAsFactors = FALSE))

    

    # DERIVATIVE ####

    # RUN MODEL 

    modelOutput<- ode(y = st, times = t,  #method = "lsodes",

                      func = Human_Model, parms = ini_pars,

                      events = list(data = eventDat[order(eventDat$time),]))

    result <- within(as.data.frame(modelOutput),{Level<-LL$Level[[1]]})

    return(result)

  },ini_par=params,t=times)

  stopCluster(c1)

  timestamp()

  ModelOutput<-do.call(rbind,modelOutput)##make big dataframe for evaluation



  #~~~END MODEL ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~####

  

  return(ModelOutput)

  

}



PODcost <- function(test_dose){

  

  test_result <- minRBCCEO(test_dose*1000)

  test_error <- (test_result - 90.0)

  

  print(sprintf("%f  %f",test_dose,test_result))

  

  return(test_error*test_error)

}



AEDcost <- function(test_dose){

  

  test_result <- avgCBLO(test_dose*1000)

  test_error <- (test_result - ac_50)

  

  print(sprintf("%f  %f",test_dose,test_result))

  

  return(test_error*test_error)

}



# get the dose that reproduces the AC50 in blood concentration or 10% brain AChE inhibition



final_dose <- optim(par = 1.77, PODcost, method = "Brent",lower = 0.1, upper = 10, control = list(reltol = 1e-3))   # POD limits



# finally run the model for this concentration

ModelOutput <- just_run_model(final_dose$par*1000)



final_dose$par

min(ModelOutput$RBCCE)


rm(list = ls()) # Clear workspace



#set the working directory to the location of these scripts

#setwd(dirname(rstudioapi::getActiveDocumentContext()$path))



#Environment####

library(dplyr)

library(tidyr)

library(parallel)

# number of cores availabe on current machine

tot_cores<-detectCores(all.tests = FALSE, logical = TRUE)  

cores<-tot_cores-1 # leave one core for other tasks 



ac_50 <<- -999             # enter the AC50 value here; units = umol/L

Ndays = 123                        # number of days to simulate

target_chem = "parent"            # oxon or parent compound

body_weight = 4.8                 # body weight in kg

subject_age = 0

scenario_number = 1

route = "water"



source("human_pbpk.R") # Loads model and base parameters

source("malathion_human_parameters.R") # male and female specific parameters



# Intial_parameters####

sex = 1						 # 0=male, 1= Female

params<-c(params[!names(params)%in%names(human_parameters[[sex+1]])],

          human_parameters[[sex+1]])



# set case-specific parameters

params[["TSTART"]]<-0.0         # START SIMULATION (HR)

params[["TSTOP"]]=Ndays*24      			# Simulation duration = 2 days

params[["AGE0"]]=subject_age

params[["BWSW"]] = 1   	 				# Switch for age (set =0) or set (set =1) if bwt provided

params[["BWST"]]= body_weight   	 			# kg

params[["FA"]]=1



# returns the average blood concentration of parent compound

# based on the daily dose of "dose" ug/kg/day

avgCBL <- function(dose){

  

  # TIMING COMMANDS ####

  MAXT=0.1       #maximum time step

  times<-seq(params[["TSTART"]],params[["TSTOP"]],by=MAXT)#

  

  # max number of points to write out to file

  POINTS_max<-10000  

  # if the more than 10000 timesteps, select evently spaced 10000 of them for reporting

  report_points<-if(length(times)<=POINTS_max) times else 

    times[seq(1,length(times),by=round(length(times)/POINTS_max))]

  table(report_points%in%times)#check all report values are in times.

  

  

  # Dosing ####

  # once daily oral exposure for food

  if (route=="food"){

    if (Ndays < 100) {

      A <- c(dose)

      B <- c(0)

      C <- c("time","doral")

      

      DORAL <- data.frame(B,A)

      colnames(DORAL) <- C

    } else {

      A <- rep(dose,Ndays+1)

      B <- seq(0,Ndays*24,by=24)

      C <- c("time","doral")

      

      DORAL <- data.frame(B,A)

      colnames(DORAL) <- C

    }

  }

  # dosing for water exposure

  if (route=="water"){

    if (Ndays < 100) {

      # 6x daily for age <= 12

      if (subject_age<=12){

        A <- rep(dose/6.0,6)

        B <- seq(0,20,by=4)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

      # 4x daily for age > 12

      else {

        A <- rep(dose/4.0,4)

        B <- seq(0,18,by=6)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

    } else {

      # 6x daily for age <= 12

      if (subject_age<=12){

        A <- rep(dose/6.0,Ndays*6+1)

        B <- seq(0,Ndays*24,by=4)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

      # 4x daily for age > 12

      else {

        A <- rep(dose/4.0,Ndays*4+1)

        B <- seq(0,Ndays*24,by=6)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

    }

  }

  

  

  All_Dose<-DORAL%>%

    mutate(ODOSE=doral*(params[["BWST"]]/params[["MWPAR"]])

           *params[["FA"]], # DIM dose conversion (ug/kg to umol)

           Level=paste(doral[1],"ug/kg",sep="_"))

  

  #~~~~APPLY MODEL~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~#### 

  # Do parallel for speed

  c1<-makeCluster(min(cores,n_distinct(All_Dose$Level))) # cluster for parallel 

  timestamp()

  modelOutput<-parLapply(c1,split(All_Dose,All_Dose$Level), function (LL,ini_par,t){

    #load data into cores

    source("human_pbpk.R")

    # Create dataframe of "events"that describe the dosing, which informs the

    # ODE function, and needs to have columns "var" = the state_variable that needs

    # to be changed,"time"= when the changes occurs,"value"=the value being changed

    # to,& "method"= how the new value interacts with the previous state variable

    # value. See ?deSolve::lsodes and ?deSolve::events.

    

    # combine or replace "base" parameters with case specific human parameters, 

    # carring out any calcuated paramters which are function of other specific case parameters 

    ini_pars <- initial_params_fun(params=ini_par)

    # STATE####

    # Subject specific UPDATES to the initial value of state variables

    st<-state_fun(st=state,ini_p=ini_pars)

    

    eventDat<-rbind(data.frame(var="ODOSE",time=LL$time,

                               value=LL$ODOSE ,	 

                               method="add",stringsAsFactors = FALSE),  # ("replace", "add", "multiply")

                    data.frame(var="ASTOM",time=LL$time,

                               value=LL$ODOSE ,	 

                               method="add",stringsAsFactors = FALSE))

    

    # DERIVATIVE ####

    # RUN MODEL 

    modelOutput<- ode(y = st, times = t,  #method = "lsodes",

                      func = Human_Model, parms = ini_pars,

                      events = list(data = eventDat[order(eventDat$time),]))

    result <- within(as.data.frame(modelOutput),{Level<-LL$Level[[1]]})

    return(result)

  },ini_par=params,t=times)

  stopCluster(c1)

  timestamp()

  ModelOutput<-do.call(rbind,modelOutput)##make big dataframe for evaluation



  

  return(mean(tail(ModelOutput$CBL,240)))

  

}



# returns the average blood concentration of oxon

# based on the daily dose of "dose" ug/kg/day

avgCBLO <- function(dose){

  

  # TIMING COMMANDS ####

  MAXT=0.1       #maximum time step

  times<-seq(params[["TSTART"]],params[["TSTOP"]],by=MAXT)#

  

  # max number of points to write out to file

  POINTS_max<-10000  

  # if the more than 10000 timesteps, select evently spaced 10000 of them for reporting

  report_points<-if(length(times)<=POINTS_max) times else 

    times[seq(1,length(times),by=round(length(times)/POINTS_max))]

  table(report_points%in%times)#check all report values are in times.

  

  

  # once daily oral exposure for food

  if (route=="food"){

    if (Ndays < 100) {

      A <- c(dose)

      B <- c(0)

      C <- c("time","doral")

      

      DORAL <- data.frame(B,A)

      colnames(DORAL) <- C

    } else {

      A <- rep(dose,Ndays+1)

      B <- seq(0,Ndays*24,by=24)

      C <- c("time","doral")

      

      DORAL <- data.frame(B,A)

      colnames(DORAL) <- C

    }

  }

  # dosing for water exposure

  if (route=="water"){

    if (Ndays < 100) {

      # 6x daily for age <= 12

      if (subject_age<=12){

        A <- rep(dose/6.0,6)

        B <- seq(0,20,by=4)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

      # 4x daily for age > 12

      else {

        A <- rep(dose/4.0,4)

        B <- seq(0,18,by=6)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

    } else {

      # 6x daily for age <= 12

      if (subject_age<=12){

        A <- rep(dose/6.0,Ndays*6+1)

        B <- seq(0,Ndays*24,by=4)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

      # 4x daily for age > 12

      else {

        A <- rep(dose/4.0,Ndays*4+1)

        B <- seq(0,Ndays*24,by=6)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

    }

  }

  

  All_Dose<-DORAL%>%

    mutate(ODOSE=doral*(params[["BWST"]]/params[["MWPAR"]])

           *params[["FA"]], # DIM dose conversion (ug/kg to umol)

           Level=paste(doral[1],"ug/kg",sep="_"))

  

  #~~~~APPLY MODEL~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~#### 

  # Do parallel for speed

  c1<-makeCluster(min(cores,n_distinct(All_Dose$Level))) # cluster for parallel 

  timestamp()

  modelOutput<-parLapply(c1,split(All_Dose,All_Dose$Level), function (LL,ini_par,t){

    #load data into cores

    source("human_pbpk.R")

    # Create dataframe of "events"that describe the dosing, which informs the

    # ODE function, and needs to have columns "var" = the state_variable that needs

    # to be changed,"time"= when the changes occurs,"value"=the value being changed

    # to,& "method"= how the new value interacts with the previous state variable

    # value. See ?deSolve::lsodes and ?deSolve::events.

    

    # combine or replace "base" parameters with case specific human parameters, 

    # carring out any calcuated paramters which are function of other specific case parameters 

    ini_pars <- initial_params_fun(params=ini_par)

    # STATE####

    # Subject specific UPDATES to the initial value of state variables

    st<-state_fun(st=state,ini_p=ini_pars)

    

    eventDat<-rbind(data.frame(var="ODOSE",time=LL$time,

                               value=LL$ODOSE ,	 

                               method="add",stringsAsFactors = FALSE),  # ("replace", "add", "multiply")

                    data.frame(var="ASTOM",time=LL$time,

                               value=LL$ODOSE ,	 

                               method="add",stringsAsFactors = FALSE))

    

    # DERIVATIVE ####

    # RUN MODEL 

    modelOutput<- ode(y = st, times = t,  #method = "lsodes",

                      func = Human_Model, parms = ini_pars,

                      events = list(data = eventDat[order(eventDat$time),]))

    result <- within(as.data.frame(modelOutput),{Level<-LL$Level[[1]]})

    return(result)

  },ini_par=params,t=times)

  stopCluster(c1)

  timestamp()

  ModelOutput<-do.call(rbind,modelOutput)##make big dataframe for evaluation



  #~~~END MODEL ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~####

  

  return(mean(tail(ModelOutput$CBLO,240)))

  

}



minRBCCE <- function(dose){

  

  # TIMING COMMANDS ####

  MAXT=0.1       #maximum time step

  times<-seq(params[["TSTART"]],params[["TSTOP"]],by=MAXT)#

  

  # max number of points to write out to file

  POINTS_max<-10000  

  # if the more than 10000 timesteps, select evently spaced 10000 of them for reporting

  report_points<-if(length(times)<=POINTS_max) times else 

    times[seq(1,length(times),by=round(length(times)/POINTS_max))]

  table(report_points%in%times)#check all report values are in times.

  

  

  # Dosing ####

  

  # once daily oral exposure for food

  if (route=="food"){

    if (Ndays < 100) {

      A <- c(dose)

      B <- c(0)

      C <- c("time","doral")

      

      DORAL <- data.frame(B,A)

      colnames(DORAL) <- C

    } else {

      A <- rep(dose,Ndays+1)

      B <- seq(0,Ndays*24,by=24)

      C <- c("time","doral")

      

      DORAL <- data.frame(B,A)

      colnames(DORAL) <- C

    }

  }

  # dosing for water exposure

  if (route=="water"){

    if (Ndays < 100) {

      # 6x daily for age <= 12

      if (subject_age<=12){

        A <- rep(dose/6.0,6)

        B <- seq(0,20,by=4)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

      # 4x daily for age > 12

      else {

        A <- rep(dose/4.0,4)

        B <- seq(0,18,by=6)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

    } else {

      # 6x daily for age <= 12

      if (subject_age<=12){

        A <- rep(dose/6.0,Ndays*6+1)

        B <- seq(0,Ndays*24,by=4)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

      # 4x daily for age > 12

      else {

        A <- rep(dose/4.0,Ndays*4+1)

        B <- seq(0,Ndays*24,by=6)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

    }

  }

  

  All_Dose<-DORAL%>%

    mutate(ODOSE=doral*(params[["BWST"]]/params[["MWPAR"]])

           *params[["FA"]], # DIM dose conversion (ug/kg to umol)

           Level=paste(doral[1],"ug/kg",sep="_"))

  

  #~~~~APPLY MODEL~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~#### 

  # Do parallel for speed

  c1<-makeCluster(min(cores,n_distinct(All_Dose$Level))) # cluster for parallel 

  timestamp()

  modelOutput<-parLapply(c1,split(All_Dose,All_Dose$Level), function (LL,ini_par,t){

    #load data into cores

    source("human_pbpk.R")

    # Create dataframe of "events"that describe the dosing, which informs the

    # ODE function, and needs to have columns "var" = the state_variable that needs

    # to be changed,"time"= when the changes occurs,"value"=the value being changed

    # to,& "method"= how the new value interacts with the previous state variable

    # value. See ?deSolve::lsodes and ?deSolve::events.

    

    # combine or replace "base" parameters with case specific human parameters, 

    # carring out any calcuated paramters which are function of other specific case parameters 

    ini_pars <- initial_params_fun(params=ini_par)

    # STATE####

    # Subject specific UPDATES to the initial value of state variables

    st<-state_fun(st=state,ini_p=ini_pars)

    

    eventDat<-rbind(data.frame(var="ODOSE",time=LL$time,

                               value=LL$ODOSE ,	 

                               method="add",stringsAsFactors = FALSE),  # ("replace", "add", "multiply")

                    data.frame(var="ASTOM",time=LL$time,

                               value=LL$ODOSE ,	 

                               method="add",stringsAsFactors = FALSE))

    

    # DERIVATIVE ####

    # RUN MODEL 

    modelOutput<- ode(y = st, times = t,  #method = "lsodes",

                      func = Human_Model, parms = ini_pars,

                      events = list(data = eventDat[order(eventDat$time),]))

    result <- within(as.data.frame(modelOutput),{Level<-LL$Level[[1]]})

    return(result)

  },ini_par=params,t=times)

  stopCluster(c1)

  timestamp()

  ModelOutput<-do.call(rbind,modelOutput)##make big dataframe for evaluation

  

  #~~~END MODEL ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~####

  

  return(min(ModelOutput$RBCCE))

  

}



just_run_model <- function(dose){

  

  # TIMING COMMANDS ####

  MAXT=0.1       #maximum time step

  times<-seq(params[["TSTART"]],params[["TSTOP"]],by=MAXT)#

  

  # max number of points to write out to file

  POINTS_max<-10000  

  # if the more than 10000 timesteps, select evently spaced 10000 of them for reporting

  report_points<-if(length(times)<=POINTS_max) times else 

    times[seq(1,length(times),by=round(length(times)/POINTS_max))]

  table(report_points%in%times)#check all report values are in times.

  

  

  # once daily oral exposure for food

  if (route=="food"){

    if (Ndays < 100) {

      A <- c(dose)

      B <- c(0)

      C <- c("time","doral")

      

      DORAL <- data.frame(B,A)

      colnames(DORAL) <- C

    } else {

      A <- rep(dose,Ndays+1)

      B <- seq(0,Ndays*24,by=24)

      C <- c("time","doral")

      

      DORAL <- data.frame(B,A)

      colnames(DORAL) <- C

    }

  }

  # dosing for water exposure

  if (route=="water"){

    if (Ndays < 100) {

      # 6x daily for age <= 12

      if (subject_age<=12){

        A <- rep(dose/6.0,6)

        B <- seq(0,20,by=4)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

      # 4x daily for age > 12

      else {

        A <- rep(dose/4.0,4)

        B <- seq(0,18,by=6)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

    } else {

      # 6x daily for age <= 12

      if (subject_age<=12){

        A <- rep(dose/6.0,Ndays*6+1)

        B <- seq(0,Ndays*24,by=4)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

      # 4x daily for age > 12

      else {

        A <- rep(dose/4.0,Ndays*4+1)

        B <- seq(0,Ndays*24,by=6)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

    }

  }

  

  All_Dose<-DORAL%>%

    mutate(ODOSE=doral*(params[["BWST"]]/params[["MWPAR"]])

           *params[["FA"]], # DIM dose conversion (ug/kg to umol)

           Level=paste(doral[1],"ug/kg",sep="_"))

  

  #~~~~APPLY MODEL~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~#### 

  # Do parallel for speed

  c1<-makeCluster(min(cores,n_distinct(All_Dose$Level))) # cluster for parallel 

  timestamp()

  modelOutput<-parLapply(c1,split(All_Dose,All_Dose$Level), function (LL,ini_par,t){

    #load data into cores

    source("human_pbpk.R")

    # Create dataframe of "events"that describe the dosing, which informs the

    # ODE function, and needs to have columns "var" = the state_variable that needs

    # to be changed,"time"= when the changes occurs,"value"=the value being changed

    # to,& "method"= how the new value interacts with the previous state variable

    # value. See ?deSolve::lsodes and ?deSolve::events.

    

    # combine or replace "base" parameters with case specific human parameters, 

    # carring out any calcuated paramters which are function of other specific case parameters 

    ini_pars <- initial_params_fun(params=ini_par)

    # STATE####

    # Subject specific UPDATES to the initial value of state variables

    st<-state_fun(st=state,ini_p=ini_pars)

    

    eventDat<-rbind(data.frame(var="ODOSE",time=LL$time,

                               value=LL$ODOSE ,	 

                               method="add",stringsAsFactors = FALSE),  # ("replace", "add", "multiply")

                    data.frame(var="ASTOM",time=LL$time,

                               value=LL$ODOSE ,	 

                               method="add",stringsAsFactors = FALSE))

    

    # DERIVATIVE ####

    # RUN MODEL 

    modelOutput<- ode(y = st, times = t,  #method = "lsodes",

                      func = Human_Model, parms = ini_pars,

                      events = list(data = eventDat[order(eventDat$time),]))

    result <- within(as.data.frame(modelOutput),{Level<-LL$Level[[1]]})

    return(result)

  },ini_par=params,t=times)

  stopCluster(c1)

  timestamp()

  ModelOutput<-do.call(rbind,modelOutput)##make big dataframe for evaluation



  #~~~END MODEL ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~####

  

  return(ModelOutput)

  

}



PODcost <- function(test_dose){

  

  test_result <- minRBCCE(test_dose*1000)

  test_error <- (test_result - 90.0)

  

  print(sprintf("%f  %f",test_dose,test_result))

  

  return(test_error*test_error)

}



AEDcost <- function(test_dose){

  

  test_result <- avgCBL(test_dose*1000)

  test_error <- (test_result - ac_50)

  

  print(sprintf("%f  %f",test_dose,test_result))

  

  return(test_error*test_error)

}



# get the dose that reproduces the AC50 in blood concentration or 10% brain AChE inhibition

final_dose <- optim(par = 34.7, PODcost, method = "Brent",lower = 1, upper = 100, control = list(reltol = 1e-3))   # POD limits



# finally run the model for this concentration

ModelOutput <- just_run_model(final_dose$par*1000)



final_dose$par

min(ModelOutput$RBCCE)




rm(list = ls()) # Clear workspace



#set the working directory to the location of these scripts

#setwd(dirname(rstudioapi::getActiveDocumentContext()$path))



#Environment####

library(dplyr)

library(tidyr)

library(parallel)

# number of cores availabe on current machine

tot_cores<-detectCores(all.tests = FALSE, logical = TRUE)  

cores<-tot_cores-1 # leave one core for other tasks 



ac_50 <<- -999             # enter the AC50 value here; units = umol/L

Ndays = 123                        # number of days to simulate

target_chem = "oxon"            # oxon or parent compound

body_weight = 12.6                 # body weight in kg

subject_age = 1

route = "water"



source("human_pbpk.R") # Loads model and base parameters

source("malathion_human_parameters.R") # male and female specific parameters



# Intial_parameters####

sex = 1						 # 0=male, 1= Female

params<-c(params[!names(params)%in%names(human_parameters[[sex+1]])],

          human_parameters[[sex+1]])



# set case-specific parameters

params[["TSTART"]]<-0.0         # START SIMULATION (HR)

params[["TSTOP"]]=Ndays*24      			# Simulation duration = 2 days

params[["AGE0"]]=subject_age

params[["BWSW"]] = 1   	 				# Switch for age (set =0) or set (set =1) if bwt provided

params[["BWST"]]= body_weight   	 			# kg

params[["FA"]]=1



# returns the average blood concentration of oxon

# based on the daily dose of "dose" ug/kg/day

avgCBLO <- function(dose){

  

  # TIMING COMMANDS ####

  MAXT=0.1       #maximum time step

  times<-seq(params[["TSTART"]],params[["TSTOP"]],by=MAXT)#

  

  # max number of points to write out to file

  POINTS_max<-10000  

  # if the more than 10000 timesteps, select evently spaced 10000 of them for reporting

  report_points<-if(length(times)<=POINTS_max) times else 

    times[seq(1,length(times),by=round(length(times)/POINTS_max))]

  table(report_points%in%times)#check all report values are in times.

  

  

  # Dosing ####

  # once daily oral exposure for food

  if (route=="food"){

    if (Ndays < 100) {

      A <- c(dose)

      B <- c(0)

      C <- c("time","doral")

      

      DORAL <- data.frame(B,A)

      colnames(DORAL) <- C

    } else {

      A <- rep(dose,Ndays+1)

      B <- seq(0,Ndays*24,by=24)

      C <- c("time","doral")

      

      DORAL <- data.frame(B,A)

      colnames(DORAL) <- C

    }

  }

  # dosing for water exposure

  if (route=="water"){

    if (Ndays < 100) {

      # 6x daily for age <= 12

      if (subject_age<=12){

        A <- rep(dose/6.0,6)

        B <- seq(0,20,by=4)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

      # 4x daily for age > 12

      else {

        A <- rep(dose/4.0,4)

        B <- seq(0,18,by=6)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

    } else {

      # 6x daily for age <= 12

      if (subject_age<=12){

        A <- rep(dose/6.0,Ndays*6+1)

        B <- seq(0,Ndays*24,by=4)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

      # 4x daily for age > 12

      else {

        A <- rep(dose/4.0,Ndays*4+1)

        B <- seq(0,Ndays*24,by=6)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

    }

  }

  

  All_Dose<-DORAL%>%

    mutate(ODOSEOXON=doral*(params[["BWST"]]/params[["MWOXON"]])

           *params[["FA"]], # DIM dose conversion (ug/kg to umol)

           Level=paste(doral[1],"ug/kg",sep="_"))

  

  #~~~~APPLY MODEL~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~#### 

  # Do parallel for speed

  c1<-makeCluster(min(cores,n_distinct(All_Dose$Level))) # cluster for parallel 

  timestamp()

  modelOutput<-parLapply(c1,split(All_Dose,All_Dose$Level), function (LL,ini_par,t){

    #load data into cores

    source("human_pbpk.R")

    # Create dataframe of "events"that describe the dosing, which informs the

    # ODE function, and needs to have columns "var" = the state_variable that needs

    # to be changed,"time"= when the changes occurs,"value"=the value being changed

    # to,& "method"= how the new value interacts with the previous state variable

    # value. See ?deSolve::lsodes and ?deSolve::events.

    

    # combine or replace "base" parameters with case specific human parameters, 

    # carring out any calcuated paramters which are function of other specific case parameters 

    ini_pars <- initial_params_fun(params=ini_par)

    # STATE####

    # Subject specific UPDATES to the initial value of state variables

    st<-state_fun(st=state,ini_p=ini_pars)

    

    eventDat<-rbind(data.frame(var="ODOSEOXON",time=LL$time,

                               value=LL$ODOSEOXON ,	 

                               method="add",stringsAsFactors = FALSE),  # ("replace", "add", "multiply")

                    data.frame(var="ASTOMO",time=LL$time,

                               value=LL$ODOSEOXON ,	 

                               method="add",stringsAsFactors = FALSE))

    

    # DERIVATIVE ####

    # RUN MODEL 

    modelOutput<- ode(y = st, times = t,  #method = "lsodes",

                      func = Human_Model, parms = ini_pars,

                      events = list(data = eventDat[order(eventDat$time),]))

    result <- within(as.data.frame(modelOutput),{Level<-LL$Level[[1]]})

    return(result)

  },ini_par=params,t=times)

  stopCluster(c1)

  timestamp()

  ModelOutput<-do.call(rbind,modelOutput)##make big dataframe for evaluation



  #~~~END MODEL ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~####

  

  return(mean(tail(ModelOutput$CBLO,240)))

  

}



minRBCCEO <- function(dose){

  

  # TIMING COMMANDS ####

  MAXT=0.1       #maximum time step

  times<-seq(params[["TSTART"]],params[["TSTOP"]],by=MAXT)#

  

  # max number of points to write out to file

  POINTS_max<-10000  

  # if the more than 10000 timesteps, select evently spaced 10000 of them for reporting

  report_points<-if(length(times)<=POINTS_max) times else 

    times[seq(1,length(times),by=round(length(times)/POINTS_max))]

  table(report_points%in%times)#check all report values are in times.

  

  

  # Dosing ####

  # once daily oral exposure for food

  if (route=="food"){

    if (Ndays < 100) {

      A <- c(dose)

      B <- c(0)

      C <- c("time","doral")

      

      DORAL <- data.frame(B,A)

      colnames(DORAL) <- C

    } else {

      A <- rep(dose,Ndays+1)

      B <- seq(0,Ndays*24,by=24)

      C <- c("time","doral")

      

      DORAL <- data.frame(B,A)

      colnames(DORAL) <- C

    }

  }

  # dosing for water exposure

  if (route=="water"){

    if (Ndays < 100) {

      # 6x daily for age <= 12

      if (subject_age<=12){

        A <- rep(dose/6.0,6)

        B <- seq(0,20,by=4)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

      # 4x daily for age > 12

      else {

        A <- rep(dose/4.0,4)

        B <- seq(0,18,by=6)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

    } else {

      # 6x daily for age <= 12

      if (subject_age<=12){

        A <- rep(dose/6.0,Ndays*6+1)

        B <- seq(0,Ndays*24,by=4)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

      # 4x daily for age > 12

      else {

        A <- rep(dose/4.0,Ndays*4+1)

        B <- seq(0,Ndays*24,by=6)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

    }

  }

  

  All_Dose<-DORAL%>%

    mutate(ODOSEOXON=doral*(params[["BWST"]]/params[["MWOXON"]])

           *params[["FA"]], # DIM dose conversion (ug/kg to umol)

           Level=paste(doral[1],"ug/kg",sep="_"))

  

  #~~~~APPLY MODEL~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~#### 

  # Do parallel for speed

  c1<-makeCluster(min(cores,n_distinct(All_Dose$Level))) # cluster for parallel 

  timestamp()

  modelOutput<-parLapply(c1,split(All_Dose,All_Dose$Level), function (LL,ini_par,t){

    #load data into cores

    source("human_pbpk.R")

    # Create dataframe of "events"that describe the dosing, which informs the

    # ODE function, and needs to have columns "var" = the state_variable that needs

    # to be changed,"time"= when the changes occurs,"value"=the value being changed

    # to,& "method"= how the new value interacts with the previous state variable

    # value. See ?deSolve::lsodes and ?deSolve::events.

    

    # combine or replace "base" parameters with case specific human parameters, 

    # carring out any calcuated paramters which are function of other specific case parameters 

    ini_pars <- initial_params_fun(params=ini_par)

    # STATE####

    # Subject specific UPDATES to the initial value of state variables

    st<-state_fun(st=state,ini_p=ini_pars)

    

    eventDat<-rbind(data.frame(var="ODOSEOXON",time=LL$time,

                               value=LL$ODOSEOXON ,	 

                               method="add",stringsAsFactors = FALSE),  # ("replace", "add", "multiply")

                    data.frame(var="ASTOMO",time=LL$time,

                               value=LL$ODOSEOXON ,	 

                               method="add",stringsAsFactors = FALSE))

    

    # DERIVATIVE ####

    # RUN MODEL 

    modelOutput<- ode(y = st, times = t,  #method = "lsodes",

                      func = Human_Model, parms = ini_pars,

                      events = list(data = eventDat[order(eventDat$time),]))

    result <- within(as.data.frame(modelOutput),{Level<-LL$Level[[1]]})

    return(result)

  },ini_par=params,t=times)

  stopCluster(c1)

  timestamp()

  ModelOutput<-do.call(rbind,modelOutput)##make big dataframe for evaluation

  

  #~~~END MODEL ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~####

  

  return(min(ModelOutput$RBCCE))

  

}



just_run_model <- function(dose){

  

  # TIMING COMMANDS ####

  MAXT=0.1       #maximum time step

  times<-seq(params[["TSTART"]],params[["TSTOP"]],by=MAXT)#

  

  # max number of points to write out to file

  POINTS_max<-10000  

  # if the more than 10000 timesteps, select evently spaced 10000 of them for reporting

  report_points<-if(length(times)<=POINTS_max) times else 

    times[seq(1,length(times),by=round(length(times)/POINTS_max))]

  table(report_points%in%times)#check all report values are in times.

  

  

  # Dosing ####

  # once daily oral exposure for food

  if (route=="food"){

    if (Ndays < 100) {

      A <- c(dose)

      B <- c(0)

      C <- c("time","doral")

      

      DORAL <- data.frame(B,A)

      colnames(DORAL) <- C

    } else {

      A <- rep(dose,Ndays+1)

      B <- seq(0,Ndays*24,by=24)

      C <- c("time","doral")

      

      DORAL <- data.frame(B,A)

      colnames(DORAL) <- C

    }

  }

  # dosing for water exposure

  if (route=="water"){

    if (Ndays < 100) {

      # 6x daily for age <= 12

      if (subject_age<=12){

        A <- rep(dose/6.0,6)

        B <- seq(0,20,by=4)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

      # 4x daily for age > 12

      else {

        A <- rep(dose/4.0,4)

        B <- seq(0,18,by=6)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

    } else {

      # 6x daily for age <= 12

      if (subject_age<=12){

        A <- rep(dose/6.0,Ndays*6+1)

        B <- seq(0,Ndays*24,by=4)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

      # 4x daily for age > 12

      else {

        A <- rep(dose/4.0,Ndays*4+1)

        B <- seq(0,Ndays*24,by=6)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

    }

  }

  

  All_Dose<-DORAL%>%

    mutate(ODOSEOXON=doral*(params[["BWST"]]/params[["MWOXON"]])

           *params[["FA"]], # DIM dose conversion (ug/kg to umol)

           Level=paste(doral[1],"ug/kg",sep="_"))

  

  #~~~~APPLY MODEL~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~#### 

  # Do parallel for speed

  c1<-makeCluster(min(cores,n_distinct(All_Dose$Level))) # cluster for parallel 

  timestamp()

  modelOutput<-parLapply(c1,split(All_Dose,All_Dose$Level), function (LL,ini_par,t){

    #load data into cores

    source("human_pbpk.R")

    # Create dataframe of "events"that describe the dosing, which informs the

    # ODE function, and needs to have columns "var" = the state_variable that needs

    # to be changed,"time"= when the changes occurs,"value"=the value being changed

    # to,& "method"= how the new value interacts with the previous state variable

    # value. See ?deSolve::lsodes and ?deSolve::events.

    

    # combine or replace "base" parameters with case specific human parameters, 

    # carring out any calcuated paramters which are function of other specific case parameters 

    ini_pars <- initial_params_fun(params=ini_par)

    # STATE####

    # Subject specific UPDATES to the initial value of state variables

    st<-state_fun(st=state,ini_p=ini_pars)

    

    eventDat<-rbind(data.frame(var="ODOSEOXON",time=LL$time,

                               value=LL$ODOSEOXON ,	 

                               method="add",stringsAsFactors = FALSE),  # ("replace", "add", "multiply")

                    data.frame(var="ASTOMO",time=LL$time,

                               value=LL$ODOSEOXON ,	 

                               method="add",stringsAsFactors = FALSE))

    

    # DERIVATIVE ####

    # RUN MODEL 

    modelOutput<- ode(y = st, times = t,  #method = "lsodes",

                      func = Human_Model, parms = ini_pars,

                      events = list(data = eventDat[order(eventDat$time),]))

    result <- within(as.data.frame(modelOutput),{Level<-LL$Level[[1]]})

    return(result)

  },ini_par=params,t=times)

  stopCluster(c1)

  timestamp()

  ModelOutput<-do.call(rbind,modelOutput)##make big dataframe for evaluation



  #~~~END MODEL ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~####

  

  return(ModelOutput)

  

}



PODcost <- function(test_dose){

  

  test_result <- minRBCCEO(test_dose*1000)

  test_error <- (test_result - 90.0)

  

  print(sprintf("%f  %f",test_dose,test_result))

  

  return(test_error*test_error)

}



AEDcost <- function(test_dose){

  

  test_result <- avgCBLO(test_dose*1000)

  test_error <- (test_result - ac_50)

  

  print(sprintf("%f  %f",test_dose,test_result))

  

  return(test_error*test_error)

}



# get the dose that reproduces the AC50 in blood concentration or 10% brain AChE inhibition



final_dose <- optim(par = 1.68, PODcost, method = "Brent",lower = 0.1, upper = 10, control = list(reltol = 1e-3))   # POD limits



# finally run the model for this concentration

ModelOutput <- just_run_model(final_dose$par*1000)



final_dose$par

min(ModelOutput$RBCCE)




rm(list = ls()) # Clear workspace



#set the working directory to the location of these scripts

#setwd(dirname(rstudioapi::getActiveDocumentContext()$path))



#Environment####

library(dplyr)

library(tidyr)

library(parallel)

# number of cores availabe on current machine

tot_cores<-detectCores(all.tests = FALSE, logical = TRUE)  

cores<-tot_cores-1 # leave one core for other tasks 



ac_50 <<- -999            # enter the AC50 value here; units = umol/L

Ndays = 123                        # number of days to simulate

target_chem = "parent"            # oxon or parent compound

body_weight = 12.6                 # body weight in kg

subject_age = 1

route = "water"



source("human_pbpk.R") # Loads model and base parameters

source("malathion_human_parameters.R") # male and female specific parameters



# Intial_parameters####

sex = 1						 # 0=male, 1= Female

params<-c(params[!names(params)%in%names(human_parameters[[sex+1]])],

          human_parameters[[sex+1]])



# set case-specific parameters

params[["TSTART"]]<-0.0         # START SIMULATION (HR)

params[["TSTOP"]]=Ndays*24      			# Simulation duration = 2 days

params[["AGE0"]]=subject_age

params[["BWSW"]] = 1   	 				# Switch for age (set =0) or set (set =1) if bwt provided

params[["BWST"]]= body_weight   	 			# kg

params[["FA"]]=1



# returns the average blood concentration of parent compound

# based on the daily dose of "dose" ug/kg/day

avgCBL <- function(dose){

  

  # TIMING COMMANDS ####

  MAXT=0.1       #maximum time step

  times<-seq(params[["TSTART"]],params[["TSTOP"]],by=MAXT)#

  

  # max number of points to write out to file

  POINTS_max<-10000  

  # if the more than 10000 timesteps, select evently spaced 10000 of them for reporting

  report_points<-if(length(times)<=POINTS_max) times else 

    times[seq(1,length(times),by=round(length(times)/POINTS_max))]

  table(report_points%in%times)#check all report values are in times.

  

  

  # Dosing ####

  # once daily oral exposure for food

  if (route=="food"){

    if (Ndays < 100) {

      A <- c(dose)

      B <- c(0)

      C <- c("time","doral")

      

      DORAL <- data.frame(B,A)

      colnames(DORAL) <- C

    } else {

      A <- rep(dose,Ndays+1)

      B <- seq(0,Ndays*24,by=24)

      C <- c("time","doral")

      

      DORAL <- data.frame(B,A)

      colnames(DORAL) <- C

    }

  }

  # dosing for water exposure

  if (route=="water"){

    if (Ndays < 100) {

      # 6x daily for age <= 12

      if (subject_age<=12){

        A <- rep(dose/6.0,6)

        B <- seq(0,20,by=4)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

      # 4x daily for age > 12

      else {

        A <- rep(dose/4.0,4)

        B <- seq(0,18,by=6)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

    } else {

      # 6x daily for age <= 12

      if (subject_age<=12){

        A <- rep(dose/6.0,Ndays*6+1)

        B <- seq(0,Ndays*24,by=4)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

      # 4x daily for age > 12

      else {

        A <- rep(dose/4.0,Ndays*4+1)

        B <- seq(0,Ndays*24,by=6)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

    }

  }

  

  

  All_Dose<-DORAL%>%

    mutate(ODOSE=doral*(params[["BWST"]]/params[["MWPAR"]])

           *params[["FA"]], # DIM dose conversion (ug/kg to umol)

           Level=paste(doral[1],"ug/kg",sep="_"))

  

  #~~~~APPLY MODEL~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~#### 

  # Do parallel for speed

  c1<-makeCluster(min(cores,n_distinct(All_Dose$Level))) # cluster for parallel 

  timestamp()

  modelOutput<-parLapply(c1,split(All_Dose,All_Dose$Level), function (LL,ini_par,t){

    #load data into cores

    source("human_pbpk.R")

    # Create dataframe of "events"that describe the dosing, which informs the

    # ODE function, and needs to have columns "var" = the state_variable that needs

    # to be changed,"time"= when the changes occurs,"value"=the value being changed

    # to,& "method"= how the new value interacts with the previous state variable

    # value. See ?deSolve::lsodes and ?deSolve::events.

    

    # combine or replace "base" parameters with case specific human parameters, 

    # carring out any calcuated paramters which are function of other specific case parameters 

    ini_pars <- initial_params_fun(params=ini_par)

    # STATE####

    # Subject specific UPDATES to the initial value of state variables

    st<-state_fun(st=state,ini_p=ini_pars)

    

    eventDat<-rbind(data.frame(var="ODOSE",time=LL$time,

                               value=LL$ODOSE ,	 

                               method="add",stringsAsFactors = FALSE),  # ("replace", "add", "multiply")

                    data.frame(var="ASTOM",time=LL$time,

                               value=LL$ODOSE ,	 

                               method="add",stringsAsFactors = FALSE))

    

    # DERIVATIVE ####

    # RUN MODEL 

    modelOutput<- ode(y = st, times = t,  #method = "lsodes",

                      func = Human_Model, parms = ini_pars,

                      events = list(data = eventDat[order(eventDat$time),]))

    result <- within(as.data.frame(modelOutput),{Level<-LL$Level[[1]]})

    return(result)

  },ini_par=params,t=times)

  stopCluster(c1)

  timestamp()

  ModelOutput<-do.call(rbind,modelOutput)##make big dataframe for evaluation



  

  return(mean(tail(ModelOutput$CBL,240)))

  

}



# returns the average blood concentration of oxon

# based on the daily dose of "dose" ug/kg/day

avgCBLO <- function(dose){

  

  # TIMING COMMANDS ####

  MAXT=0.1       #maximum time step

  times<-seq(params[["TSTART"]],params[["TSTOP"]],by=MAXT)#

  

  # max number of points to write out to file

  POINTS_max<-10000  

  # if the more than 10000 timesteps, select evently spaced 10000 of them for reporting

  report_points<-if(length(times)<=POINTS_max) times else 

    times[seq(1,length(times),by=round(length(times)/POINTS_max))]

  table(report_points%in%times)#check all report values are in times.

  

  

  # once daily oral exposure for food

  if (route=="food"){

    if (Ndays < 100) {

      A <- c(dose)

      B <- c(0)

      C <- c("time","doral")

      

      DORAL <- data.frame(B,A)

      colnames(DORAL) <- C

    } else {

      A <- rep(dose,Ndays+1)

      B <- seq(0,Ndays*24,by=24)

      C <- c("time","doral")

      

      DORAL <- data.frame(B,A)

      colnames(DORAL) <- C

    }

  }

  # dosing for water exposure

  if (route=="water"){

    if (Ndays < 100) {

      # 6x daily for age <= 12

      if (subject_age<=12){

        A <- rep(dose/6.0,6)

        B <- seq(0,20,by=4)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

      # 4x daily for age > 12

      else {

        A <- rep(dose/4.0,4)

        B <- seq(0,18,by=6)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

    } else {

      # 6x daily for age <= 12

      if (subject_age<=12){

        A <- rep(dose/6.0,Ndays*6+1)

        B <- seq(0,Ndays*24,by=4)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

      # 4x daily for age > 12

      else {

        A <- rep(dose/4.0,Ndays*4+1)

        B <- seq(0,Ndays*24,by=6)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

    }

  }

  

  All_Dose<-DORAL%>%

    mutate(ODOSE=doral*(params[["BWST"]]/params[["MWPAR"]])

           *params[["FA"]], # DIM dose conversion (ug/kg to umol)

           Level=paste(doral[1],"ug/kg",sep="_"))

  

  #~~~~APPLY MODEL~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~#### 

  # Do parallel for speed

  c1<-makeCluster(min(cores,n_distinct(All_Dose$Level))) # cluster for parallel 

  timestamp()

  modelOutput<-parLapply(c1,split(All_Dose,All_Dose$Level), function (LL,ini_par,t){

    #load data into cores

    source("human_pbpk.R")

    # Create dataframe of "events"that describe the dosing, which informs the

    # ODE function, and needs to have columns "var" = the state_variable that needs

    # to be changed,"time"= when the changes occurs,"value"=the value being changed

    # to,& "method"= how the new value interacts with the previous state variable

    # value. See ?deSolve::lsodes and ?deSolve::events.

    

    # combine or replace "base" parameters with case specific human parameters, 

    # carring out any calcuated paramters which are function of other specific case parameters 

    ini_pars <- initial_params_fun(params=ini_par)

    # STATE####

    # Subject specific UPDATES to the initial value of state variables

    st<-state_fun(st=state,ini_p=ini_pars)

    

    eventDat<-rbind(data.frame(var="ODOSE",time=LL$time,

                               value=LL$ODOSE ,	 

                               method="add",stringsAsFactors = FALSE),  # ("replace", "add", "multiply")

                    data.frame(var="ASTOM",time=LL$time,

                               value=LL$ODOSE ,	 

                               method="add",stringsAsFactors = FALSE))

    

    # DERIVATIVE ####

    # RUN MODEL 

    modelOutput<- ode(y = st, times = t,  #method = "lsodes",

                      func = Human_Model, parms = ini_pars,

                      events = list(data = eventDat[order(eventDat$time),]))

    result <- within(as.data.frame(modelOutput),{Level<-LL$Level[[1]]})

    return(result)

  },ini_par=params,t=times)

  stopCluster(c1)

  timestamp()

  ModelOutput<-do.call(rbind,modelOutput)##make big dataframe for evaluation



  #~~~END MODEL ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~####

  

  return(mean(tail(ModelOutput$CBLO,240)))

  

}



minRBCCE <- function(dose){

  

  # TIMING COMMANDS ####

  MAXT=0.1       #maximum time step

  times<-seq(params[["TSTART"]],params[["TSTOP"]],by=MAXT)#

  

  # max number of points to write out to file

  POINTS_max<-10000  

  # if the more than 10000 timesteps, select evently spaced 10000 of them for reporting

  report_points<-if(length(times)<=POINTS_max) times else 

    times[seq(1,length(times),by=round(length(times)/POINTS_max))]

  table(report_points%in%times)#check all report values are in times.

  

  

  # Dosing ####

  # once daily oral exposure for food

  if (route=="food"){

    if (Ndays < 100) {

      A <- c(dose)

      B <- c(0)

      C <- c("time","doral")

      

      DORAL <- data.frame(B,A)

      colnames(DORAL) <- C

    } else {

      A <- rep(dose,Ndays+1)

      B <- seq(0,Ndays*24,by=24)

      C <- c("time","doral")

      

      DORAL <- data.frame(B,A)

      colnames(DORAL) <- C

    }

  }

  # dosing for water exposure

  if (route=="water"){

    if (Ndays < 100) {

      # 6x daily for age <= 12

      if (subject_age<=12){

        A <- rep(dose/6.0,6)

        B <- seq(0,20,by=4)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

      # 4x daily for age > 12

      else {

        A <- rep(dose/4.0,4)

        B <- seq(0,18,by=6)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

    } else {

      # 6x daily for age <= 12

      if (subject_age<=12){

        A <- rep(dose/6.0,Ndays*6+1)

        B <- seq(0,Ndays*24,by=4)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

      # 4x daily for age > 12

      else {

        A <- rep(dose/4.0,Ndays*4+1)

        B <- seq(0,Ndays*24,by=6)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

    }

  }

  

  All_Dose<-DORAL%>%

    mutate(ODOSE=doral*(params[["BWST"]]/params[["MWPAR"]])

           *params[["FA"]], # DIM dose conversion (ug/kg to umol)

           Level=paste(doral[1],"ug/kg",sep="_"))

  

  #~~~~APPLY MODEL~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~#### 

  # Do parallel for speed

  c1<-makeCluster(min(cores,n_distinct(All_Dose$Level))) # cluster for parallel 

  timestamp()

  modelOutput<-parLapply(c1,split(All_Dose,All_Dose$Level), function (LL,ini_par,t){

    #load data into cores

    source("human_pbpk.R")

    # Create dataframe of "events"that describe the dosing, which informs the

    # ODE function, and needs to have columns "var" = the state_variable that needs

    # to be changed,"time"= when the changes occurs,"value"=the value being changed

    # to,& "method"= how the new value interacts with the previous state variable

    # value. See ?deSolve::lsodes and ?deSolve::events.

    

    # combine or replace "base" parameters with case specific human parameters, 

    # carring out any calcuated paramters which are function of other specific case parameters 

    ini_pars <- initial_params_fun(params=ini_par)

    # STATE####

    # Subject specific UPDATES to the initial value of state variables

    st<-state_fun(st=state,ini_p=ini_pars)

    

    eventDat<-rbind(data.frame(var="ODOSE",time=LL$time,

                               value=LL$ODOSE ,	 

                               method="add",stringsAsFactors = FALSE),  # ("replace", "add", "multiply")

                    data.frame(var="ASTOM",time=LL$time,

                               value=LL$ODOSE ,	 

                               method="add",stringsAsFactors = FALSE))

    

    # DERIVATIVE ####

    # RUN MODEL 

    modelOutput<- ode(y = st, times = t,  #method = "lsodes",

                      func = Human_Model, parms = ini_pars,

                      events = list(data = eventDat[order(eventDat$time),]))

    result <- within(as.data.frame(modelOutput),{Level<-LL$Level[[1]]})

    return(result)

  },ini_par=params,t=times)

  stopCluster(c1)

  timestamp()

  ModelOutput<-do.call(rbind,modelOutput)##make big dataframe for evaluation

  

  #~~~END MODEL ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~####

  

  return(min(ModelOutput$RBCCE))

  

}



just_run_model <- function(dose){

  

  # TIMING COMMANDS ####

  MAXT=0.1       #maximum time step

  times<-seq(params[["TSTART"]],params[["TSTOP"]],by=MAXT)#

  

  # max number of points to write out to file

  POINTS_max<-10000  

  # if the more than 10000 timesteps, select evently spaced 10000 of them for reporting

  report_points<-if(length(times)<=POINTS_max) times else 

    times[seq(1,length(times),by=round(length(times)/POINTS_max))]

  table(report_points%in%times)#check all report values are in times.

  

  

  # once daily oral exposure for food

  if (route=="food"){

    if (Ndays < 100) {

      A <- c(dose)

      B <- c(0)

      C <- c("time","doral")

      

      DORAL <- data.frame(B,A)

      colnames(DORAL) <- C

    } else {

      A <- rep(dose,Ndays+1)

      B <- seq(0,Ndays*24,by=24)

      C <- c("time","doral")

      

      DORAL <- data.frame(B,A)

      colnames(DORAL) <- C

    }

  }

  # dosing for water exposure

  if (route=="water"){

    if (Ndays < 100) {

      # 6x daily for age <= 12

      if (subject_age<=12){

        A <- rep(dose/6.0,6)

        B <- seq(0,20,by=4)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

      # 4x daily for age > 12

      else {

        A <- rep(dose/4.0,4)

        B <- seq(0,18,by=6)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

    } else {

      # 6x daily for age <= 12

      if (subject_age<=12){

        A <- rep(dose/6.0,Ndays*6+1)

        B <- seq(0,Ndays*24,by=4)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

      # 4x daily for age > 12

      else {

        A <- rep(dose/4.0,Ndays*4+1)

        B <- seq(0,Ndays*24,by=6)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

    }

  }

  

  All_Dose<-DORAL%>%

    mutate(ODOSE=doral*(params[["BWST"]]/params[["MWPAR"]])

           *params[["FA"]], # DIM dose conversion (ug/kg to umol)

           Level=paste(doral[1],"ug/kg",sep="_"))

  

  #~~~~APPLY MODEL~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~#### 

  # Do parallel for speed

  c1<-makeCluster(min(cores,n_distinct(All_Dose$Level))) # cluster for parallel 

  timestamp()

  modelOutput<-parLapply(c1,split(All_Dose,All_Dose$Level), function (LL,ini_par,t){

    #load data into cores

    source("human_pbpk.R")

    # Create dataframe of "events"that describe the dosing, which informs the

    # ODE function, and needs to have columns "var" = the state_variable that needs

    # to be changed,"time"= when the changes occurs,"value"=the value being changed

    # to,& "method"= how the new value interacts with the previous state variable

    # value. See ?deSolve::lsodes and ?deSolve::events.

    

    # combine or replace "base" parameters with case specific human parameters, 

    # carring out any calcuated paramters which are function of other specific case parameters 

    ini_pars <- initial_params_fun(params=ini_par)

    # STATE####

    # Subject specific UPDATES to the initial value of state variables

    st<-state_fun(st=state,ini_p=ini_pars)

    

    eventDat<-rbind(data.frame(var="ODOSE",time=LL$time,

                               value=LL$ODOSE ,	 

                               method="add",stringsAsFactors = FALSE),  # ("replace", "add", "multiply")

                    data.frame(var="ASTOM",time=LL$time,

                               value=LL$ODOSE ,	 

                               method="add",stringsAsFactors = FALSE))

    

    # DERIVATIVE ####

    # RUN MODEL 

    modelOutput<- ode(y = st, times = t,  #method = "lsodes",

                      func = Human_Model, parms = ini_pars,

                      events = list(data = eventDat[order(eventDat$time),]))

    result <- within(as.data.frame(modelOutput),{Level<-LL$Level[[1]]})

    return(result)

  },ini_par=params,t=times)

  stopCluster(c1)

  timestamp()

  ModelOutput<-do.call(rbind,modelOutput)##make big dataframe for evaluation

  

  #~~~END MODEL ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~####

  

  return(ModelOutput)

  

}



PODcost <- function(test_dose){

  

  test_result <- minRBCCE(test_dose*1000)

  test_error <- (test_result - 90.0)

  

  print(sprintf("%f  %f",test_dose,test_result))

  

  return(test_error*test_error)

}



AEDcost <- function(test_dose){

  

  test_result <- avgCBL(test_dose*1000)

  test_error <- (test_result - ac_50)

  

  print(sprintf("%f  %f",test_dose,test_result))

  

  return(test_error*test_error)

}



# get the dose that reproduces the AC50 in blood concentration or 10% brain AChE inhibition



final_dose <- optim(par = 32.1, PODcost, method = "Brent",lower = 1, upper = 100, control = list(reltol = 1e-3))   # POD limits



# finally run the model for this concentration

ModelOutput <- just_run_model(final_dose$par*1000)

final_dose$par

min(ModelOutput$RBCCE)




rm(list = ls()) # Clear workspace



#set the working directory to the location of these scripts

#setwd(dirname(rstudioapi::getActiveDocumentContext()$path))



#Environment####

library(dplyr)

library(tidyr)

library(parallel)

# number of cores availabe on current machine

tot_cores<-detectCores(all.tests = FALSE, logical = TRUE)  

cores<-tot_cores-1 # leave one core for other tasks 



ac_50 <<- -999             # enter the AC50 value here; units = umol/L

Ndays = 123                        # number of days to simulate

target_chem = "oxon"            # oxon or parent compound

body_weight = 18.7                 # body weight in kg

subject_age = 3

route = "water"



source("human_pbpk.R") # Loads model and base parameters

source("malathion_human_parameters.R") # male and female specific parameters



# Intial_parameters####

sex = 1						 # 0=male, 1= Female

params<-c(params[!names(params)%in%names(human_parameters[[sex+1]])],

          human_parameters[[sex+1]])



# set case-specific parameters

params[["TSTART"]]<-0.0         # START SIMULATION (HR)

params[["TSTOP"]]=Ndays*24      			# Simulation duration = 2 days

params[["AGE0"]]=subject_age

params[["BWSW"]] = 1   	 				# Switch for age (set =0) or set (set =1) if bwt provided

params[["BWST"]]= body_weight   	 			# kg

params[["FA"]]=1



# returns the average blood concentration of oxon

# based on the daily dose of "dose" ug/kg/day

avgCBLO <- function(dose){

  

  # TIMING COMMANDS ####

  MAXT=0.1       #maximum time step

  times<-seq(params[["TSTART"]],params[["TSTOP"]],by=MAXT)#

  

  # max number of points to write out to file

  POINTS_max<-10000  

  # if the more than 10000 timesteps, select evently spaced 10000 of them for reporting

  report_points<-if(length(times)<=POINTS_max) times else 

    times[seq(1,length(times),by=round(length(times)/POINTS_max))]

  table(report_points%in%times)#check all report values are in times.

  

  

  # Dosing ####

  # once daily oral exposure for food

  if (route=="food"){

    if (Ndays < 100) {

      A <- c(dose)

      B <- c(0)

      C <- c("time","doral")

      

      DORAL <- data.frame(B,A)

      colnames(DORAL) <- C

    } else {

      A <- rep(dose,Ndays+1)

      B <- seq(0,Ndays*24,by=24)

      C <- c("time","doral")

      

      DORAL <- data.frame(B,A)

      colnames(DORAL) <- C

    }

  }

  # dosing for water exposure

  if (route=="water"){

    if (Ndays < 100) {

      # 6x daily for age <= 12

      if (subject_age<=12){

        A <- rep(dose/6.0,6)

        B <- seq(0,20,by=4)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

      # 4x daily for age > 12

      else {

        A <- rep(dose/4.0,4)

        B <- seq(0,18,by=6)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

    } else {

      # 6x daily for age <= 12

      if (subject_age<=12){

        A <- rep(dose/6.0,Ndays*6+1)

        B <- seq(0,Ndays*24,by=4)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

      # 4x daily for age > 12

      else {

        A <- rep(dose/4.0,Ndays*4+1)

        B <- seq(0,Ndays*24,by=6)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

    }

  }

  

  All_Dose<-DORAL%>%

    mutate(ODOSEOXON=doral*(params[["BWST"]]/params[["MWOXON"]])

           *params[["FA"]], # DIM dose conversion (ug/kg to umol)

           Level=paste(doral[1],"ug/kg",sep="_"))

  

  #~~~~APPLY MODEL~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~#### 

  # Do parallel for speed

  c1<-makeCluster(min(cores,n_distinct(All_Dose$Level))) # cluster for parallel 

  timestamp()

  modelOutput<-parLapply(c1,split(All_Dose,All_Dose$Level), function (LL,ini_par,t){

    #load data into cores

    source("human_pbpk.R")

    # Create dataframe of "events"that describe the dosing, which informs the

    # ODE function, and needs to have columns "var" = the state_variable that needs

    # to be changed,"time"= when the changes occurs,"value"=the value being changed

    # to,& "method"= how the new value interacts with the previous state variable

    # value. See ?deSolve::lsodes and ?deSolve::events.

    

    # combine or replace "base" parameters with case specific human parameters, 

    # carring out any calcuated paramters which are function of other specific case parameters 

    ini_pars <- initial_params_fun(params=ini_par)

    # STATE####

    # Subject specific UPDATES to the initial value of state variables

    st<-state_fun(st=state,ini_p=ini_pars)

    

    eventDat<-rbind(data.frame(var="ODOSEOXON",time=LL$time,

                               value=LL$ODOSEOXON ,	 

                               method="add",stringsAsFactors = FALSE),  # ("replace", "add", "multiply")

                    data.frame(var="ASTOMO",time=LL$time,

                               value=LL$ODOSEOXON ,	 

                               method="add",stringsAsFactors = FALSE))

    

    # DERIVATIVE ####

    # RUN MODEL 

    modelOutput<- ode(y = st, times = t,  #method = "lsodes",

                      func = Human_Model, parms = ini_pars,

                      events = list(data = eventDat[order(eventDat$time),]))

    result <- within(as.data.frame(modelOutput),{Level<-LL$Level[[1]]})

    return(result)

  },ini_par=params,t=times)

  stopCluster(c1)

  timestamp()

  ModelOutput<-do.call(rbind,modelOutput)##make big dataframe for evaluation



  #~~~END MODEL ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~####

  

  return(mean(tail(ModelOutput$CBLO,240)))

  

}



minRBCCEO <- function(dose){

  

  # TIMING COMMANDS ####

  MAXT=0.1       #maximum time step

  times<-seq(params[["TSTART"]],params[["TSTOP"]],by=MAXT)#

  

  # max number of points to write out to file

  POINTS_max<-10000  

  # if the more than 10000 timesteps, select evently spaced 10000 of them for reporting

  report_points<-if(length(times)<=POINTS_max) times else 

    times[seq(1,length(times),by=round(length(times)/POINTS_max))]

  table(report_points%in%times)#check all report values are in times.

  

  

  # Dosing ####

  # once daily oral exposure for food

  if (route=="food"){

    if (Ndays < 100) {

      A <- c(dose)

      B <- c(0)

      C <- c("time","doral")

      

      DORAL <- data.frame(B,A)

      colnames(DORAL) <- C

    } else {

      A <- rep(dose,Ndays+1)

      B <- seq(0,Ndays*24,by=24)

      C <- c("time","doral")

      

      DORAL <- data.frame(B,A)

      colnames(DORAL) <- C

    }

  }

  # dosing for water exposure

  if (route=="water"){

    if (Ndays < 100) {

      # 6x daily for age <= 12

      if (subject_age<=12){

        A <- rep(dose/6.0,6)

        B <- seq(0,20,by=4)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

      # 4x daily for age > 12

      else {

        A <- rep(dose/4.0,4)

        B <- seq(0,18,by=6)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

    } else {

      # 6x daily for age <= 12

      if (subject_age<=12){

        A <- rep(dose/6.0,Ndays*6+1)

        B <- seq(0,Ndays*24,by=4)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

      # 4x daily for age > 12

      else {

        A <- rep(dose/4.0,Ndays*4+1)

        B <- seq(0,Ndays*24,by=6)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

    }

  }

  

  All_Dose<-DORAL%>%

    mutate(ODOSEOXON=doral*(params[["BWST"]]/params[["MWOXON"]])

           *params[["FA"]], # DIM dose conversion (ug/kg to umol)

           Level=paste(doral[1],"ug/kg",sep="_"))

  

  #~~~~APPLY MODEL~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~#### 

  # Do parallel for speed

  c1<-makeCluster(min(cores,n_distinct(All_Dose$Level))) # cluster for parallel 

  timestamp()

  modelOutput<-parLapply(c1,split(All_Dose,All_Dose$Level), function (LL,ini_par,t){

    #load data into cores

    source("human_pbpk.R")

    # Create dataframe of "events"that describe the dosing, which informs the

    # ODE function, and needs to have columns "var" = the state_variable that needs

    # to be changed,"time"= when the changes occurs,"value"=the value being changed

    # to,& "method"= how the new value interacts with the previous state variable

    # value. See ?deSolve::lsodes and ?deSolve::events.

    

    # combine or replace "base" parameters with case specific human parameters, 

    # carring out any calcuated paramters which are function of other specific case parameters 

    ini_pars <- initial_params_fun(params=ini_par)

    # STATE####

    # Subject specific UPDATES to the initial value of state variables

    st<-state_fun(st=state,ini_p=ini_pars)

    

    eventDat<-rbind(data.frame(var="ODOSEOXON",time=LL$time,

                               value=LL$ODOSEOXON ,	 

                               method="add",stringsAsFactors = FALSE),  # ("replace", "add", "multiply")

                    data.frame(var="ASTOMO",time=LL$time,

                               value=LL$ODOSEOXON ,	 

                               method="add",stringsAsFactors = FALSE))

    

    # DERIVATIVE ####

    # RUN MODEL 

    modelOutput<- ode(y = st, times = t,  #method = "lsodes",

                      func = Human_Model, parms = ini_pars,

                      events = list(data = eventDat[order(eventDat$time),]))

    result <- within(as.data.frame(modelOutput),{Level<-LL$Level[[1]]})

    return(result)

  },ini_par=params,t=times)

  stopCluster(c1)

  timestamp()

  ModelOutput<-do.call(rbind,modelOutput)##make big dataframe for evaluation

  

  #~~~END MODEL ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~####

  

  return(min(ModelOutput$RBCCE))

  

}



just_run_model <- function(dose){

  

  # TIMING COMMANDS ####

  MAXT=0.1       #maximum time step

  times<-seq(params[["TSTART"]],params[["TSTOP"]],by=MAXT)#

  

  # max number of points to write out to file

  POINTS_max<-10000  

  # if the more than 10000 timesteps, select evently spaced 10000 of them for reporting

  report_points<-if(length(times)<=POINTS_max) times else 

    times[seq(1,length(times),by=round(length(times)/POINTS_max))]

  table(report_points%in%times)#check all report values are in times.

  

  

  # Dosing ####

  # once daily oral exposure for food

  if (route=="food"){

    if (Ndays < 100) {

      A <- c(dose)

      B <- c(0)

      C <- c("time","doral")

      

      DORAL <- data.frame(B,A)

      colnames(DORAL) <- C

    } else {

      A <- rep(dose,Ndays+1)

      B <- seq(0,Ndays*24,by=24)

      C <- c("time","doral")

      

      DORAL <- data.frame(B,A)

      colnames(DORAL) <- C

    }

  }

  # dosing for water exposure

  if (route=="water"){

    if (Ndays < 100) {

      # 6x daily for age <= 12

      if (subject_age<=12){

        A <- rep(dose/6.0,6)

        B <- seq(0,20,by=4)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

      # 4x daily for age > 12

      else {

        A <- rep(dose/4.0,4)

        B <- seq(0,18,by=6)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

    } else {

      # 6x daily for age <= 12

      if (subject_age<=12){

        A <- rep(dose/6.0,Ndays*6+1)

        B <- seq(0,Ndays*24,by=4)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

      # 4x daily for age > 12

      else {

        A <- rep(dose/4.0,Ndays*4+1)

        B <- seq(0,Ndays*24,by=6)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

    }

  }

  

  All_Dose<-DORAL%>%

    mutate(ODOSEOXON=doral*(params[["BWST"]]/params[["MWOXON"]])

           *params[["FA"]], # DIM dose conversion (ug/kg to umol)

           Level=paste(doral[1],"ug/kg",sep="_"))

  

  #~~~~APPLY MODEL~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~#### 

  # Do parallel for speed

  c1<-makeCluster(min(cores,n_distinct(All_Dose$Level))) # cluster for parallel 

  timestamp()

  modelOutput<-parLapply(c1,split(All_Dose,All_Dose$Level), function (LL,ini_par,t){

    #load data into cores

    source("human_pbpk.R")

    # Create dataframe of "events"that describe the dosing, which informs the

    # ODE function, and needs to have columns "var" = the state_variable that needs

    # to be changed,"time"= when the changes occurs,"value"=the value being changed

    # to,& "method"= how the new value interacts with the previous state variable

    # value. See ?deSolve::lsodes and ?deSolve::events.

    

    # combine or replace "base" parameters with case specific human parameters, 

    # carring out any calcuated paramters which are function of other specific case parameters 

    ini_pars <- initial_params_fun(params=ini_par)

    # STATE####

    # Subject specific UPDATES to the initial value of state variables

    st<-state_fun(st=state,ini_p=ini_pars)

    

    eventDat<-rbind(data.frame(var="ODOSEOXON",time=LL$time,

                               value=LL$ODOSEOXON ,	 

                               method="add",stringsAsFactors = FALSE),  # ("replace", "add", "multiply")

                    data.frame(var="ASTOMO",time=LL$time,

                               value=LL$ODOSEOXON ,	 

                               method="add",stringsAsFactors = FALSE))

    

    # DERIVATIVE ####

    # RUN MODEL 

    modelOutput<- ode(y = st, times = t,  #method = "lsodes",

                      func = Human_Model, parms = ini_pars,

                      events = list(data = eventDat[order(eventDat$time),]))

    result <- within(as.data.frame(modelOutput),{Level<-LL$Level[[1]]})

    return(result)

  },ini_par=params,t=times)

  stopCluster(c1)

  timestamp()

  ModelOutput<-do.call(rbind,modelOutput)##make big dataframe for evaluation



  #~~~END MODEL ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~####

  

  return(ModelOutput)

  

}



PODcost <- function(test_dose){

  

  test_result <- minRBCCEO(test_dose*1000)

  test_error <- (test_result - 90.0)

  

  print(sprintf("%f  %f",test_dose,test_result))

  

  return(test_error*test_error)

}



AEDcost <- function(test_dose){

  

  test_result <- avgCBLO(test_dose*1000)

  test_error <- (test_result - ac_50)

  

  print(sprintf("%f  %f",test_dose,test_result))

  

  return(test_error*test_error)

}

# get the dose that reproduces the AC50 in blood concentration or 10% brain AChE inhibition



final_dose <- optim(par = 1.62, PODcost, method = "Brent",lower = 0.1, upper = 10, control = list(reltol = 1e-3))   # POD limits



# finally run the model for this concentration

ModelOutput <- just_run_model(final_dose$par*1000)



final_dose$par

min(ModelOutput$RBCCE)




rm(list = ls()) # Clear workspace



#set the working directory to the location of these scripts

#setwd(dirname(rstudioapi::getActiveDocumentContext()$path))



#Environment####

library(dplyr)

library(tidyr)

library(parallel)

# number of cores availabe on current machine

tot_cores<-detectCores(all.tests = FALSE, logical = TRUE)  

cores<-tot_cores-1 # leave one core for other tasks 



ac_50 <<- -999             # enter the AC50 value here; units = umol/L

Ndays = 123                        # number of days to simulate

target_chem = "parent"            # oxon or parent compound

body_weight = 18.7                 # body weight in kg

subject_age = 3

route = "water"



source("human_pbpk.R") # Loads model and base parameters

source("malathion_human_parameters.R") # male and female specific parameters



# Intial_parameters####

sex = 1						 # 0=male, 1= Female

params<-c(params[!names(params)%in%names(human_parameters[[sex+1]])],

          human_parameters[[sex+1]])



# set case-specific parameters

params[["TSTART"]]<-0.0         # START SIMULATION (HR)

params[["TSTOP"]]=Ndays*24      			# Simulation duration = 2 days

params[["AGE0"]]=subject_age

params[["BWSW"]] = 1   	 				# Switch for age (set =0) or set (set =1) if bwt provided

params[["BWST"]]= body_weight   	 			# kg

params[["FA"]]=1



# returns the average blood concentration of parent compound

# based on the daily dose of "dose" ug/kg/day

avgCBL <- function(dose){

  

  # TIMING COMMANDS ####

  MAXT=0.1       #maximum time step

  times<-seq(params[["TSTART"]],params[["TSTOP"]],by=MAXT)#

  

  # max number of points to write out to file

  POINTS_max<-10000  

  # if the more than 10000 timesteps, select evently spaced 10000 of them for reporting

  report_points<-if(length(times)<=POINTS_max) times else 

    times[seq(1,length(times),by=round(length(times)/POINTS_max))]

  table(report_points%in%times)#check all report values are in times.

  

  

  # once daily oral exposure for food

  if (route=="food"){

    if (Ndays < 100) {

      A <- c(dose)

      B <- c(0)

      C <- c("time","doral")

      

      DORAL <- data.frame(B,A)

      colnames(DORAL) <- C

    } else {

      A <- rep(dose,Ndays+1)

      B <- seq(0,Ndays*24,by=24)

      C <- c("time","doral")

      

      DORAL <- data.frame(B,A)

      colnames(DORAL) <- C

    }

  }

  # dosing for water exposure

  if (route=="water"){

    if (Ndays < 100) {

      # 6x daily for age <= 12

      if (subject_age<=12){

        A <- rep(dose/6.0,6)

        B <- seq(0,20,by=4)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

      # 4x daily for age > 12

      else {

        A <- rep(dose/4.0,4)

        B <- seq(0,18,by=6)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

    } else {

      # 6x daily for age <= 12

      if (subject_age<=12){

        A <- rep(dose/6.0,Ndays*6+1)

        B <- seq(0,Ndays*24,by=4)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

      # 4x daily for age > 12

      else {

        A <- rep(dose/4.0,Ndays*4+1)

        B <- seq(0,Ndays*24,by=6)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

    }

  }

  

  

  All_Dose<-DORAL%>%

    mutate(ODOSE=doral*(params[["BWST"]]/params[["MWPAR"]])

           *params[["FA"]], # DIM dose conversion (ug/kg to umol)

           Level=paste(doral[1],"ug/kg",sep="_"))

  

  #~~~~APPLY MODEL~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~#### 

  # Do parallel for speed

  c1<-makeCluster(min(cores,n_distinct(All_Dose$Level))) # cluster for parallel 

  timestamp()

  modelOutput<-parLapply(c1,split(All_Dose,All_Dose$Level), function (LL,ini_par,t){

    #load data into cores

    source("human_pbpk.R")

    # Create dataframe of "events"that describe the dosing, which informs the

    # ODE function, and needs to have columns "var" = the state_variable that needs

    # to be changed,"time"= when the changes occurs,"value"=the value being changed

    # to,& "method"= how the new value interacts with the previous state variable

    # value. See ?deSolve::lsodes and ?deSolve::events.

    

    # combine or replace "base" parameters with case specific human parameters, 

    # carring out any calcuated paramters which are function of other specific case parameters 

    ini_pars <- initial_params_fun(params=ini_par)

    # STATE####

    # Subject specific UPDATES to the initial value of state variables

    st<-state_fun(st=state,ini_p=ini_pars)

    

    eventDat<-rbind(data.frame(var="ODOSE",time=LL$time,

                               value=LL$ODOSE ,	 

                               method="add",stringsAsFactors = FALSE),  # ("replace", "add", "multiply")

                    data.frame(var="ASTOM",time=LL$time,

                               value=LL$ODOSE ,	 

                               method="add",stringsAsFactors = FALSE))

    

    # DERIVATIVE ####

    # RUN MODEL 

    modelOutput<- ode(y = st, times = t,  #method = "lsodes",

                      func = Human_Model, parms = ini_pars,

                      events = list(data = eventDat[order(eventDat$time),]))

    result <- within(as.data.frame(modelOutput),{Level<-LL$Level[[1]]})

    return(result)

  },ini_par=params,t=times)

  stopCluster(c1)

  timestamp()

  ModelOutput<-do.call(rbind,modelOutput)##make big dataframe for evaluation



  

  return(mean(tail(ModelOutput$CBL,240)))

  

}



# returns the average blood concentration of oxon

# based on the daily dose of "dose" ug/kg/day

avgCBLO <- function(dose){

  

  # TIMING COMMANDS ####

  MAXT=0.1       #maximum time step

  times<-seq(params[["TSTART"]],params[["TSTOP"]],by=MAXT)#

  

  # max number of points to write out to file

  POINTS_max<-10000  

  # if the more than 10000 timesteps, select evently spaced 10000 of them for reporting

  report_points<-if(length(times)<=POINTS_max) times else 

    times[seq(1,length(times),by=round(length(times)/POINTS_max))]

  table(report_points%in%times)#check all report values are in times.

  

  

  # once daily oral exposure for food

  if (route=="food"){

    if (Ndays < 100) {

      A <- c(dose)

      B <- c(0)

      C <- c("time","doral")

      

      DORAL <- data.frame(B,A)

      colnames(DORAL) <- C

    } else {

      A <- rep(dose,Ndays+1)

      B <- seq(0,Ndays*24,by=24)

      C <- c("time","doral")

      

      DORAL <- data.frame(B,A)

      colnames(DORAL) <- C

    }

  }

  # dosing for water exposure

  if (route=="water"){

    if (Ndays < 100) {

      # 6x daily for age <= 12

      if (subject_age<=12){

        A <- rep(dose/6.0,6)

        B <- seq(0,20,by=4)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

      # 4x daily for age > 12

      else {

        A <- rep(dose/4.0,4)

        B <- seq(0,18,by=6)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

    } else {

      # 6x daily for age <= 12

      if (subject_age<=12){

        A <- rep(dose/6.0,Ndays*6+1)

        B <- seq(0,Ndays*24,by=4)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

      # 4x daily for age > 12

      else {

        A <- rep(dose/4.0,Ndays*4+1)

        B <- seq(0,Ndays*24,by=6)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

    }

  }

  

  All_Dose<-DORAL%>%

    mutate(ODOSE=doral*(params[["BWST"]]/params[["MWPAR"]])

           *params[["FA"]], # DIM dose conversion (ug/kg to umol)

           Level=paste(doral[1],"ug/kg",sep="_"))

  

  #~~~~APPLY MODEL~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~#### 

  # Do parallel for speed

  c1<-makeCluster(min(cores,n_distinct(All_Dose$Level))) # cluster for parallel 

  timestamp()

  modelOutput<-parLapply(c1,split(All_Dose,All_Dose$Level), function (LL,ini_par,t){

    #load data into cores

    source("human_pbpk.R")

    # Create dataframe of "events"that describe the dosing, which informs the

    # ODE function, and needs to have columns "var" = the state_variable that needs

    # to be changed,"time"= when the changes occurs,"value"=the value being changed

    # to,& "method"= how the new value interacts with the previous state variable

    # value. See ?deSolve::lsodes and ?deSolve::events.

    

    # combine or replace "base" parameters with case specific human parameters, 

    # carring out any calcuated paramters which are function of other specific case parameters 

    ini_pars <- initial_params_fun(params=ini_par)

    # STATE####

    # Subject specific UPDATES to the initial value of state variables

    st<-state_fun(st=state,ini_p=ini_pars)

    

    eventDat<-rbind(data.frame(var="ODOSE",time=LL$time,

                               value=LL$ODOSE ,	 

                               method="add",stringsAsFactors = FALSE),  # ("replace", "add", "multiply")

                    data.frame(var="ASTOM",time=LL$time,

                               value=LL$ODOSE ,	 

                               method="add",stringsAsFactors = FALSE))

    

    # DERIVATIVE ####

    # RUN MODEL 

    modelOutput<- ode(y = st, times = t,  #method = "lsodes",

                      func = Human_Model, parms = ini_pars,

                      events = list(data = eventDat[order(eventDat$time),]))

    result <- within(as.data.frame(modelOutput),{Level<-LL$Level[[1]]})

    return(result)

  },ini_par=params,t=times)

  stopCluster(c1)

  timestamp()

  ModelOutput<-do.call(rbind,modelOutput)##make big dataframe for evaluation



  #~~~END MODEL ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~####

  

  return(mean(tail(ModelOutput$CBLO,240)))

  

}

minRBCCE <- function(dose){

  

  # TIMING COMMANDS ####

  MAXT=0.1       #maximum time step

  times<-seq(params[["TSTART"]],params[["TSTOP"]],by=MAXT)#

  

  # max number of points to write out to file

  POINTS_max<-10000  

  # if the more than 10000 timesteps, select evently spaced 10000 of them for reporting

  report_points<-if(length(times)<=POINTS_max) times else 

    times[seq(1,length(times),by=round(length(times)/POINTS_max))]

  table(report_points%in%times)#check all report values are in times.

  

  

  # once daily oral exposure for food

  if (route=="food"){

    if (Ndays < 100) {

      A <- c(dose)

      B <- c(0)

      C <- c("time","doral")

      

      DORAL <- data.frame(B,A)

      colnames(DORAL) <- C

    } else {

      A <- rep(dose,Ndays+1)

      B <- seq(0,Ndays*24,by=24)

      C <- c("time","doral")

      

      DORAL <- data.frame(B,A)

      colnames(DORAL) <- C

    }

  }

  # dosing for water exposure

  if (route=="water"){

    if (Ndays < 100) {

      # 6x daily for age <= 12

      if (subject_age<=12){

        A <- rep(dose/6.0,6)

        B <- seq(0,20,by=4)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

      # 4x daily for age > 12

      else {

        A <- rep(dose/4.0,4)

        B <- seq(0,18,by=6)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

    } else {

      # 6x daily for age <= 12

      if (subject_age<=12){

        A <- rep(dose/6.0,Ndays*6+1)

        B <- seq(0,Ndays*24,by=4)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

      # 4x daily for age > 12

      else {

        A <- rep(dose/4.0,Ndays*4+1)

        B <- seq(0,Ndays*24,by=6)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

    }

  }

  

  All_Dose<-DORAL%>%

    mutate(ODOSE=doral*(params[["BWST"]]/params[["MWPAR"]])

           *params[["FA"]], # DIM dose conversion (ug/kg to umol)

           Level=paste(doral[1],"ug/kg",sep="_"))

  

  #~~~~APPLY MODEL~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~#### 

  # Do parallel for speed

  c1<-makeCluster(min(cores,n_distinct(All_Dose$Level))) # cluster for parallel 

  timestamp()

  modelOutput<-parLapply(c1,split(All_Dose,All_Dose$Level), function (LL,ini_par,t){

    #load data into cores

    source("human_pbpk.R")

    # Create dataframe of "events"that describe the dosing, which informs the

    # ODE function, and needs to have columns "var" = the state_variable that needs

    # to be changed,"time"= when the changes occurs,"value"=the value being changed

    # to,& "method"= how the new value interacts with the previous state variable

    # value. See ?deSolve::lsodes and ?deSolve::events.

    

    # combine or replace "base" parameters with case specific human parameters, 

    # carring out any calcuated paramters which are function of other specific case parameters 

    ini_pars <- initial_params_fun(params=ini_par)

    # STATE####

    # Subject specific UPDATES to the initial value of state variables

    st<-state_fun(st=state,ini_p=ini_pars)

    

    eventDat<-rbind(data.frame(var="ODOSE",time=LL$time,

                               value=LL$ODOSE ,	 

                               method="add",stringsAsFactors = FALSE),  # ("replace", "add", "multiply")

                    data.frame(var="ASTOM",time=LL$time,

                               value=LL$ODOSE ,	 

                               method="add",stringsAsFactors = FALSE))

    

    # DERIVATIVE ####

    # RUN MODEL 

    modelOutput<- ode(y = st, times = t,  #method = "lsodes",

                      func = Human_Model, parms = ini_pars,

                      events = list(data = eventDat[order(eventDat$time),]))

    result <- within(as.data.frame(modelOutput),{Level<-LL$Level[[1]]})

    return(result)

  },ini_par=params,t=times)

  stopCluster(c1)

  timestamp()

  ModelOutput<-do.call(rbind,modelOutput)##make big dataframe for evaluation

  

  #~~~END MODEL ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~####

  

  return(min(ModelOutput$RBCCE))

  

}



just_run_model <- function(dose){

  

  # TIMING COMMANDS ####

  MAXT=0.1       #maximum time step

  times<-seq(params[["TSTART"]],params[["TSTOP"]],by=MAXT)#

  

  # max number of points to write out to file

  POINTS_max<-10000  

  # if the more than 10000 timesteps, select evently spaced 10000 of them for reporting

  report_points<-if(length(times)<=POINTS_max) times else 

    times[seq(1,length(times),by=round(length(times)/POINTS_max))]

  table(report_points%in%times)#check all report values are in times.

  

  

  # once daily oral exposure for food

  if (route=="food"){

    if (Ndays < 100) {

      A <- c(dose)

      B <- c(0)

      C <- c("time","doral")

      

      DORAL <- data.frame(B,A)

      colnames(DORAL) <- C

    } else {

      A <- rep(dose,Ndays+1)

      B <- seq(0,Ndays*24,by=24)

      C <- c("time","doral")

      

      DORAL <- data.frame(B,A)

      colnames(DORAL) <- C

    }

  }

  # dosing for water exposure

  if (route=="water"){

    if (Ndays < 100) {

      # 6x daily for age <= 12

      if (subject_age<=12){

        A <- rep(dose/6.0,6)

        B <- seq(0,20,by=4)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

      # 4x daily for age > 12

      else {

        A <- rep(dose/4.0,4)

        B <- seq(0,18,by=6)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

    } else {

      # 6x daily for age <= 12

      if (subject_age<=12){

        A <- rep(dose/6.0,Ndays*6+1)

        B <- seq(0,Ndays*24,by=4)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

      # 4x daily for age > 12

      else {

        A <- rep(dose/4.0,Ndays*4+1)

        B <- seq(0,Ndays*24,by=6)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

    }

  }

  

  All_Dose<-DORAL%>%

    mutate(ODOSE=doral*(params[["BWST"]]/params[["MWPAR"]])

           *params[["FA"]], # DIM dose conversion (ug/kg to umol)

           Level=paste(doral[1],"ug/kg",sep="_"))

  

  #~~~~APPLY MODEL~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~#### 

  # Do parallel for speed

  c1<-makeCluster(min(cores,n_distinct(All_Dose$Level))) # cluster for parallel 

  timestamp()

  modelOutput<-parLapply(c1,split(All_Dose,All_Dose$Level), function (LL,ini_par,t){

    #load data into cores

    source("human_pbpk.R")

    # Create dataframe of "events"that describe the dosing, which informs the

    # ODE function, and needs to have columns "var" = the state_variable that needs

    # to be changed,"time"= when the changes occurs,"value"=the value being changed

    # to,& "method"= how the new value interacts with the previous state variable

    # value. See ?deSolve::lsodes and ?deSolve::events.

    

    # combine or replace "base" parameters with case specific human parameters, 

    # carring out any calcuated paramters which are function of other specific case parameters 

    ini_pars <- initial_params_fun(params=ini_par)

    # STATE####

    # Subject specific UPDATES to the initial value of state variables

    st<-state_fun(st=state,ini_p=ini_pars)

    

    eventDat<-rbind(data.frame(var="ODOSE",time=LL$time,

                               value=LL$ODOSE ,	 

                               method="add",stringsAsFactors = FALSE),  # ("replace", "add", "multiply")

                    data.frame(var="ASTOM",time=LL$time,

                               value=LL$ODOSE ,	 

                               method="add",stringsAsFactors = FALSE))

    

    # DERIVATIVE ####

    # RUN MODEL 

    modelOutput<- ode(y = st, times = t,  #method = "lsodes",

                      func = Human_Model, parms = ini_pars,

                      events = list(data = eventDat[order(eventDat$time),]))

    result <- within(as.data.frame(modelOutput),{Level<-LL$Level[[1]]})

    return(result)

  },ini_par=params,t=times)

  stopCluster(c1)

  timestamp()

  ModelOutput<-do.call(rbind,modelOutput)##make big dataframe for evaluation

  

  #~~~END MODEL ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~####

  

  return(ModelOutput)

  

}



PODcost <- function(test_dose){

  

  test_result <- minRBCCE(test_dose*1000)

  test_error <- (test_result - 90.0)

  

  print(sprintf("%f  %f",test_dose,test_result))

  

  return(test_error*test_error)

}



AEDcost <- function(test_dose){

  

  test_result <- avgCBL(test_dose*1000)

  test_error <- (test_result - ac_50)

  

  print(sprintf("%f  %f",test_dose,test_result))

  

  return(test_error*test_error)

}



# get the dose that reproduces the AC50 in blood concentration or 10% brain AChE inhibition

final_dose <- optim(par = 30.4, PODcost, method = "Brent",lower = 1, upper = 100, control = list(reltol = 1e-3))   # POD limits



# finally run the model for this concentration

ModelOutput <- just_run_model(final_dose$par*1000)



final_dose$par

min(ModelOutput$RBCCE)




rm(list = ls()) # Clear workspace



#set the working directory to the location of these scripts

#setwd(dirname(rstudioapi::getActiveDocumentContext()$path))



#Environment####

library(dplyr)

library(tidyr)

library(parallel)

# number of cores availabe on current machine

tot_cores<-detectCores(all.tests = FALSE, logical = TRUE)  

cores<-tot_cores-1 # leave one core for other tasks 



ac_50 <<- -999             # enter the AC50 value here; units = umol/L

Ndays = 123                        # number of days to simulate

target_chem = "oxon"            # oxon or parent compound

body_weight = 37.1                 # body weight in kg

subject_age = 6

route = "water"



source("human_pbpk.R") # Loads model and base parameters

source("malathion_human_parameters.R") # male and female specific parameters



# Intial_parameters####

sex = 1						 # 0=male, 1= Female

params<-c(params[!names(params)%in%names(human_parameters[[sex+1]])],

          human_parameters[[sex+1]])



# set case-specific parameters

params[["TSTART"]]<-0.0         # START SIMULATION (HR)

params[["TSTOP"]]=Ndays*24      			# Simulation duration = 2 days

params[["AGE0"]]=subject_age

params[["BWSW"]] = 1   	 				# Switch for age (set =0) or set (set =1) if bwt provided

params[["BWST"]]= body_weight   	 			# kg

params[["FA"]]=1



# returns the average blood concentration of oxon

# based on the daily dose of "dose" ug/kg/day

avgCBLO <- function(dose){

  

  # TIMING COMMANDS ####

  MAXT=0.1       #maximum time step

  times<-seq(params[["TSTART"]],params[["TSTOP"]],by=MAXT)#

  

  # max number of points to write out to file

  POINTS_max<-10000  

  # if the more than 10000 timesteps, select evently spaced 10000 of them for reporting

  report_points<-if(length(times)<=POINTS_max) times else 

    times[seq(1,length(times),by=round(length(times)/POINTS_max))]

  table(report_points%in%times)#check all report values are in times.

  

  

  # Dosing ####

  # once daily oral exposure for food

  if (route=="food"){

    if (Ndays < 100) {

      A <- c(dose)

      B <- c(0)

      C <- c("time","doral")

      

      DORAL <- data.frame(B,A)

      colnames(DORAL) <- C

    } else {

      A <- rep(dose,Ndays+1)

      B <- seq(0,Ndays*24,by=24)

      C <- c("time","doral")

      

      DORAL <- data.frame(B,A)

      colnames(DORAL) <- C

    }

  }

  # dosing for water exposure

  if (route=="water"){

    if (Ndays < 100) {

      # 6x daily for age <= 12

      if (subject_age<=12){

        A <- rep(dose/6.0,6)

        B <- seq(0,20,by=4)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

      # 4x daily for age > 12

      else {

        A <- rep(dose/4.0,4)

        B <- seq(0,18,by=6)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

    } else {

      # 6x daily for age <= 12

      if (subject_age<=12){

        A <- rep(dose/6.0,Ndays*6+1)

        B <- seq(0,Ndays*24,by=4)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

      # 4x daily for age > 12

      else {

        A <- rep(dose/4.0,Ndays*4+1)

        B <- seq(0,Ndays*24,by=6)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

    }

  }

  

  All_Dose<-DORAL%>%

    mutate(ODOSEOXON=doral*(params[["BWST"]]/params[["MWOXON"]])

           *params[["FA"]], # DIM dose conversion (ug/kg to umol)

           Level=paste(doral[1],"ug/kg",sep="_"))

  

  #~~~~APPLY MODEL~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~#### 

  # Do parallel for speed

  c1<-makeCluster(min(cores,n_distinct(All_Dose$Level))) # cluster for parallel 

  timestamp()

  modelOutput<-parLapply(c1,split(All_Dose,All_Dose$Level), function (LL,ini_par,t){

    #load data into cores

    source("human_pbpk.R")

    # Create dataframe of "events"that describe the dosing, which informs the

    # ODE function, and needs to have columns "var" = the state_variable that needs

    # to be changed,"time"= when the changes occurs,"value"=the value being changed

    # to,& "method"= how the new value interacts with the previous state variable

    # value. See ?deSolve::lsodes and ?deSolve::events.

    

    # combine or replace "base" parameters with case specific human parameters, 

    # carring out any calcuated paramters which are function of other specific case parameters 

    ini_pars <- initial_params_fun(params=ini_par)

    # STATE####

    # Subject specific UPDATES to the initial value of state variables

    st<-state_fun(st=state,ini_p=ini_pars)

    

    eventDat<-rbind(data.frame(var="ODOSEOXON",time=LL$time,

                               value=LL$ODOSEOXON ,	 

                               method="add",stringsAsFactors = FALSE),  # ("replace", "add", "multiply")

                    data.frame(var="ASTOMO",time=LL$time,

                               value=LL$ODOSEOXON ,	 

                               method="add",stringsAsFactors = FALSE))

    

    # DERIVATIVE ####

    # RUN MODEL 

    modelOutput<- ode(y = st, times = t,  #method = "lsodes",

                      func = Human_Model, parms = ini_pars,

                      events = list(data = eventDat[order(eventDat$time),]))

    result <- within(as.data.frame(modelOutput),{Level<-LL$Level[[1]]})

    return(result)

  },ini_par=params,t=times)

  stopCluster(c1)

  timestamp()

  ModelOutput<-do.call(rbind,modelOutput)##make big dataframe for evaluation



  #~~~END MODEL ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~####

  

  return(mean(tail(ModelOutput$CBLO,240)))

  

}



minRBCCEO <- function(dose){

  

  # TIMING COMMANDS ####

  MAXT=0.1       #maximum time step

  times<-seq(params[["TSTART"]],params[["TSTOP"]],by=MAXT)#

  

  # max number of points to write out to file

  POINTS_max<-10000  

  # if the more than 10000 timesteps, select evently spaced 10000 of them for reporting

  report_points<-if(length(times)<=POINTS_max) times else 

    times[seq(1,length(times),by=round(length(times)/POINTS_max))]

  table(report_points%in%times)#check all report values are in times.

  

  

  # Dosing ####

  # once daily oral exposure for food

  if (route=="food"){

    if (Ndays < 100) {

      A <- c(dose)

      B <- c(0)

      C <- c("time","doral")

      

      DORAL <- data.frame(B,A)

      colnames(DORAL) <- C

    } else {

      A <- rep(dose,Ndays+1)

      B <- seq(0,Ndays*24,by=24)

      C <- c("time","doral")

      

      DORAL <- data.frame(B,A)

      colnames(DORAL) <- C

    }

  }

  # dosing for water exposure

  if (route=="water"){

    if (Ndays < 100) {

      # 6x daily for age <= 12

      if (subject_age<=12){

        A <- rep(dose/6.0,6)

        B <- seq(0,20,by=4)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

      # 4x daily for age > 12

      else {

        A <- rep(dose/4.0,4)

        B <- seq(0,18,by=6)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

    } else {

      # 6x daily for age <= 12

      if (subject_age<=12){

        A <- rep(dose/6.0,Ndays*6+1)

        B <- seq(0,Ndays*24,by=4)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

      # 4x daily for age > 12

      else {

        A <- rep(dose/4.0,Ndays*4+1)

        B <- seq(0,Ndays*24,by=6)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

    }

  }

  

  All_Dose<-DORAL%>%

    mutate(ODOSEOXON=doral*(params[["BWST"]]/params[["MWOXON"]])

           *params[["FA"]], # DIM dose conversion (ug/kg to umol)

           Level=paste(doral[1],"ug/kg",sep="_"))

  

  #~~~~APPLY MODEL~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~#### 

  # Do parallel for speed

  c1<-makeCluster(min(cores,n_distinct(All_Dose$Level))) # cluster for parallel 

  timestamp()

  modelOutput<-parLapply(c1,split(All_Dose,All_Dose$Level), function (LL,ini_par,t){

    #load data into cores

    source("human_pbpk.R")

    # Create dataframe of "events"that describe the dosing, which informs the

    # ODE function, and needs to have columns "var" = the state_variable that needs

    # to be changed,"time"= when the changes occurs,"value"=the value being changed

    # to,& "method"= how the new value interacts with the previous state variable

    # value. See ?deSolve::lsodes and ?deSolve::events.

    

    # combine or replace "base" parameters with case specific human parameters, 

    # carring out any calcuated paramters which are function of other specific case parameters 

    ini_pars <- initial_params_fun(params=ini_par)

    # STATE####

    # Subject specific UPDATES to the initial value of state variables

    st<-state_fun(st=state,ini_p=ini_pars)

    

    eventDat<-rbind(data.frame(var="ODOSEOXON",time=LL$time,

                               value=LL$ODOSEOXON ,	 

                               method="add",stringsAsFactors = FALSE),  # ("replace", "add", "multiply")

                    data.frame(var="ASTOMO",time=LL$time,

                               value=LL$ODOSEOXON ,	 

                               method="add",stringsAsFactors = FALSE))

    

    # DERIVATIVE ####

    # RUN MODEL 

    modelOutput<- ode(y = st, times = t,  #method = "lsodes",

                      func = Human_Model, parms = ini_pars,

                      events = list(data = eventDat[order(eventDat$time),]))

    result <- within(as.data.frame(modelOutput),{Level<-LL$Level[[1]]})

    return(result)

  },ini_par=params,t=times)

  stopCluster(c1)

  timestamp()

  ModelOutput<-do.call(rbind,modelOutput)##make big dataframe for evaluation

  

  #~~~END MODEL ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~####

  

  return(min(ModelOutput$BCE))

  

}



just_run_model <- function(dose){

  

  # TIMING COMMANDS ####

  MAXT=0.1       #maximum time step

  times<-seq(params[["TSTART"]],params[["TSTOP"]],by=MAXT)#

  

  # max number of points to write out to file

  POINTS_max<-10000  

  # if the more than 10000 timesteps, select evently spaced 10000 of them for reporting

  report_points<-if(length(times)<=POINTS_max) times else 

    times[seq(1,length(times),by=round(length(times)/POINTS_max))]

  table(report_points%in%times)#check all report values are in times.

  

  

  # Dosing ####

  # once daily oral exposure for food

  if (route=="food"){

    if (Ndays < 100) {

      A <- c(dose)

      B <- c(0)

      C <- c("time","doral")

      

      DORAL <- data.frame(B,A)

      colnames(DORAL) <- C

    } else {

      A <- rep(dose,Ndays+1)

      B <- seq(0,Ndays*24,by=24)

      C <- c("time","doral")

      

      DORAL <- data.frame(B,A)

      colnames(DORAL) <- C

    }

  }

  # dosing for water exposure

  if (route=="water"){

    if (Ndays < 100) {

      # 6x daily for age <= 12

      if (subject_age<=12){

        A <- rep(dose/6.0,6)

        B <- seq(0,20,by=4)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

      # 4x daily for age > 12

      else {

        A <- rep(dose/4.0,4)

        B <- seq(0,18,by=6)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

    } else {

      # 6x daily for age <= 12

      if (subject_age<=12){

        A <- rep(dose/6.0,Ndays*6+1)

        B <- seq(0,Ndays*24,by=4)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

      # 4x daily for age > 12

      else {

        A <- rep(dose/4.0,Ndays*4+1)

        B <- seq(0,Ndays*24,by=6)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

    }

  }

  

  All_Dose<-DORAL%>%

    mutate(ODOSEOXON=doral*(params[["BWST"]]/params[["MWOXON"]])

           *params[["FA"]], # DIM dose conversion (ug/kg to umol)

           Level=paste(doral[1],"ug/kg",sep="_"))

  

  #~~~~APPLY MODEL~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~#### 

  # Do parallel for speed

  c1<-makeCluster(min(cores,n_distinct(All_Dose$Level))) # cluster for parallel 

  timestamp()

  modelOutput<-parLapply(c1,split(All_Dose,All_Dose$Level), function (LL,ini_par,t){

    #load data into cores

    source("human_pbpk.R")

    # Create dataframe of "events"that describe the dosing, which informs the

    # ODE function, and needs to have columns "var" = the state_variable that needs

    # to be changed,"time"= when the changes occurs,"value"=the value being changed

    # to,& "method"= how the new value interacts with the previous state variable

    # value. See ?deSolve::lsodes and ?deSolve::events.

    

    # combine or replace "base" parameters with case specific human parameters, 

    # carring out any calcuated paramters which are function of other specific case parameters 

    ini_pars <- initial_params_fun(params=ini_par)

    # STATE####

    # Subject specific UPDATES to the initial value of state variables

    st<-state_fun(st=state,ini_p=ini_pars)

    

    eventDat<-rbind(data.frame(var="ODOSEOXON",time=LL$time,

                               value=LL$ODOSEOXON ,	 

                               method="add",stringsAsFactors = FALSE),  # ("replace", "add", "multiply")

                    data.frame(var="ASTOMO",time=LL$time,

                               value=LL$ODOSEOXON ,	 

                               method="add",stringsAsFactors = FALSE))

    

    # DERIVATIVE ####

    # RUN MODEL 

    modelOutput<- ode(y = st, times = t,  #method = "lsodes",

                      func = Human_Model, parms = ini_pars,

                      events = list(data = eventDat[order(eventDat$time),]))

    result <- within(as.data.frame(modelOutput),{Level<-LL$Level[[1]]})

    return(result)

  },ini_par=params,t=times)

  stopCluster(c1)

  timestamp()

  ModelOutput<-do.call(rbind,modelOutput)##make big dataframe for evaluation



  #~~~END MODEL ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~####

  

  return(ModelOutput)

  

}



PODcost <- function(test_dose){

  

  test_result <- minRBCCEO(test_dose*1000)

  test_error <- (test_result - 90.0)

  

  print(sprintf("%f  %f",test_dose,test_result))

  

  return(test_error*test_error)

}



AEDcost <- function(test_dose){

  

  test_result <- avgCBLO(test_dose*1000)

  test_error <- (test_result - ac_50)

  

  print(sprintf("%f  %f",test_dose,test_result))

  

  return(test_error*test_error)

}



# get the dose that reproduces the AC50 in blood concentration or 10% brain AChE inhibition



final_dose <- optim(par = 1.46, PODcost, method = "Brent",lower = 0.1, upper = 10, control = list(reltol = 1e-3))   # POD limits



# finally run the model for this concentration

ModelOutput <- just_run_model(final_dose$par*1000)



final_dose$par

min(ModelOutput$RBCCE)




rm(list = ls()) # Clear workspace



#set the working directory to the location of these scripts

#setwd(dirname(rstudioapi::getActiveDocumentContext()$path))



#Environment####

library(dplyr)

library(tidyr)

library(parallel)

# number of cores availabe on current machine

tot_cores<-detectCores(all.tests = FALSE, logical = TRUE)  

cores<-tot_cores-1 # leave one core for other tasks 



ac_50 <<- -999            # enter the AC50 value here; units = umol/L

Ndays = 123                        # number of days to simulate

target_chem = "parent"            # oxon or parent compound

body_weight = 37.1                 # body weight in kg

subject_age = 6

route = "water"

# =============================================================================



source("human_pbpk.R") # Loads model and base parameters

source("malathion_human_parameters.R") # male and female specific parameters



# Intial_parameters####

sex = 1						 # 0=male, 1= Female

params<-c(params[!names(params)%in%names(human_parameters[[sex+1]])],

          human_parameters[[sex+1]])



# set case-specific parameters

params[["TSTART"]]<-0.0         # START SIMULATION (HR)

params[["TSTOP"]]=Ndays*24      			# Simulation duration = 2 days

params[["AGE0"]]=subject_age

params[["BWSW"]] = 1   	 				# Switch for age (set =0) or set (set =1) if bwt provided

params[["BWST"]]= body_weight   	 			# kg

params[["FA"]]=1



# returns the average blood concentration of parent compound

# based on the daily dose of "dose" ug/kg/day

avgCBL <- function(dose){

  

  # TIMING COMMANDS ####

  MAXT=0.1       #maximum time step

  times<-seq(params[["TSTART"]],params[["TSTOP"]],by=MAXT)#

  

  # max number of points to write out to file

  POINTS_max<-10000  

  # if the more than 10000 timesteps, select evently spaced 10000 of them for reporting

  report_points<-if(length(times)<=POINTS_max) times else 

    times[seq(1,length(times),by=round(length(times)/POINTS_max))]

  table(report_points%in%times)#check all report values are in times.

  

  

  # Dosing ####

  # once daily oral exposure for food

  if (route=="food"){

    if (Ndays < 100) {

      A <- c(dose)

      B <- c(0)

      C <- c("time","doral")

      

      DORAL <- data.frame(B,A)

      colnames(DORAL) <- C

    } else {

      A <- rep(dose,Ndays+1)

      B <- seq(0,Ndays*24,by=24)

      C <- c("time","doral")

      

      DORAL <- data.frame(B,A)

      colnames(DORAL) <- C

    }

  }

  # dosing for water exposure

  if (route=="water"){

    if (Ndays < 100) {

      # 6x daily for age <= 12

      if (subject_age<=12){

        A <- rep(dose/6.0,6)

        B <- seq(0,20,by=4)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

      # 4x daily for age > 12

      else {

        A <- rep(dose/4.0,4)

        B <- seq(0,18,by=6)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

    } else {

      # 6x daily for age <= 12

      if (subject_age<=12){

        A <- rep(dose/6.0,Ndays*6+1)

        B <- seq(0,Ndays*24,by=4)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

      # 4x daily for age > 12

      else {

        A <- rep(dose/4.0,Ndays*4+1)

        B <- seq(0,Ndays*24,by=6)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

    }

  }

  

  

  All_Dose<-DORAL%>%

    mutate(ODOSE=doral*(params[["BWST"]]/params[["MWPAR"]])

           *params[["FA"]], # DIM dose conversion (ug/kg to umol)

           Level=paste(doral[1],"ug/kg",sep="_"))

  

  #~~~~APPLY MODEL~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~#### 

  # Do parallel for speed

  c1<-makeCluster(min(cores,n_distinct(All_Dose$Level))) # cluster for parallel 

  timestamp()

  modelOutput<-parLapply(c1,split(All_Dose,All_Dose$Level), function (LL,ini_par,t){

    #load data into cores

    source("human_pbpk.R")

    # Create dataframe of "events"that describe the dosing, which informs the

    # ODE function, and needs to have columns "var" = the state_variable that needs

    # to be changed,"time"= when the changes occurs,"value"=the value being changed

    # to,& "method"= how the new value interacts with the previous state variable

    # value. See ?deSolve::lsodes and ?deSolve::events.

    

    # combine or replace "base" parameters with case specific human parameters, 

    # carring out any calcuated paramters which are function of other specific case parameters 

    ini_pars <- initial_params_fun(params=ini_par)

    # STATE####

    # Subject specific UPDATES to the initial value of state variables

    st<-state_fun(st=state,ini_p=ini_pars)

    

    eventDat<-rbind(data.frame(var="ODOSE",time=LL$time,

                               value=LL$ODOSE ,	 

                               method="add",stringsAsFactors = FALSE),  # ("replace", "add", "multiply")

                    data.frame(var="ASTOM",time=LL$time,

                               value=LL$ODOSE ,	 

                               method="add",stringsAsFactors = FALSE))

    

    # DERIVATIVE ####

    # RUN MODEL 

    modelOutput<- ode(y = st, times = t,  #method = "lsodes",

                      func = Human_Model, parms = ini_pars,

                      events = list(data = eventDat[order(eventDat$time),]))

    result <- within(as.data.frame(modelOutput),{Level<-LL$Level[[1]]})

    return(result)

  },ini_par=params,t=times)

  stopCluster(c1)

  timestamp()

  ModelOutput<-do.call(rbind,modelOutput)##make big dataframe for evaluation



  

  return(mean(tail(ModelOutput$CBL,240)))

  

}



# returns the average blood concentration of oxon

# based on the daily dose of "dose" ug/kg/day

avgCBLO <- function(dose){

  

  # TIMING COMMANDS ####

  MAXT=0.1       #maximum time step

  times<-seq(params[["TSTART"]],params[["TSTOP"]],by=MAXT)#

  

  # max number of points to write out to file

  POINTS_max<-10000  

  # if the more than 10000 timesteps, select evently spaced 10000 of them for reporting

  report_points<-if(length(times)<=POINTS_max) times else 

    times[seq(1,length(times),by=round(length(times)/POINTS_max))]

  table(report_points%in%times)#check all report values are in times.

  

  

  # once daily oral exposure for food

  if (route=="food"){

    if (Ndays < 100) {

      A <- c(dose)

      B <- c(0)

      C <- c("time","doral")

      

      DORAL <- data.frame(B,A)

      colnames(DORAL) <- C

    } else {

      A <- rep(dose,Ndays+1)

      B <- seq(0,Ndays*24,by=24)

      C <- c("time","doral")

      

      DORAL <- data.frame(B,A)

      colnames(DORAL) <- C

    }

  }

  # dosing for water exposure

  if (route=="water"){

    if (Ndays < 100) {

      # 6x daily for age <= 12

      if (subject_age<=12){

        A <- rep(dose/6.0,6)

        B <- seq(0,20,by=4)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

      # 4x daily for age > 12

      else {

        A <- rep(dose/4.0,4)

        B <- seq(0,18,by=6)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

    } else {

      # 6x daily for age <= 12

      if (subject_age<=12){

        A <- rep(dose/6.0,Ndays*6+1)

        B <- seq(0,Ndays*24,by=4)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

      # 4x daily for age > 12

      else {

        A <- rep(dose/4.0,Ndays*4+1)

        B <- seq(0,Ndays*24,by=6)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

    }

  }

  

  All_Dose<-DORAL%>%

    mutate(ODOSE=doral*(params[["BWST"]]/params[["MWPAR"]])

           *params[["FA"]], # DIM dose conversion (ug/kg to umol)

           Level=paste(doral[1],"ug/kg",sep="_"))

  

  #~~~~APPLY MODEL~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~#### 

  # Do parallel for speed

  c1<-makeCluster(min(cores,n_distinct(All_Dose$Level))) # cluster for parallel 

  timestamp()

  modelOutput<-parLapply(c1,split(All_Dose,All_Dose$Level), function (LL,ini_par,t){

    #load data into cores

    source("human_pbpk.R")

    # Create dataframe of "events"that describe the dosing, which informs the

    # ODE function, and needs to have columns "var" = the state_variable that needs

    # to be changed,"time"= when the changes occurs,"value"=the value being changed

    # to,& "method"= how the new value interacts with the previous state variable

    # value. See ?deSolve::lsodes and ?deSolve::events.

    

    # combine or replace "base" parameters with case specific human parameters, 

    # carring out any calcuated paramters which are function of other specific case parameters 

    ini_pars <- initial_params_fun(params=ini_par)

    # STATE####

    # Subject specific UPDATES to the initial value of state variables

    st<-state_fun(st=state,ini_p=ini_pars)

    

    eventDat<-rbind(data.frame(var="ODOSE",time=LL$time,

                               value=LL$ODOSE ,	 

                               method="add",stringsAsFactors = FALSE),  # ("replace", "add", "multiply")

                    data.frame(var="ASTOM",time=LL$time,

                               value=LL$ODOSE ,	 

                               method="add",stringsAsFactors = FALSE))

    

    # DERIVATIVE ####

    # RUN MODEL 

    modelOutput<- ode(y = st, times = t,  #method = "lsodes",

                      func = Human_Model, parms = ini_pars,

                      events = list(data = eventDat[order(eventDat$time),]))

    result <- within(as.data.frame(modelOutput),{Level<-LL$Level[[1]]})

    return(result)

  },ini_par=params,t=times)

  stopCluster(c1)

  timestamp()

  ModelOutput<-do.call(rbind,modelOutput)##make big dataframe for evaluation



  #~~~END MODEL ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~####

  

  return(mean(tail(ModelOutput$CBLO,240)))

  

}

minRBCCE <- function(dose){

  

  # TIMING COMMANDS ####

  MAXT=0.1       #maximum time step

  times<-seq(params[["TSTART"]],params[["TSTOP"]],by=MAXT)#

  

  # max number of points to write out to file

  POINTS_max<-10000  

  # if the more than 10000 timesteps, select evently spaced 10000 of them for reporting

  report_points<-if(length(times)<=POINTS_max) times else 

    times[seq(1,length(times),by=round(length(times)/POINTS_max))]

  table(report_points%in%times)#check all report values are in times.

  

  

  # Dosing ####

  # once daily oral exposure for food

  if (route=="food"){

    if (Ndays < 100) {

      A <- c(dose)

      B <- c(0)

      C <- c("time","doral")

      

      DORAL <- data.frame(B,A)

      colnames(DORAL) <- C

    } else {

      A <- rep(dose,Ndays+1)

      B <- seq(0,Ndays*24,by=24)

      C <- c("time","doral")

      

      DORAL <- data.frame(B,A)

      colnames(DORAL) <- C

    }

  }

  # dosing for water exposure

  if (route=="water"){

    if (Ndays < 100) {

      # 6x daily for age <= 12

      if (subject_age<=12){

        A <- rep(dose/6.0,6)

        B <- seq(0,20,by=4)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

      # 4x daily for age > 12

      else {

        A <- rep(dose/4.0,4)

        B <- seq(0,18,by=6)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

    } else {

      # 6x daily for age <= 12

      if (subject_age<=12){

        A <- rep(dose/6.0,Ndays*6+1)

        B <- seq(0,Ndays*24,by=4)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

      # 4x daily for age > 12

      else {

        A <- rep(dose/4.0,Ndays*4+1)

        B <- seq(0,Ndays*24,by=6)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

    }

  }

  

  All_Dose<-DORAL%>%

    mutate(ODOSE=doral*(params[["BWST"]]/params[["MWPAR"]])

           *params[["FA"]], # DIM dose conversion (ug/kg to umol)

           Level=paste(doral[1],"ug/kg",sep="_"))

  

  #~~~~APPLY MODEL~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~#### 

  # Do parallel for speed

  c1<-makeCluster(min(cores,n_distinct(All_Dose$Level))) # cluster for parallel 

  timestamp()

  modelOutput<-parLapply(c1,split(All_Dose,All_Dose$Level), function (LL,ini_par,t){

    #load data into cores

    source("human_pbpk.R")

    # Create dataframe of "events"that describe the dosing, which informs the

    # ODE function, and needs to have columns "var" = the state_variable that needs

    # to be changed,"time"= when the changes occurs,"value"=the value being changed

    # to,& "method"= how the new value interacts with the previous state variable

    # value. See ?deSolve::lsodes and ?deSolve::events.

    

    # combine or replace "base" parameters with case specific human parameters, 

    # carring out any calcuated paramters which are function of other specific case parameters 

    ini_pars <- initial_params_fun(params=ini_par)

    # STATE####

    # Subject specific UPDATES to the initial value of state variables

    st<-state_fun(st=state,ini_p=ini_pars)

    

    eventDat<-rbind(data.frame(var="ODOSE",time=LL$time,

                               value=LL$ODOSE ,	 

                               method="add",stringsAsFactors = FALSE),  # ("replace", "add", "multiply")

                    data.frame(var="ASTOM",time=LL$time,

                               value=LL$ODOSE ,	 

                               method="add",stringsAsFactors = FALSE))

    

    # DERIVATIVE ####

    # RUN MODEL 

    modelOutput<- ode(y = st, times = t,  #method = "lsodes",

                      func = Human_Model, parms = ini_pars,

                      events = list(data = eventDat[order(eventDat$time),]))

    result <- within(as.data.frame(modelOutput),{Level<-LL$Level[[1]]})

    return(result)

  },ini_par=params,t=times)

  stopCluster(c1)

  timestamp()

  ModelOutput<-do.call(rbind,modelOutput)##make big dataframe for evaluation

  

  #~~~END MODEL ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~####

  

  return(min(ModelOutput$RBCCE))

  

}



just_run_model <- function(dose){

  

  # TIMING COMMANDS ####

  MAXT=0.1       #maximum time step

  times<-seq(params[["TSTART"]],params[["TSTOP"]],by=MAXT)#

  

  # max number of points to write out to file

  POINTS_max<-10000  

  # if the more than 10000 timesteps, select evently spaced 10000 of them for reporting

  report_points<-if(length(times)<=POINTS_max) times else 

    times[seq(1,length(times),by=round(length(times)/POINTS_max))]

  table(report_points%in%times)#check all report values are in times.

  

  

  # Dosing ####

  # once daily oral exposure for food

  if (route=="food"){

    if (Ndays < 100) {

      A <- c(dose)

      B <- c(0)

      C <- c("time","doral")

      

      DORAL <- data.frame(B,A)

      colnames(DORAL) <- C

    } else {

      A <- rep(dose,Ndays+1)

      B <- seq(0,Ndays*24,by=24)

      C <- c("time","doral")

      

      DORAL <- data.frame(B,A)

      colnames(DORAL) <- C

    }

  }

  # dosing for water exposure

  if (route=="water"){

    if (Ndays < 100) {

      # 6x daily for age <= 12

      if (subject_age<=12){

        A <- rep(dose/6.0,6)

        B <- seq(0,20,by=4)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

      # 4x daily for age > 12

      else {

        A <- rep(dose/4.0,4)

        B <- seq(0,18,by=6)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

    } else {

      # 6x daily for age <= 12

      if (subject_age<=12){

        A <- rep(dose/6.0,Ndays*6+1)

        B <- seq(0,Ndays*24,by=4)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

      # 4x daily for age > 12

      else {

        A <- rep(dose/4.0,Ndays*4+1)

        B <- seq(0,Ndays*24,by=6)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

    }

  }

  

  All_Dose<-DORAL%>%

    mutate(ODOSE=doral*(params[["BWST"]]/params[["MWPAR"]])

           *params[["FA"]], # DIM dose conversion (ug/kg to umol)

           Level=paste(doral[1],"ug/kg",sep="_"))

  

  #~~~~APPLY MODEL~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~#### 

  # Do parallel for speed

  c1<-makeCluster(min(cores,n_distinct(All_Dose$Level))) # cluster for parallel 

  timestamp()

  modelOutput<-parLapply(c1,split(All_Dose,All_Dose$Level), function (LL,ini_par,t){

    #load data into cores

    source("human_pbpk.R")

    # Create dataframe of "events"that describe the dosing, which informs the

    # ODE function, and needs to have columns "var" = the state_variable that needs

    # to be changed,"time"= when the changes occurs,"value"=the value being changed

    # to,& "method"= how the new value interacts with the previous state variable

    # value. See ?deSolve::lsodes and ?deSolve::events.

    

    # combine or replace "base" parameters with case specific human parameters, 

    # carring out any calcuated paramters which are function of other specific case parameters 

    ini_pars <- initial_params_fun(params=ini_par)

    # STATE####

    # Subject specific UPDATES to the initial value of state variables

    st<-state_fun(st=state,ini_p=ini_pars)

    

    eventDat<-rbind(data.frame(var="ODOSE",time=LL$time,

                               value=LL$ODOSE ,	 

                               method="add",stringsAsFactors = FALSE),  # ("replace", "add", "multiply")

                    data.frame(var="ASTOM",time=LL$time,

                               value=LL$ODOSE ,	 

                               method="add",stringsAsFactors = FALSE))

    

    # DERIVATIVE ####

    # RUN MODEL 

    modelOutput<- ode(y = st, times = t,  #method = "lsodes",

                      func = Human_Model, parms = ini_pars,

                      events = list(data = eventDat[order(eventDat$time),]))

    result <- within(as.data.frame(modelOutput),{Level<-LL$Level[[1]]})

    return(result)

  },ini_par=params,t=times)

  stopCluster(c1)

  timestamp()

  ModelOutput<-do.call(rbind,modelOutput)##make big dataframe for evaluation

  

  #~~~END MODEL ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~####

  

  return(ModelOutput)

  

}



PODcost <- function(test_dose){

  

  test_result <- minRBCCE(test_dose*1000)

  test_error <- (test_result - 90.0)

  

  print(sprintf("%f  %f",test_dose,test_result))

  

  return(test_error*test_error)

}



AEDcost <- function(test_dose){

  

  test_result <- avgCBL(test_dose*1000)

  test_error <- (test_result - ac_50)

  

  print(sprintf("%f  %f",test_dose,test_result))

  

  return(test_error*test_error)

}



# get the dose that reproduces the AC50 in blood concentration or 10% brain AChE inhibition

final_dose <- optim(par = 26.7, PODcost, method = "Brent",lower = 1, upper = 100, control = list(reltol = 1e-3))   # POD limits



# finally run the model for this concentration

ModelOutput <- just_run_model(final_dose$par*1000)

final_dose$par

min(ModelOutput$RBCCE)






rm(list = ls()) # Clear workspace



#set the working directory to the location of these scripts

#setwd(dirname(rstudioapi::getActiveDocumentContext()$path))



#Environment####

library(dplyr)

library(tidyr)

library(parallel)

# number of cores availabe on current machine

tot_cores<-detectCores(all.tests = FALSE, logical = TRUE)  

cores<-tot_cores-1 # leave one core for other tasks 



ac_50 <<- -999             # enter the AC50 value here; units = umol/L

Ndays = 123                        # number of days to simulate

target_chem = "oxon"            # oxon or parent compound

body_weight = 67.3                 # body weight in kg

subject_age = 13

route = "water"



source("human_pbpk.R") # Loads model and base parameters

source("malathion_human_parameters.R") # male and female specific parameters



# Intial_parameters####

sex = 1						 # 0=male, 1= Female

params<-c(params[!names(params)%in%names(human_parameters[[sex+1]])],

          human_parameters[[sex+1]])



# set case-specific parameters

params[["TSTART"]]<-0.0         # START SIMULATION (HR)

params[["TSTOP"]]=Ndays*24      			# Simulation duration = 2 days

params[["AGE0"]]=subject_age

params[["BWSW"]] = 1   	 				# Switch for age (set =0) or set (set =1) if bwt provided

params[["BWST"]]= body_weight   	 			# kg

params[["FA"]]=1



# returns the average blood concentration of oxon

# based on the daily dose of "dose" ug/kg/day

avgCBLO <- function(dose){

  

  # TIMING COMMANDS ####

  MAXT=0.1       #maximum time step

  times<-seq(params[["TSTART"]],params[["TSTOP"]],by=MAXT)#

  

  # max number of points to write out to file

  POINTS_max<-10000  

  # if the more than 10000 timesteps, select evently spaced 10000 of them for reporting

  report_points<-if(length(times)<=POINTS_max) times else 

    times[seq(1,length(times),by=round(length(times)/POINTS_max))]

  table(report_points%in%times)#check all report values are in times.

  

  

  # Dosing ####

  # once daily oral exposure for food

  if (route=="food"){

    if (Ndays < 100) {

      A <- c(dose)

      B <- c(0)

      C <- c("time","doral")

      

      DORAL <- data.frame(B,A)

      colnames(DORAL) <- C

    } else {

      A <- rep(dose,Ndays+1)

      B <- seq(0,Ndays*24,by=24)

      C <- c("time","doral")

      

      DORAL <- data.frame(B,A)

      colnames(DORAL) <- C

    }

  }

  # dosing for water exposure

  if (route=="water"){

    if (Ndays < 100) {

      # 6x daily for age <= 12

      if (subject_age<=12){

        A <- rep(dose/6.0,6)

        B <- seq(0,20,by=4)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

      # 4x daily for age > 12

      else {

        A <- rep(dose/4.0,4)

        B <- seq(0,18,by=6)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

    } else {

      # 6x daily for age <= 12

      if (subject_age<=12){

        A <- rep(dose/6.0,Ndays*6+1)

        B <- seq(0,Ndays*24,by=4)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

      # 4x daily for age > 12

      else {

        A <- rep(dose/4.0,Ndays*4+1)

        B <- seq(0,Ndays*24,by=6)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

    }

  }

  

  All_Dose<-DORAL%>%

    mutate(ODOSEOXON=doral*(params[["BWST"]]/params[["MWOXON"]])

           *params[["FA"]], # DIM dose conversion (ug/kg to umol)

           Level=paste(doral[1],"ug/kg",sep="_"))

  

  #~~~~APPLY MODEL~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~#### 

  # Do parallel for speed

  c1<-makeCluster(min(cores,n_distinct(All_Dose$Level))) # cluster for parallel 

  timestamp()

  modelOutput<-parLapply(c1,split(All_Dose,All_Dose$Level), function (LL,ini_par,t){

    #load data into cores

    source("human_pbpk.R")

    # Create dataframe of "events"that describe the dosing, which informs the

    # ODE function, and needs to have columns "var" = the state_variable that needs

    # to be changed,"time"= when the changes occurs,"value"=the value being changed

    # to,& "method"= how the new value interacts with the previous state variable

    # value. See ?deSolve::lsodes and ?deSolve::events.

    

    # combine or replace "base" parameters with case specific human parameters, 

    # carring out any calcuated paramters which are function of other specific case parameters 

    ini_pars <- initial_params_fun(params=ini_par)

    # STATE####

    # Subject specific UPDATES to the initial value of state variables

    st<-state_fun(st=state,ini_p=ini_pars)

    

    eventDat<-rbind(data.frame(var="ODOSEOXON",time=LL$time,

                               value=LL$ODOSEOXON ,	 

                               method="add",stringsAsFactors = FALSE),  # ("replace", "add", "multiply")

                    data.frame(var="ASTOMO",time=LL$time,

                               value=LL$ODOSEOXON ,	 

                               method="add",stringsAsFactors = FALSE))

    

    # DERIVATIVE ####

    # RUN MODEL 

    modelOutput<- ode(y = st, times = t,  #method = "lsodes",

                      func = Human_Model, parms = ini_pars,

                      events = list(data = eventDat[order(eventDat$time),]))

    result <- within(as.data.frame(modelOutput),{Level<-LL$Level[[1]]})

    return(result)

  },ini_par=params,t=times)

  stopCluster(c1)

  timestamp()

  ModelOutput<-do.call(rbind,modelOutput)##make big dataframe for evaluation



  #~~~END MODEL ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~####

  

  return(mean(tail(ModelOutput$CBLO,240)))

  

}



minRBCCEO <- function(dose){

  

  # TIMING COMMANDS ####

  MAXT=0.1       #maximum time step

  times<-seq(params[["TSTART"]],params[["TSTOP"]],by=MAXT)#

  

  # max number of points to write out to file

  POINTS_max<-10000  

  # if the more than 10000 timesteps, select evently spaced 10000 of them for reporting

  report_points<-if(length(times)<=POINTS_max) times else 

    times[seq(1,length(times),by=round(length(times)/POINTS_max))]

  table(report_points%in%times)#check all report values are in times.

  

  

  # Dosing ####

  # once daily oral exposure for food

  if (route=="food"){

    if (Ndays < 100) {

      A <- c(dose)

      B <- c(0)

      C <- c("time","doral")

      

      DORAL <- data.frame(B,A)

      colnames(DORAL) <- C

    } else {

      A <- rep(dose,Ndays+1)

      B <- seq(0,Ndays*24,by=24)

      C <- c("time","doral")

      

      DORAL <- data.frame(B,A)

      colnames(DORAL) <- C

    }

  }

  # dosing for water exposure

  if (route=="water"){

    if (Ndays < 100) {

      # 6x daily for age <= 12

      if (subject_age<=12){

        A <- rep(dose/6.0,6)

        B <- seq(0,20,by=4)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

      # 4x daily for age > 12

      else {

        A <- rep(dose/4.0,4)

        B <- seq(0,18,by=6)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

    } else {

      # 6x daily for age <= 12

      if (subject_age<=12){

        A <- rep(dose/6.0,Ndays*6+1)

        B <- seq(0,Ndays*24,by=4)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

      # 4x daily for age > 12

      else {

        A <- rep(dose/4.0,Ndays*4+1)

        B <- seq(0,Ndays*24,by=6)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

    }

  }

  

  All_Dose<-DORAL%>%

    mutate(ODOSEOXON=doral*(params[["BWST"]]/params[["MWOXON"]])

           *params[["FA"]], # DIM dose conversion (ug/kg to umol)

           Level=paste(doral[1],"ug/kg",sep="_"))

  

  #~~~~APPLY MODEL~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~#### 

  # Do parallel for speed

  c1<-makeCluster(min(cores,n_distinct(All_Dose$Level))) # cluster for parallel 

  timestamp()

  modelOutput<-parLapply(c1,split(All_Dose,All_Dose$Level), function (LL,ini_par,t){

    #load data into cores

    source("human_pbpk.R")

    # Create dataframe of "events"that describe the dosing, which informs the

    # ODE function, and needs to have columns "var" = the state_variable that needs

    # to be changed,"time"= when the changes occurs,"value"=the value being changed

    # to,& "method"= how the new value interacts with the previous state variable

    # value. See ?deSolve::lsodes and ?deSolve::events.

    

    # combine or replace "base" parameters with case specific human parameters, 

    # carring out any calcuated paramters which are function of other specific case parameters 

    ini_pars <- initial_params_fun(params=ini_par)

    # STATE####

    # Subject specific UPDATES to the initial value of state variables

    st<-state_fun(st=state,ini_p=ini_pars)

    

    eventDat<-rbind(data.frame(var="ODOSEOXON",time=LL$time,

                               value=LL$ODOSEOXON ,	 

                               method="add",stringsAsFactors = FALSE),  # ("replace", "add", "multiply")

                    data.frame(var="ASTOMO",time=LL$time,

                               value=LL$ODOSEOXON ,	 

                               method="add",stringsAsFactors = FALSE))

    

    # DERIVATIVE ####

    # RUN MODEL 

    modelOutput<- ode(y = st, times = t,  #method = "lsodes",

                      func = Human_Model, parms = ini_pars,

                      events = list(data = eventDat[order(eventDat$time),]))

    result <- within(as.data.frame(modelOutput),{Level<-LL$Level[[1]]})

    return(result)

  },ini_par=params,t=times)

  stopCluster(c1)

  timestamp()

  ModelOutput<-do.call(rbind,modelOutput)##make big dataframe for evaluation

  

  #~~~END MODEL ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~####

  

  return(min(ModelOutput$RBCCE))

  

}



just_run_model <- function(dose){

  

  # TIMING COMMANDS ####

  MAXT=0.1       #maximum time step

  times<-seq(params[["TSTART"]],params[["TSTOP"]],by=MAXT)#

  

  # max number of points to write out to file

  POINTS_max<-10000  

  # if the more than 10000 timesteps, select evently spaced 10000 of them for reporting

  report_points<-if(length(times)<=POINTS_max) times else 

    times[seq(1,length(times),by=round(length(times)/POINTS_max))]

  table(report_points%in%times)#check all report values are in times.

  

  

  # Dosing ####

  # once daily oral exposure for food

  if (route=="food"){

    if (Ndays < 100) {

      A <- c(dose)

      B <- c(0)

      C <- c("time","doral")

      

      DORAL <- data.frame(B,A)

      colnames(DORAL) <- C

    } else {

      A <- rep(dose,Ndays+1)

      B <- seq(0,Ndays*24,by=24)

      C <- c("time","doral")

      

      DORAL <- data.frame(B,A)

      colnames(DORAL) <- C

    }

  }

  # dosing for water exposure

  if (route=="water"){

    if (Ndays < 100) {

      # 6x daily for age <= 12

      if (subject_age<=12){

        A <- rep(dose/6.0,6)

        B <- seq(0,20,by=4)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

      # 4x daily for age > 12

      else {

        A <- rep(dose/4.0,4)

        B <- seq(0,18,by=6)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

    } else {

      # 6x daily for age <= 12

      if (subject_age<=12){

        A <- rep(dose/6.0,Ndays*6+1)

        B <- seq(0,Ndays*24,by=4)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

      # 4x daily for age > 12

      else {

        A <- rep(dose/4.0,Ndays*4+1)

        B <- seq(0,Ndays*24,by=6)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

    }

  }

  

  All_Dose<-DORAL%>%

    mutate(ODOSEOXON=doral*(params[["BWST"]]/params[["MWOXON"]])

           *params[["FA"]], # DIM dose conversion (ug/kg to umol)

           Level=paste(doral[1],"ug/kg",sep="_"))

  

  #~~~~APPLY MODEL~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~#### 

  # Do parallel for speed

  c1<-makeCluster(min(cores,n_distinct(All_Dose$Level))) # cluster for parallel 

  timestamp()

  modelOutput<-parLapply(c1,split(All_Dose,All_Dose$Level), function (LL,ini_par,t){

    #load data into cores

    source("human_pbpk.R")

    # Create dataframe of "events"that describe the dosing, which informs the

    # ODE function, and needs to have columns "var" = the state_variable that needs

    # to be changed,"time"= when the changes occurs,"value"=the value being changed

    # to,& "method"= how the new value interacts with the previous state variable

    # value. See ?deSolve::lsodes and ?deSolve::events.

    

    # combine or replace "base" parameters with case specific human parameters, 

    # carring out any calcuated paramters which are function of other specific case parameters 

    ini_pars <- initial_params_fun(params=ini_par)

    # STATE####

    # Subject specific UPDATES to the initial value of state variables

    st<-state_fun(st=state,ini_p=ini_pars)

    

    eventDat<-rbind(data.frame(var="ODOSEOXON",time=LL$time,

                               value=LL$ODOSEOXON ,	 

                               method="add",stringsAsFactors = FALSE),  # ("replace", "add", "multiply")

                    data.frame(var="ASTOMO",time=LL$time,

                               value=LL$ODOSEOXON ,	 

                               method="add",stringsAsFactors = FALSE))

    

    # DERIVATIVE ####

    # RUN MODEL 

    modelOutput<- ode(y = st, times = t,  #method = "lsodes",

                      func = Human_Model, parms = ini_pars,

                      events = list(data = eventDat[order(eventDat$time),]))

    result <- within(as.data.frame(modelOutput),{Level<-LL$Level[[1]]})

    return(result)

  },ini_par=params,t=times)

  stopCluster(c1)

  timestamp()

  ModelOutput<-do.call(rbind,modelOutput)##make big dataframe for evaluation



  #~~~END MODEL ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~####

  

  return(ModelOutput)

  

}



PODcost <- function(test_dose){

  

  test_result <- minRBCCEO(test_dose*1000)

  test_error <- (test_result - 90.0)

  

  print(sprintf("%f  %f",test_dose,test_result))

  

  return(test_error*test_error)

}



AEDcost <- function(test_dose){

  

  test_result <- avgCBLO(test_dose*1000)

  test_error <- (test_result - ac_50)

  

  print(sprintf("%f  %f",test_dose,test_result))

  

  return(test_error*test_error)

}



# get the dose that reproduces the AC50 in blood concentration or 10% brain AChE inhibition



final_dose <- optim(par = 1.28, PODcost, method = "Brent",lower = 0.1, upper = 10, control = list(reltol = 1e-3))   # POD limits



# finally run the model for this concentration

ModelOutput <- just_run_model(final_dose$par*1000)



final_dose$par

min(ModelOutput$RBCCE)




rm(list = ls()) # Clear workspace



#set the working directory to the location of these scripts

#setwd(dirname(rstudioapi::getActiveDocumentContext()$path))



#Environment####

library(dplyr)

library(tidyr)

library(parallel)

# number of cores availabe on current machine

tot_cores<-detectCores(all.tests = FALSE, logical = TRUE)  

cores<-tot_cores-1 # leave one core for other tasks 



ac_50 <<- -999             # enter the AC50 value here; units = umol/L

Ndays = 123                        # number of days to simulate

target_chem = "parent"            # oxon or parent compound

body_weight = 67.3                 # body weight in kg

subject_age = 13

route = "water"



source("human_pbpk.R") # Loads model and base parameters

source("malathion_human_parameters.R") # male and female specific parameters



# Intial_parameters####

sex = 1						 # 0=male, 1= Female

params<-c(params[!names(params)%in%names(human_parameters[[sex+1]])],

          human_parameters[[sex+1]])



# set case-specific parameters

params[["TSTART"]]<-0.0         # START SIMULATION (HR)

params[["TSTOP"]]=Ndays*24      			# Simulation duration = 2 days

params[["AGE0"]]=subject_age

params[["BWSW"]] = 1   	 				# Switch for age (set =0) or set (set =1) if bwt provided

params[["BWST"]]= body_weight   	 			# kg

params[["FA"]]=1



# returns the average blood concentration of parent compound

# based on the daily dose of "dose" ug/kg/day

avgCBL <- function(dose){

  

  # TIMING COMMANDS ####

  MAXT=0.1       #maximum time step

  times<-seq(params[["TSTART"]],params[["TSTOP"]],by=MAXT)#

  

  # max number of points to write out to file

  POINTS_max<-10000  

  # if the more than 10000 timesteps, select evently spaced 10000 of them for reporting

  report_points<-if(length(times)<=POINTS_max) times else 

    times[seq(1,length(times),by=round(length(times)/POINTS_max))]

  table(report_points%in%times)#check all report values are in times.

  

  

  # Dosing ####

  # once daily oral exposure for food

  if (route=="food"){

    if (Ndays < 100) {

      A <- c(dose)

      B <- c(0)

      C <- c("time","doral")

      

      DORAL <- data.frame(B,A)

      colnames(DORAL) <- C

    } else {

      A <- rep(dose,Ndays+1)

      B <- seq(0,Ndays*24,by=24)

      C <- c("time","doral")

      

      DORAL <- data.frame(B,A)

      colnames(DORAL) <- C

    }

  }

  # dosing for water exposure

  if (route=="water"){

    if (Ndays < 100) {

      # 6x daily for age <= 12

      if (subject_age<=12){

        A <- rep(dose/6.0,6)

        B <- seq(0,20,by=4)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

      # 4x daily for age > 12

      else {

        A <- rep(dose/4.0,4)

        B <- seq(0,18,by=6)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

    } else {

      # 6x daily for age <= 12

      if (subject_age<=12){

        A <- rep(dose/6.0,Ndays*6+1)

        B <- seq(0,Ndays*24,by=4)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

      # 4x daily for age > 12

      else {

        A <- rep(dose/4.0,Ndays*4+1)

        B <- seq(0,Ndays*24,by=6)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

    }

  }

  

  

  All_Dose<-DORAL%>%

    mutate(ODOSE=doral*(params[["BWST"]]/params[["MWPAR"]])

           *params[["FA"]], # DIM dose conversion (ug/kg to umol)

           Level=paste(doral[1],"ug/kg",sep="_"))

  

  #~~~~APPLY MODEL~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~#### 

  # Do parallel for speed

  c1<-makeCluster(min(cores,n_distinct(All_Dose$Level))) # cluster for parallel 

  timestamp()

  modelOutput<-parLapply(c1,split(All_Dose,All_Dose$Level), function (LL,ini_par,t){

    #load data into cores

    source("human_pbpk.R")

    # Create dataframe of "events"that describe the dosing, which informs the

    # ODE function, and needs to have columns "var" = the state_variable that needs

    # to be changed,"time"= when the changes occurs,"value"=the value being changed

    # to,& "method"= how the new value interacts with the previous state variable

    # value. See ?deSolve::lsodes and ?deSolve::events.

    

    # combine or replace "base" parameters with case specific human parameters, 

    # carring out any calcuated paramters which are function of other specific case parameters 

    ini_pars <- initial_params_fun(params=ini_par)

    # STATE####

    # Subject specific UPDATES to the initial value of state variables

    st<-state_fun(st=state,ini_p=ini_pars)

    

    eventDat<-rbind(data.frame(var="ODOSE",time=LL$time,

                               value=LL$ODOSE ,	 

                               method="add",stringsAsFactors = FALSE),  # ("replace", "add", "multiply")

                    data.frame(var="ASTOM",time=LL$time,

                               value=LL$ODOSE ,	 

                               method="add",stringsAsFactors = FALSE))

    

    # DERIVATIVE ####

    # RUN MODEL 

    modelOutput<- ode(y = st, times = t,  #method = "lsodes",

                      func = Human_Model, parms = ini_pars,

                      events = list(data = eventDat[order(eventDat$time),]))

    result <- within(as.data.frame(modelOutput),{Level<-LL$Level[[1]]})

    return(result)

  },ini_par=params,t=times)

  stopCluster(c1)

  timestamp()

  ModelOutput<-do.call(rbind,modelOutput)##make big dataframe for evaluation



  

  return(mean(tail(ModelOutput$CBL,240)))

  

}



# returns the average blood concentration of oxon

# based on the daily dose of "dose" ug/kg/day

avgCBLO <- function(dose){

  

  # TIMING COMMANDS ####

  MAXT=0.1       #maximum time step

  times<-seq(params[["TSTART"]],params[["TSTOP"]],by=MAXT)#

  

  # max number of points to write out to file

  POINTS_max<-10000  

  # if the more than 10000 timesteps, select evently spaced 10000 of them for reporting

  report_points<-if(length(times)<=POINTS_max) times else 

    times[seq(1,length(times),by=round(length(times)/POINTS_max))]

  table(report_points%in%times)#check all report values are in times.

  

  

  # Dosing ####

  

  # once daily oral exposure for food

  if (route=="food"){

    if (Ndays < 100) {

      A <- c(dose)

      B <- c(0)

      C <- c("time","doral")

      

      DORAL <- data.frame(B,A)

      colnames(DORAL) <- C

    } else {

      A <- rep(dose,Ndays+1)

      B <- seq(0,Ndays*24,by=24)

      C <- c("time","doral")

      

      DORAL <- data.frame(B,A)

      colnames(DORAL) <- C

    }

  }

  # dosing for water exposure

  if (route=="water"){

    if (Ndays < 100) {

      # 6x daily for age <= 12

      if (subject_age<=12){

        A <- rep(dose/6.0,6)

        B <- seq(0,20,by=4)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

      # 4x daily for age > 12

      else {

        A <- rep(dose/4.0,4)

        B <- seq(0,18,by=6)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

    } else {

      # 6x daily for age <= 12

      if (subject_age<=12){

        A <- rep(dose/6.0,Ndays*6+1)

        B <- seq(0,Ndays*24,by=4)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

      # 4x daily for age > 12

      else {

        A <- rep(dose/4.0,Ndays*4+1)

        B <- seq(0,Ndays*24,by=6)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

    }

  }

  

  All_Dose<-DORAL%>%

    mutate(ODOSE=doral*(params[["BWST"]]/params[["MWPAR"]])

           *params[["FA"]], # DIM dose conversion (ug/kg to umol)

           Level=paste(doral[1],"ug/kg",sep="_"))

  

  #~~~~APPLY MODEL~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~#### 

  # Do parallel for speed

  c1<-makeCluster(min(cores,n_distinct(All_Dose$Level))) # cluster for parallel 

  timestamp()

  modelOutput<-parLapply(c1,split(All_Dose,All_Dose$Level), function (LL,ini_par,t){

    #load data into cores

    source("human_pbpk.R")

    # Create dataframe of "events"that describe the dosing, which informs the

    # ODE function, and needs to have columns "var" = the state_variable that needs

    # to be changed,"time"= when the changes occurs,"value"=the value being changed

    # to,& "method"= how the new value interacts with the previous state variable

    # value. See ?deSolve::lsodes and ?deSolve::events.

    

    # combine or replace "base" parameters with case specific human parameters, 

    # carring out any calcuated paramters which are function of other specific case parameters 

    ini_pars <- initial_params_fun(params=ini_par)

    # STATE####

    # Subject specific UPDATES to the initial value of state variables

    st<-state_fun(st=state,ini_p=ini_pars)

    

    eventDat<-rbind(data.frame(var="ODOSE",time=LL$time,

                               value=LL$ODOSE ,	 

                               method="add",stringsAsFactors = FALSE),  # ("replace", "add", "multiply")

                    data.frame(var="ASTOM",time=LL$time,

                               value=LL$ODOSE ,	 

                               method="add",stringsAsFactors = FALSE))

    

    # DERIVATIVE ####

    # RUN MODEL 

    modelOutput<- ode(y = st, times = t,  #method = "lsodes",

                      func = Human_Model, parms = ini_pars,

                      events = list(data = eventDat[order(eventDat$time),]))

    result <- within(as.data.frame(modelOutput),{Level<-LL$Level[[1]]})

    return(result)

  },ini_par=params,t=times)

  stopCluster(c1)

  timestamp()

  ModelOutput<-do.call(rbind,modelOutput)##make big dataframe for evaluation



  #~~~END MODEL ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~####

  

  return(mean(tail(ModelOutput$CBLO,240)))

  

}

minRBCCE <- function(dose){

  

  # TIMING COMMANDS ####

  MAXT=0.1       #maximum time step

  times<-seq(params[["TSTART"]],params[["TSTOP"]],by=MAXT)#

  

  # max number of points to write out to file

  POINTS_max<-10000  

  # if the more than 10000 timesteps, select evently spaced 10000 of them for reporting

  report_points<-if(length(times)<=POINTS_max) times else 

    times[seq(1,length(times),by=round(length(times)/POINTS_max))]

  table(report_points%in%times)#check all report values are in times.

  

  

  # Dosing ####

  # once daily oral exposure for food

  if (route=="food"){

    if (Ndays < 100) {

      A <- c(dose)

      B <- c(0)

      C <- c("time","doral")

      

      DORAL <- data.frame(B,A)

      colnames(DORAL) <- C

    } else {

      A <- rep(dose,Ndays+1)

      B <- seq(0,Ndays*24,by=24)

      C <- c("time","doral")

      

      DORAL <- data.frame(B,A)

      colnames(DORAL) <- C

    }

  }

  # dosing for water exposure

  if (route=="water"){

    if (Ndays < 100) {

      # 6x daily for age <= 12

      if (subject_age<=12){

        A <- rep(dose/6.0,6)

        B <- seq(0,20,by=4)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

      # 4x daily for age > 12

      else {

        A <- rep(dose/4.0,4)

        B <- seq(0,18,by=6)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

    } else {

      # 6x daily for age <= 12

      if (subject_age<=12){

        A <- rep(dose/6.0,Ndays*6+1)

        B <- seq(0,Ndays*24,by=4)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

      # 4x daily for age > 12

      else {

        A <- rep(dose/4.0,Ndays*4+1)

        B <- seq(0,Ndays*24,by=6)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

    }

  }

  

  All_Dose<-DORAL%>%

    mutate(ODOSE=doral*(params[["BWST"]]/params[["MWPAR"]])

           *params[["FA"]], # DIM dose conversion (ug/kg to umol)

           Level=paste(doral[1],"ug/kg",sep="_"))

  

  #~~~~APPLY MODEL~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~#### 

  # Do parallel for speed

  c1<-makeCluster(min(cores,n_distinct(All_Dose$Level))) # cluster for parallel 

  timestamp()

  modelOutput<-parLapply(c1,split(All_Dose,All_Dose$Level), function (LL,ini_par,t){

    #load data into cores

    source("human_pbpk.R")

    # Create dataframe of "events"that describe the dosing, which informs the

    # ODE function, and needs to have columns "var" = the state_variable that needs

    # to be changed,"time"= when the changes occurs,"value"=the value being changed

    # to,& "method"= how the new value interacts with the previous state variable

    # value. See ?deSolve::lsodes and ?deSolve::events.

    

    # combine or replace "base" parameters with case specific human parameters, 

    # carring out any calcuated paramters which are function of other specific case parameters 

    ini_pars <- initial_params_fun(params=ini_par)

    # STATE####

    # Subject specific UPDATES to the initial value of state variables

    st<-state_fun(st=state,ini_p=ini_pars)

    

    eventDat<-rbind(data.frame(var="ODOSE",time=LL$time,

                               value=LL$ODOSE ,	 

                               method="add",stringsAsFactors = FALSE),  # ("replace", "add", "multiply")

                    data.frame(var="ASTOM",time=LL$time,

                               value=LL$ODOSE ,	 

                               method="add",stringsAsFactors = FALSE))

    

    # DERIVATIVE ####

    # RUN MODEL 

    modelOutput<- ode(y = st, times = t,  #method = "lsodes",

                      func = Human_Model, parms = ini_pars,

                      events = list(data = eventDat[order(eventDat$time),]))

    result <- within(as.data.frame(modelOutput),{Level<-LL$Level[[1]]})

    return(result)

  },ini_par=params,t=times)

  stopCluster(c1)

  timestamp()

  ModelOutput<-do.call(rbind,modelOutput)##make big dataframe for evaluation

  

  #~~~END MODEL ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~####

  

  return(min(ModelOutput$RBCCE))

  

}



just_run_model <- function(dose){

  

  # TIMING COMMANDS ####

  MAXT=0.1       #maximum time step

  times<-seq(params[["TSTART"]],params[["TSTOP"]],by=MAXT)#

  

  # max number of points to write out to file

  POINTS_max<-10000  

  # if the more than 10000 timesteps, select evently spaced 10000 of them for reporting

  report_points<-if(length(times)<=POINTS_max) times else 

    times[seq(1,length(times),by=round(length(times)/POINTS_max))]

  table(report_points%in%times)#check all report values are in times.

  

  

  # Dosing ####

  # once daily oral exposure for food

  if (route=="food"){

    if (Ndays < 100) {

      A <- c(dose)

      B <- c(0)

      C <- c("time","doral")

      

      DORAL <- data.frame(B,A)

      colnames(DORAL) <- C

    } else {

      A <- rep(dose,Ndays+1)

      B <- seq(0,Ndays*24,by=24)

      C <- c("time","doral")

      

      DORAL <- data.frame(B,A)

      colnames(DORAL) <- C

    }

  }

  # dosing for water exposure

  if (route=="water"){

    if (Ndays < 100) {

      # 6x daily for age <= 12

      if (subject_age<=12){

        A <- rep(dose/6.0,6)

        B <- seq(0,20,by=4)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

      # 4x daily for age > 12

      else {

        A <- rep(dose/4.0,4)

        B <- seq(0,18,by=6)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

    } else {

      # 6x daily for age <= 12

      if (subject_age<=12){

        A <- rep(dose/6.0,Ndays*6+1)

        B <- seq(0,Ndays*24,by=4)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

      # 4x daily for age > 12

      else {

        A <- rep(dose/4.0,Ndays*4+1)

        B <- seq(0,Ndays*24,by=6)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

    }

  }

  

  All_Dose<-DORAL%>%

    mutate(ODOSE=doral*(params[["BWST"]]/params[["MWPAR"]])

           *params[["FA"]], # DIM dose conversion (ug/kg to umol)

           Level=paste(doral[1],"ug/kg",sep="_"))

  

  #~~~~APPLY MODEL~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~#### 

  # Do parallel for speed

  c1<-makeCluster(min(cores,n_distinct(All_Dose$Level))) # cluster for parallel 

  timestamp()

  modelOutput<-parLapply(c1,split(All_Dose,All_Dose$Level), function (LL,ini_par,t){

    #load data into cores

    source("human_pbpk.R")

    # Create dataframe of "events"that describe the dosing, which informs the

    # ODE function, and needs to have columns "var" = the state_variable that needs

    # to be changed,"time"= when the changes occurs,"value"=the value being changed

    # to,& "method"= how the new value interacts with the previous state variable

    # value. See ?deSolve::lsodes and ?deSolve::events.

    

    # combine or replace "base" parameters with case specific human parameters, 

    # carring out any calcuated paramters which are function of other specific case parameters 

    ini_pars <- initial_params_fun(params=ini_par)

    # STATE####

    # Subject specific UPDATES to the initial value of state variables

    st<-state_fun(st=state,ini_p=ini_pars)

    

    eventDat<-rbind(data.frame(var="ODOSE",time=LL$time,

                               value=LL$ODOSE ,	 

                               method="add",stringsAsFactors = FALSE),  # ("replace", "add", "multiply")

                    data.frame(var="ASTOM",time=LL$time,

                               value=LL$ODOSE ,	 

                               method="add",stringsAsFactors = FALSE))

    

    # DERIVATIVE ####

    # RUN MODEL 

    modelOutput<- ode(y = st, times = t,  #method = "lsodes",

                      func = Human_Model, parms = ini_pars,

                      events = list(data = eventDat[order(eventDat$time),]))

    result <- within(as.data.frame(modelOutput),{Level<-LL$Level[[1]]})

    return(result)

  },ini_par=params,t=times)

  stopCluster(c1)

  timestamp()

  ModelOutput<-do.call(rbind,modelOutput)##make big dataframe for evaluation

  

  #~~~END MODEL ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~####

  

  return(ModelOutput)

  

}



PODcost <- function(test_dose){

  

  test_result <- minRBCCE(test_dose*1000)

  test_error <- (test_result - 90.0)

  

  print(sprintf("%f  %f",test_dose,test_result))

  

  return(test_error*test_error)

}



AEDcost <- function(test_dose){

  

  test_result <- avgCBL(test_dose*1000)

  test_error <- (test_result - ac_50)

  

  print(sprintf("%f  %f",test_dose,test_result))

  

  return(test_error*test_error)

}



# get the dose that reproduces the AC50 in blood concentration or 10% brain AChE inhibition



final_dose <- optim(par = 23.5, PODcost, method = "Brent",lower = 1, upper = 100, control = list(reltol = 1e-3))   # POD limits



# finally run the model for this concentration

ModelOutput <- just_run_model(final_dose$par*1000)



final_dose$par

min(ModelOutput$RBCCE)


rm(list = ls()) # Clear workspace



#set the working directory to the location of these scripts

#setwd(dirname(rstudioapi::getActiveDocumentContext()$path))



#Environment####

library(dplyr)

library(tidyr)

library(parallel)

# number of cores availabe on current machine

tot_cores<-detectCores(all.tests = FALSE, logical = TRUE)  

cores<-tot_cores-1 # leave one core for other tasks 



ac_50 <<- -999             # enter the AC50 value here; units = umol/L

Ndays = 2                        # number of days to simulate

target_chem = "oxon"            # oxon or parent compound

body_weight = 12.6                 # body weight in kg

subject_age = 1

scenario_number = 1

route = "food"



source("human_pbpk.R") # Loads model and base parameters

source("malathion_human_parameters.R") # male and female specific parameters



# Intial_parameters####

sex = 1						 # 0=male, 1= Female

params<-c(params[!names(params)%in%names(human_parameters[[sex+1]])],

          human_parameters[[sex+1]])



# set case-specific parameters

params[["TSTART"]]<-0.0         # START SIMULATION (HR)

params[["TSTOP"]]=48      			# Simulation duration = 2 days

params[["AGE0"]]=subject_age

params[["BWSW"]] = 1   	 				# Switch for age (set =0) or set (set =1) if bwt provided

params[["BWST"]]= body_weight   	 			# kg

params[["FA"]]=1



# returns the average blood concentration of oxon

# based on the daily dose of "dose" ug/kg/day

avgCBLO <- function(dose){

  

  # TIMING COMMANDS ####

  MAXT=0.1       #maximum time step

  times<-seq(params[["TSTART"]],params[["TSTOP"]],by=MAXT)#

  

  # max number of points to write out to file

  POINTS_max<-10000  

  # if the more than 10000 timesteps, select evently spaced 10000 of them for reporting

  report_points<-if(length(times)<=POINTS_max) times else 

    times[seq(1,length(times),by=round(length(times)/POINTS_max))]

  table(report_points%in%times)#check all report values are in times.

  

  

  # Dosing ####

  

  # once daily oral exposure for food

  if (route=="food"){

    if (Ndays < 100) {

      A <- c(dose)

      B <- c(0)

      C <- c("time","doral")

      

      DORAL <- data.frame(B,A)

      colnames(DORAL) <- C

    } else {

      A <- rep(dose,Ndays+1)

      B <- seq(0,Ndays*24,by=24)

      C <- c("time","doral")

      

      DORAL <- data.frame(B,A)

      colnames(DORAL) <- C

    }

  }

  # dosing for water exposure

  if (route=="water"){

    if (Ndays < 100) {

      # 6x daily for age <= 12

      if (subject_age<=12){

        A <- rep(dose/6.0,6)

        B <- seq(0,20,by=4)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

      # 4x daily for age > 12

      else {

        A <- rep(dose/4.0,4)

        B <- seq(0,18,by=6)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

    } else {

      # 6x daily for age <= 12

      if (subject_age<=12){

        A <- rep(dose/6.0,Ndays*6+1)

        B <- seq(0,Ndays*24,by=4)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

      # 4x daily for age > 12

      else {

        A <- rep(dose/4.0,Ndays*4+1)

        B <- seq(0,Ndays*24,by=6)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

    }

  }

  

  All_Dose<-DORAL%>%

    mutate(ODOSEOXON=doral*(params[["BWST"]]/params[["MWOXON"]])

           *params[["FA"]], # DIM dose conversion (ug/kg to umol)

           Level=paste(doral[1],"ug/kg",sep="_"))

  

  #~~~~APPLY MODEL~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~#### 

  # Do parallel for speed

  c1<-makeCluster(min(cores,n_distinct(All_Dose$Level))) # cluster for parallel 

  timestamp()

  modelOutput<-parLapply(c1,split(All_Dose,All_Dose$Level), function (LL,ini_par,t){

    #load data into cores

    source("human_pbpk.R")

    # Create dataframe of "events"that describe the dosing, which informs the

    # ODE function, and needs to have columns "var" = the state_variable that needs

    # to be changed,"time"= when the changes occurs,"value"=the value being changed

    # to,& "method"= how the new value interacts with the previous state variable

    # value. See ?deSolve::lsodes and ?deSolve::events.

    

    # combine or replace "base" parameters with case specific human parameters, 

    # carring out any calcuated paramters which are function of other specific case parameters 

    ini_pars <- initial_params_fun(params=ini_par)

    # STATE####

    # Subject specific UPDATES to the initial value of state variables

    st<-state_fun(st=state,ini_p=ini_pars)

    

    eventDat<-rbind(data.frame(var="ODOSEOXON",time=LL$time,

                               value=LL$ODOSEOXON ,	 

                               method="add",stringsAsFactors = FALSE),  # ("replace", "add", "multiply")

                    data.frame(var="ASTOMO",time=LL$time,

                               value=LL$ODOSEOXON ,	 

                               method="add",stringsAsFactors = FALSE))

    

    # DERIVATIVE ####

    # RUN MODEL 

    modelOutput<- ode(y = st, times = t,  #method = "lsodes",

                      func = Human_Model, parms = ini_pars,

                      events = list(data = eventDat[order(eventDat$time),]))

    result <- within(as.data.frame(modelOutput),{Level<-LL$Level[[1]]})

    return(result)

  },ini_par=params,t=times)

  stopCluster(c1)

  timestamp()

  ModelOutput<-do.call(rbind,modelOutput)##make big dataframe for evaluation



  #~~~END MODEL ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~####

  

  return(mean(tail(ModelOutput$CBLO,240)))

  

}



minRBCCEO <- function(dose){

  

  # TIMING COMMANDS ####

  MAXT=0.1       #maximum time step

  times<-seq(params[["TSTART"]],params[["TSTOP"]],by=MAXT)#

  

  # max number of points to write out to file

  POINTS_max<-10000  

  # if the more than 10000 timesteps, select evently spaced 10000 of them for reporting

  report_points<-if(length(times)<=POINTS_max) times else 

    times[seq(1,length(times),by=round(length(times)/POINTS_max))]

  table(report_points%in%times)#check all report values are in times.

  

  

  # Dosing ####

  

  # once daily oral exposure for food

  if (route=="food"){

    if (Ndays < 100) {

      A <- c(dose)

      B <- c(0)

      C <- c("time","doral")

      

      DORAL <- data.frame(B,A)

      colnames(DORAL) <- C

    } else {

      A <- rep(dose,Ndays+1)

      B <- seq(0,Ndays*24,by=24)

      C <- c("time","doral")

      

      DORAL <- data.frame(B,A)

      colnames(DORAL) <- C

    }

  }

  # dosing for water exposure

  if (route=="water"){

    if (Ndays < 100) {

      # 6x daily for age <= 12

      if (subject_age<=12){

        A <- rep(dose/6.0,6)

        B <- seq(0,20,by=4)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

      # 4x daily for age > 12

      else {

        A <- rep(dose/4.0,4)

        B <- seq(0,18,by=6)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

    } else {

      # 6x daily for age <= 12

      if (subject_age<=12){

        A <- rep(dose/6.0,Ndays*6+1)

        B <- seq(0,Ndays*24,by=4)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

      # 4x daily for age > 12

      else {

        A <- rep(dose/4.0,Ndays*4+1)

        B <- seq(0,Ndays*24,by=6)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

    }

  }

  

  All_Dose<-DORAL%>%

    mutate(ODOSEOXON=doral*(params[["BWST"]]/params[["MWOXON"]])

           *params[["FA"]], # DIM dose conversion (ug/kg to umol)

           Level=paste(doral[1],"ug/kg",sep="_"))

  

  #~~~~APPLY MODEL~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~#### 

  # Do parallel for speed

  c1<-makeCluster(min(cores,n_distinct(All_Dose$Level))) # cluster for parallel 

  timestamp()

  modelOutput<-parLapply(c1,split(All_Dose,All_Dose$Level), function (LL,ini_par,t){

    #load data into cores

    source("human_pbpk.R")

    # Create dataframe of "events"that describe the dosing, which informs the

    # ODE function, and needs to have columns "var" = the state_variable that needs

    # to be changed,"time"= when the changes occurs,"value"=the value being changed

    # to,& "method"= how the new value interacts with the previous state variable

    # value. See ?deSolve::lsodes and ?deSolve::events.

    

    # combine or replace "base" parameters with case specific human parameters, 

    # carring out any calcuated paramters which are function of other specific case parameters 

    ini_pars <- initial_params_fun(params=ini_par)

    # STATE####

    # Subject specific UPDATES to the initial value of state variables

    st<-state_fun(st=state,ini_p=ini_pars)

    

    eventDat<-rbind(data.frame(var="ODOSEOXON",time=LL$time,

                               value=LL$ODOSEOXON ,	 

                               method="add",stringsAsFactors = FALSE),  # ("replace", "add", "multiply")

                    data.frame(var="ASTOMO",time=LL$time,

                               value=LL$ODOSEOXON ,	 

                               method="add",stringsAsFactors = FALSE))

    

    # DERIVATIVE ####

    # RUN MODEL 

    modelOutput<- ode(y = st, times = t,  #method = "lsodes",

                      func = Human_Model, parms = ini_pars,

                      events = list(data = eventDat[order(eventDat$time),]))

    result <- within(as.data.frame(modelOutput),{Level<-LL$Level[[1]]})

    return(result)

  },ini_par=params,t=times)

  stopCluster(c1)

  timestamp()

  ModelOutput<-do.call(rbind,modelOutput)##make big dataframe for evaluation

  

  #~~~END MODEL ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~####

  

  return(min(ModelOutput$RBCCE))

  

}



just_run_model <- function(dose){

  

  # TIMING COMMANDS ####

  MAXT=0.1       #maximum time step

  times<-seq(params[["TSTART"]],params[["TSTOP"]],by=MAXT)#

  

  # max number of points to write out to file

  POINTS_max<-10000  

  # if the more than 10000 timesteps, select evently spaced 10000 of them for reporting

  report_points<-if(length(times)<=POINTS_max) times else 

    times[seq(1,length(times),by=round(length(times)/POINTS_max))]

  table(report_points%in%times)#check all report values are in times.

  

  

  # Dosing ####

  

  # once daily oral exposure for food

  if (route=="food"){

    if (Ndays < 100) {

      A <- c(dose)

      B <- c(0)

      C <- c("time","doral")

      

      DORAL <- data.frame(B,A)

      colnames(DORAL) <- C

    } else {

      A <- rep(dose,Ndays+1)

      B <- seq(0,Ndays*24,by=24)

      C <- c("time","doral")

      

      DORAL <- data.frame(B,A)

      colnames(DORAL) <- C

    }

  }

  # dosing for water exposure

  if (route=="water"){

    if (Ndays < 100) {

      # 6x daily for age <= 12

      if (subject_age<=12){

        A <- rep(dose/6.0,6)

        B <- seq(0,20,by=4)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

      # 4x daily for age > 12

      else {

        A <- rep(dose/4.0,4)

        B <- seq(0,18,by=6)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

    } else {

      # 6x daily for age <= 12

      if (subject_age<=12){

        A <- rep(dose/6.0,Ndays*6+1)

        B <- seq(0,Ndays*24,by=4)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

      # 4x daily for age > 12

      else {

        A <- rep(dose/4.0,Ndays*4+1)

        B <- seq(0,Ndays*24,by=6)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

    }

  }

  

  All_Dose<-DORAL%>%

    mutate(ODOSEOXON=doral*(params[["BWST"]]/params[["MWOXON"]])

           *params[["FA"]], # DIM dose conversion (ug/kg to umol)

           Level=paste(doral[1],"ug/kg",sep="_"))

  

  #~~~~APPLY MODEL~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~#### 

  # Do parallel for speed

  c1<-makeCluster(min(cores,n_distinct(All_Dose$Level))) # cluster for parallel 

  timestamp()

  modelOutput<-parLapply(c1,split(All_Dose,All_Dose$Level), function (LL,ini_par,t){

    #load data into cores

    source("human_pbpk.R")

    # Create dataframe of "events"that describe the dosing, which informs the

    # ODE function, and needs to have columns "var" = the state_variable that needs

    # to be changed,"time"= when the changes occurs,"value"=the value being changed

    # to,& "method"= how the new value interacts with the previous state variable

    # value. See ?deSolve::lsodes and ?deSolve::events.

    

    # combine or replace "base" parameters with case specific human parameters, 

    # carring out any calcuated paramters which are function of other specific case parameters 

    ini_pars <- initial_params_fun(params=ini_par)

    # STATE####

    # Subject specific UPDATES to the initial value of state variables

    st<-state_fun(st=state,ini_p=ini_pars)

    

    eventDat<-rbind(data.frame(var="ODOSEOXON",time=LL$time,

                               value=LL$ODOSEOXON ,	 

                               method="add",stringsAsFactors = FALSE),  # ("replace", "add", "multiply")

                    data.frame(var="ASTOMO",time=LL$time,

                               value=LL$ODOSEOXON ,	 

                               method="add",stringsAsFactors = FALSE))

    

    # DERIVATIVE ####

    # RUN MODEL 

    modelOutput<- ode(y = st, times = t,  #method = "lsodes",

                      func = Human_Model, parms = ini_pars,

                      events = list(data = eventDat[order(eventDat$time),]))

    result <- within(as.data.frame(modelOutput),{Level<-LL$Level[[1]]})

    return(result)

  },ini_par=params,t=times)

  stopCluster(c1)

  timestamp()

  ModelOutput<-do.call(rbind,modelOutput)##make big dataframe for evaluation

  

  #~~~END MODEL ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~####

  

  return(ModelOutput)

  

}



PODcost <- function(test_dose){

  

  test_result <- minRBCCEO(test_dose*1000)

  test_error <- (test_result - 90.0)

  

  print(sprintf("%f  %f",test_dose,test_result))

  

  return(test_error*test_error)

}



AEDcost <- function(test_dose){

  

  test_result <- avgCBLO(test_dose*1000)

  test_error <- (test_result - ac_50)

  

  print(sprintf("%f  %f",test_dose,test_result))

  

  return(test_error*test_error)

}



# get the dose that reproduces the AC50 in blood concentration or 10% brain AChE inhibition

final_dose <- optim(par = 4.5, PODcost, method = "Brent",lower = 1, upper = 10, control = list(reltol = 1e-3))   # POD limits



# finally run the model for this concentration

ModelOutput <- just_run_model(final_dose$par*1000)



final_dose$par

min(ModelOutput$RBCCE)


rm(list = ls()) # Clear workspace



#set the working directory to the location of these scripts

#setwd(dirname(rstudioapi::getActiveDocumentContext()$path))



#Environment####

library(dplyr)

library(tidyr)

library(parallel)

# number of cores availabe on current machine

tot_cores<-detectCores(all.tests = FALSE, logical = TRUE)  

cores<-tot_cores-1 # leave one core for other tasks 



ac_50 <<- -999            # enter the AC50 value here; units = umol/L

Ndays = 2                        # number of days to simulate

target_chem = "parent"            # oxon or parent compound

body_weight = 12.6                 # body weight in kg

subject_age = 1

scenario_number = 1

route = "food"



source("human_pbpk.R") # Loads model and base parameters

source("malathion_human_parameters.R") # male and female specific parameters



# Intial_parameters####

sex = 1						 # 0=male, 1= Female

params<-c(params[!names(params)%in%names(human_parameters[[sex+1]])],

          human_parameters[[sex+1]])



# set case-specific parameters

params[["TSTART"]]<-0.0         # START SIMULATION (HR)

params[["TSTOP"]]=48      			# Simulation duration = 2 days

params[["AGE0"]]=subject_age

params[["BWSW"]] = 1   	 				# Switch for age (set =0) or set (set =1) if bwt provided

params[["BWST"]]= body_weight   	 			# kg

params[["FA"]]=1



# returns the average blood concentration of parent compound

# based on the daily dose of "dose" ug/kg/day

avgCBL <- function(dose){

  

  # TIMING COMMANDS ####

  MAXT=0.1       #maximum time step

  times<-seq(params[["TSTART"]],params[["TSTOP"]],by=MAXT)#

  

  # max number of points to write out to file

  POINTS_max<-10000  

  # if the more than 10000 timesteps, select evently spaced 10000 of them for reporting

  report_points<-if(length(times)<=POINTS_max) times else 

    times[seq(1,length(times),by=round(length(times)/POINTS_max))]

  table(report_points%in%times)#check all report values are in times.

  

  

  # Dosing ####

  # Once daily oral exposure 

  #DORAL<-read_excel("data/MOD-multiple_test_parent_malathion.xls", sheet="adult", 

  #                 col_names = c("time","doral")) # Dose in ug/kg

  

  # Dosing ####

  

  # once daily oral exposure for food

  if (route=="food"){

    if (Ndays < 100) {

      A <- c(dose)

      B <- c(0)

      C <- c("time","doral")

      

      DORAL <- data.frame(B,A)

      colnames(DORAL) <- C

    } else {

      A <- rep(dose,Ndays+1)

      B <- seq(0,Ndays*24,by=24)

      C <- c("time","doral")

      

      DORAL <- data.frame(B,A)

      colnames(DORAL) <- C

    }

  }

  # dosing for water exposure

  if (route=="water"){

    if (Ndays < 100) {

      # 6x daily for age <= 12

      if (subject_age<=12){

        A <- rep(dose/6.0,6)

        B <- seq(0,20,by=4)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

      # 4x daily for age > 12

      else {

        A <- rep(dose/4.0,4)

        B <- seq(0,18,by=6)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

    } else {

      # 6x daily for age <= 12

      if (subject_age<=12){

        A <- rep(dose/6.0,Ndays*6+1)

        B <- seq(0,Ndays*24,by=4)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

      # 4x daily for age > 12

      else {

        A <- rep(dose/4.0,Ndays*4+1)

        B <- seq(0,Ndays*24,by=6)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

    }

  }

  

  

  All_Dose<-DORAL%>%

    mutate(ODOSE=doral*(params[["BWST"]]/params[["MWPAR"]])

           *params[["FA"]], # DIM dose conversion (ug/kg to umol)

           Level=paste(doral[1],"ug/kg",sep="_"))

  

  #~~~~APPLY MODEL~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~#### 

  # Do parallel for speed

  c1<-makeCluster(min(cores,n_distinct(All_Dose$Level))) # cluster for parallel 

  timestamp()

  modelOutput<-parLapply(c1,split(All_Dose,All_Dose$Level), function (LL,ini_par,t){

    #load data into cores

    source("human_pbpk.R")

    # Create dataframe of "events"that describe the dosing, which informs the

    # ODE function, and needs to have columns "var" = the state_variable that needs

    # to be changed,"time"= when the changes occurs,"value"=the value being changed

    # to,& "method"= how the new value interacts with the previous state variable

    # value. See ?deSolve::lsodes and ?deSolve::events.

    

    # combine or replace "base" parameters with case specific human parameters, 

    # carring out any calcuated paramters which are function of other specific case parameters 

    ini_pars <- initial_params_fun(params=ini_par)

    # STATE####

    # Subject specific UPDATES to the initial value of state variables

    st<-state_fun(st=state,ini_p=ini_pars)

    

    eventDat<-rbind(data.frame(var="ODOSE",time=LL$time,

                               value=LL$ODOSE ,	 

                               method="add",stringsAsFactors = FALSE),  # ("replace", "add", "multiply")

                    data.frame(var="ASTOM",time=LL$time,

                               value=LL$ODOSE ,	 

                               method="add",stringsAsFactors = FALSE))

    

    # DERIVATIVE ####

    # RUN MODEL 

    modelOutput<- ode(y = st, times = t,  #method = "lsodes",

                      func = Human_Model, parms = ini_pars,

                      events = list(data = eventDat[order(eventDat$time),]))

    result <- within(as.data.frame(modelOutput),{Level<-LL$Level[[1]]})

    return(result)

  },ini_par=params,t=times)

  stopCluster(c1)

  timestamp()

  ModelOutput<-do.call(rbind,modelOutput)##make big dataframe for evaluation



  

  return(mean(tail(ModelOutput$CBL,240)))

  

}



# returns the average blood concentration of oxon

# based on the daily dose of "dose" ug/kg/day

avgCBLO <- function(dose){

  

  # TIMING COMMANDS ####

  MAXT=0.1       #maximum time step

  times<-seq(params[["TSTART"]],params[["TSTOP"]],by=MAXT)#

  

  # max number of points to write out to file

  POINTS_max<-10000  

  # if the more than 10000 timesteps, select evently spaced 10000 of them for reporting

  report_points<-if(length(times)<=POINTS_max) times else 

    times[seq(1,length(times),by=round(length(times)/POINTS_max))]

  table(report_points%in%times)#check all report values are in times.

  

  

  # change this to be auto-populated and not use Excel sheet

  # Dosing ####

  # Once daily oral exposure 

  #DORAL<-read_excel("data/MOD-multiple_test_parent_malathion.xls", sheet="adult", 

  #                 col_names = c("time","doral")) # Dose in ug/kg

  

  # Dosing ####

  

  # once daily oral exposure for food

  if (route=="food"){

    if (Ndays < 100) {

      A <- c(dose)

      B <- c(0)

      C <- c("time","doral")

      

      DORAL <- data.frame(B,A)

      colnames(DORAL) <- C

    } else {

      A <- rep(dose,Ndays+1)

      B <- seq(0,Ndays*24,by=24)

      C <- c("time","doral")

      

      DORAL <- data.frame(B,A)

      colnames(DORAL) <- C

    }

  }

  # dosing for water exposure

  if (route=="water"){

    if (Ndays < 100) {

      # 6x daily for age <= 12

      if (subject_age<=12){

        A <- rep(dose/6.0,6)

        B <- seq(0,20,by=4)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

      # 4x daily for age > 12

      else {

        A <- rep(dose/4.0,4)

        B <- seq(0,18,by=6)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

    } else {

      # 6x daily for age <= 12

      if (subject_age<=12){

        A <- rep(dose/6.0,Ndays*6+1)

        B <- seq(0,Ndays*24,by=4)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

      # 4x daily for age > 12

      else {

        A <- rep(dose/4.0,Ndays*4+1)

        B <- seq(0,Ndays*24,by=6)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

    }

  }

  

  All_Dose<-DORAL%>%

    mutate(ODOSE=doral*(params[["BWST"]]/params[["MWPAR"]])

           *params[["FA"]], # DIM dose conversion (ug/kg to umol)

           Level=paste(doral[1],"ug/kg",sep="_"))

  

  #~~~~APPLY MODEL~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~#### 

  # Do parallel for speed

  c1<-makeCluster(min(cores,n_distinct(All_Dose$Level))) # cluster for parallel 

  timestamp()

  modelOutput<-parLapply(c1,split(All_Dose,All_Dose$Level), function (LL,ini_par,t){

    #load data into cores

    source("human_pbpk.R")

    # Create dataframe of "events"that describe the dosing, which informs the

    # ODE function, and needs to have columns "var" = the state_variable that needs

    # to be changed,"time"= when the changes occurs,"value"=the value being changed

    # to,& "method"= how the new value interacts with the previous state variable

    # value. See ?deSolve::lsodes and ?deSolve::events.

    

    # combine or replace "base" parameters with case specific human parameters, 

    # carring out any calcuated paramters which are function of other specific case parameters 

    ini_pars <- initial_params_fun(params=ini_par)

    # STATE####

    # Subject specific UPDATES to the initial value of state variables

    st<-state_fun(st=state,ini_p=ini_pars)

    

    eventDat<-rbind(data.frame(var="ODOSE",time=LL$time,

                               value=LL$ODOSE ,	 

                               method="add",stringsAsFactors = FALSE),  # ("replace", "add", "multiply")

                    data.frame(var="ASTOM",time=LL$time,

                               value=LL$ODOSE ,	 

                               method="add",stringsAsFactors = FALSE))

    

    # DERIVATIVE ####

    # RUN MODEL 

    modelOutput<- ode(y = st, times = t,  #method = "lsodes",

                      func = Human_Model, parms = ini_pars,

                      events = list(data = eventDat[order(eventDat$time),]))

    result <- within(as.data.frame(modelOutput),{Level<-LL$Level[[1]]})

    return(result)

  },ini_par=params,t=times)

  stopCluster(c1)

  timestamp()

  ModelOutput<-do.call(rbind,modelOutput)##make big dataframe for evaluation



  #~~~END MODEL ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~####

  

  return(mean(tail(ModelOutput$CBLO,240)))

  

}



minRBCCE <- function(dose){

  

  # TIMING COMMANDS ####

  MAXT=0.1       #maximum time step

  times<-seq(params[["TSTART"]],params[["TSTOP"]],by=MAXT)#

  

  # max number of points to write out to file

  POINTS_max<-10000  

  # if the more than 10000 timesteps, select evently spaced 10000 of them for reporting

  report_points<-if(length(times)<=POINTS_max) times else 

    times[seq(1,length(times),by=round(length(times)/POINTS_max))]

  table(report_points%in%times)#check all report values are in times.

  

  

  # Dosing ####

  

  # once daily oral exposure for food

  if (route=="food"){

    if (Ndays < 100) {

      A <- c(dose)

      B <- c(0)

      C <- c("time","doral")

      

      DORAL <- data.frame(B,A)

      colnames(DORAL) <- C

    } else {

      A <- rep(dose,Ndays+1)

      B <- seq(0,Ndays*24,by=24)

      C <- c("time","doral")

      

      DORAL <- data.frame(B,A)

      colnames(DORAL) <- C

    }

  }

  # dosing for water exposure

  if (route=="water"){

    if (Ndays < 100) {

      # 6x daily for age <= 12

      if (subject_age<=12){

        A <- rep(dose/6.0,6)

        B <- seq(0,20,by=4)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

      # 4x daily for age > 12

      else {

        A <- rep(dose/4.0,4)

        B <- seq(0,18,by=6)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

    } else {

      # 6x daily for age <= 12

      if (subject_age<=12){

        A <- rep(dose/6.0,Ndays*6+1)

        B <- seq(0,Ndays*24,by=4)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

      # 4x daily for age > 12

      else {

        A <- rep(dose/4.0,Ndays*4+1)

        B <- seq(0,Ndays*24,by=6)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

    }

  }

  

  All_Dose<-DORAL%>%

    mutate(ODOSE=doral*(params[["BWST"]]/params[["MWPAR"]])

           *params[["FA"]], # DIM dose conversion (ug/kg to umol)

           Level=paste(doral[1],"ug/kg",sep="_"))

  

  #~~~~APPLY MODEL~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~#### 

  # Do parallel for speed

  c1<-makeCluster(min(cores,n_distinct(All_Dose$Level))) # cluster for parallel 

  timestamp()

  modelOutput<-parLapply(c1,split(All_Dose,All_Dose$Level), function (LL,ini_par,t){

    #load data into cores

    source("human_pbpk.R")

    # Create dataframe of "events"that describe the dosing, which informs the

    # ODE function, and needs to have columns "var" = the state_variable that needs

    # to be changed,"time"= when the changes occurs,"value"=the value being changed

    # to,& "method"= how the new value interacts with the previous state variable

    # value. See ?deSolve::lsodes and ?deSolve::events.

    

    # combine or replace "base" parameters with case specific human parameters, 

    # carring out any calcuated paramters which are function of other specific case parameters 

    ini_pars <- initial_params_fun(params=ini_par)

    # STATE####

    # Subject specific UPDATES to the initial value of state variables

    st<-state_fun(st=state,ini_p=ini_pars)

    

    eventDat<-rbind(data.frame(var="ODOSE",time=LL$time,

                               value=LL$ODOSE ,	 

                               method="add",stringsAsFactors = FALSE),  # ("replace", "add", "multiply")

                    data.frame(var="ASTOM",time=LL$time,

                               value=LL$ODOSE ,	 

                               method="add",stringsAsFactors = FALSE))

    

    # DERIVATIVE ####

    # RUN MODEL 

    modelOutput<- ode(y = st, times = t,  #method = "lsodes",

                      func = Human_Model, parms = ini_pars,

                      events = list(data = eventDat[order(eventDat$time),]))

    result <- within(as.data.frame(modelOutput),{Level<-LL$Level[[1]]})

    return(result)

  },ini_par=params,t=times)

  stopCluster(c1)

  timestamp()

  ModelOutput<-do.call(rbind,modelOutput)##make big dataframe for evaluation

  

  #~~~END MODEL ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~####

  

  return(min(ModelOutput$RBCCE))

  

}



# get the oral dose required to give a blood concentration of bld_target

# this function uses the secant method to iteratively find the required

# concentration and is ~3x faster than the R optimization function

# dose is ug/kg/day

# target is micromolar (umol/L)

get_oral_dose <- function(bld_target) {

  

  new_dose = 800000.0 # initial guess ug/kg/day

  fractional_error = 999.99

  iteration = 1

  

  # apply a 0.1% tolerance to the estimate

  while (fractional_error>0.001){

    

    #print something to the terminal so we can watch the progress

    print(sprintf("Iteration %.0f - Testing a dose of %f mg/kg/day in the model",

                  iteration, 0.001*new_dose))

    

    # run the model to test new dose

    # choice of parent compound or oxon

    # as chosen above in the variable parameters

    if (target_chem=="parent") {

      avg_Cbld <- avgCBL(new_dose) 

    } else {

      avg_Cbld <- avgCBLO(new_dose) 

    }

    

    

    # calculate new dose to test based on secant method between

    # zero and previous dose

    new_dose = (bld_target / avg_Cbld) * new_dose 

    

    # calculate the error between tested dose result and target

    fractional_error = abs(avg_Cbld - bld_target)/bld_target

    

    iteration <- iteration + 1

    

  }

  

  return(new_dose) 

}



just_run_model <- function(dose){

  

  # TIMING COMMANDS ####

  MAXT=0.1       #maximum time step

  times<-seq(params[["TSTART"]],params[["TSTOP"]],by=MAXT)#

  

  # max number of points to write out to file

  POINTS_max<-10000  

  # if the more than 10000 timesteps, select evently spaced 10000 of them for reporting

  report_points<-if(length(times)<=POINTS_max) times else 

    times[seq(1,length(times),by=round(length(times)/POINTS_max))]

  table(report_points%in%times)#check all report values are in times.

  

  

  # change this to be auto-populated and not use Excel sheet

  # Dosing ####

  # Once daily oral exposure 

  #DORAL<-read_excel("data/MOD-multiple_test_parent_malathion.xls", sheet="adult", 

  #                 col_names = c("time","doral")) # Dose in ug/kg

  

  # Dosing ####

  

  # once daily oral exposure for food

  if (route=="food"){

    if (Ndays < 100) {

      A <- c(dose)

      B <- c(0)

      C <- c("time","doral")

      

      DORAL <- data.frame(B,A)

      colnames(DORAL) <- C

    } else {

      A <- rep(dose,Ndays+1)

      B <- seq(0,Ndays*24,by=24)

      C <- c("time","doral")

      

      DORAL <- data.frame(B,A)

      colnames(DORAL) <- C

    }

  }

  # dosing for water exposure

  if (route=="water"){

    if (Ndays < 100) {

      # 6x daily for age <= 12

      if (subject_age<=12){

        A <- rep(dose/6.0,6)

        B <- seq(0,20,by=4)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

      # 4x daily for age > 12

      else {

        A <- rep(dose/4.0,4)

        B <- seq(0,18,by=6)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

    } else {

      # 6x daily for age <= 12

      if (subject_age<=12){

        A <- rep(dose/6.0,Ndays*6+1)

        B <- seq(0,Ndays*24,by=4)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

      # 4x daily for age > 12

      else {

        A <- rep(dose/4.0,Ndays*4+1)

        B <- seq(0,Ndays*24,by=6)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

    }

  }

  

  All_Dose<-DORAL%>%

    mutate(ODOSE=doral*(params[["BWST"]]/params[["MWPAR"]])

           *params[["FA"]], # DIM dose conversion (ug/kg to umol)

           Level=paste(doral[1],"ug/kg",sep="_"))

  

  #~~~~APPLY MODEL~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~#### 

  # Do parallel for speed

  c1<-makeCluster(min(cores,n_distinct(All_Dose$Level))) # cluster for parallel 

  timestamp()

  modelOutput<-parLapply(c1,split(All_Dose,All_Dose$Level), function (LL,ini_par,t){

    #load data into cores

    source("human_pbpk.R")

    # Create dataframe of "events"that describe the dosing, which informs the

    # ODE function, and needs to have columns "var" = the state_variable that needs

    # to be changed,"time"= when the changes occurs,"value"=the value being changed

    # to,& "method"= how the new value interacts with the previous state variable

    # value. See ?deSolve::lsodes and ?deSolve::events.

    

    # combine or replace "base" parameters with case specific human parameters, 

    # carring out any calcuated paramters which are function of other specific case parameters 

    ini_pars <- initial_params_fun(params=ini_par)

    # STATE####

    # Subject specific UPDATES to the initial value of state variables

    st<-state_fun(st=state,ini_p=ini_pars)

    

    eventDat<-rbind(data.frame(var="ODOSE",time=LL$time,

                               value=LL$ODOSE ,	 

                               method="add",stringsAsFactors = FALSE),  # ("replace", "add", "multiply")

                    data.frame(var="ASTOM",time=LL$time,

                               value=LL$ODOSE ,	 

                               method="add",stringsAsFactors = FALSE))

    

    # DERIVATIVE ####

    # RUN MODEL 

    modelOutput<- ode(y = st, times = t,  #method = "lsodes",

                      func = Human_Model, parms = ini_pars,

                      events = list(data = eventDat[order(eventDat$time),]))

    result <- within(as.data.frame(modelOutput),{Level<-LL$Level[[1]]})

    return(result)

  },ini_par=params,t=times)

  stopCluster(c1)

  timestamp()

  ModelOutput<-do.call(rbind,modelOutput)##make big dataframe for evaluation

  

  #~~~END MODEL ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~####

  

  return(ModelOutput)

  

}



PODcost <- function(test_dose){

  

  test_result <- minRBCCE(test_dose*1000)

  test_error <- (test_result - 90.0)

  

  print(sprintf("%f  %f",test_dose,test_result))

  

  return(test_error*test_error)

}



AEDcost <- function(test_dose){

  

  test_result <- avgCBL(test_dose*1000)

  test_error <- (test_result - ac_50)

  

  print(sprintf("%f  %f",test_dose,test_result))

  

  return(test_error*test_error)

}



# get the dose that reproduces the AC50 in blood concentration or 10% brain AChE inhibition

final_dose <- optim(par = 32.1, PODcost, method = "Brent",lower = 1, upper = 100, control = list(reltol = 1e-3))   # POD limits



# finally run the model for this concentration

ModelOutput <- just_run_model(final_dose$par*1000)



final_dose$par

min(ModelOutput$RBCCE)




rm(list = ls()) # Clear workspace



#set the working directory to the location of these scripts

#setwd(dirname(rstudioapi::getActiveDocumentContext()$path))



#Environment####

library(dplyr)

library(tidyr)

library(parallel)

# number of cores availabe on current machine

tot_cores<-detectCores(all.tests = FALSE, logical = TRUE)  

cores<-tot_cores-1 # leave one core for other tasks 



ac_50 <<- -999             # enter the AC50 value here; units = umol/L

Ndays = 123                        # number of days to simulate

target_chem = "oxon"            # oxon or parent compound

body_weight = 81.5                 # body weight in kg

subject_age = 20

route = "water"



source("human_pbpk.R") # Loads model and base parameters

source("malathion_human_parameters.R") # male and female specific parameters



# Intial_parameters####

sex = 1						 # 0=male, 1= Female

params<-c(params[!names(params)%in%names(human_parameters[[sex+1]])],

          human_parameters[[sex+1]])



# set case-specific parameters

params[["TSTART"]]<-0.0         # START SIMULATION (HR)

params[["TSTOP"]]=Ndays*24      			# Simulation duration = 2 days

params[["AGE0"]]=subject_age

params[["BWSW"]] = 1   	 				# Switch for age (set =0) or set (set =1) if bwt provided

params[["BWST"]]= body_weight   	 			# kg

params[["FA"]]=1



# returns the average blood concentration of oxon

# based on the daily dose of "dose" ug/kg/day

avgCBLO <- function(dose){

  

  # TIMING COMMANDS ####

  MAXT=0.1       #maximum time step

  times<-seq(params[["TSTART"]],params[["TSTOP"]],by=MAXT)#

  

  # max number of points to write out to file

  POINTS_max<-10000  

  # if the more than 10000 timesteps, select evently spaced 10000 of them for reporting

  report_points<-if(length(times)<=POINTS_max) times else 

    times[seq(1,length(times),by=round(length(times)/POINTS_max))]

  table(report_points%in%times)#check all report values are in times.

  

  

  # Dosing ####

  # once daily oral exposure for food

  if (route=="food"){

    if (Ndays < 100) {

      A <- c(dose)

      B <- c(0)

      C <- c("time","doral")

      

      DORAL <- data.frame(B,A)

      colnames(DORAL) <- C

    } else {

      A <- rep(dose,Ndays+1)

      B <- seq(0,Ndays*24,by=24)

      C <- c("time","doral")

      

      DORAL <- data.frame(B,A)

      colnames(DORAL) <- C

    }

  }

  # dosing for water exposure

  if (route=="water"){

    if (Ndays < 100) {

      # 6x daily for age <= 12

      if (subject_age<=12){

        A <- rep(dose/6.0,6)

        B <- seq(0,20,by=4)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

      # 4x daily for age > 12

      else {

        A <- rep(dose/4.0,4)

        B <- seq(0,18,by=6)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

    } else {

      # 6x daily for age <= 12

      if (subject_age<=12){

        A <- rep(dose/6.0,Ndays*6+1)

        B <- seq(0,Ndays*24,by=4)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

      # 4x daily for age > 12

      else {

        A <- rep(dose/4.0,Ndays*4+1)

        B <- seq(0,Ndays*24,by=6)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

    }

  }

  

  All_Dose<-DORAL%>%

    mutate(ODOSEOXON=doral*(params[["BWST"]]/params[["MWOXON"]])

           *params[["FA"]], # DIM dose conversion (ug/kg to umol)

           Level=paste(doral[1],"ug/kg",sep="_"))

  

  #~~~~APPLY MODEL~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~#### 

  # Do parallel for speed

  c1<-makeCluster(min(cores,n_distinct(All_Dose$Level))) # cluster for parallel 

  timestamp()

  modelOutput<-parLapply(c1,split(All_Dose,All_Dose$Level), function (LL,ini_par,t){

    #load data into cores

    source("human_pbpk.R")

    # Create dataframe of "events"that describe the dosing, which informs the

    # ODE function, and needs to have columns "var" = the state_variable that needs

    # to be changed,"time"= when the changes occurs,"value"=the value being changed

    # to,& "method"= how the new value interacts with the previous state variable

    # value. See ?deSolve::lsodes and ?deSolve::events.

    

    # combine or replace "base" parameters with case specific human parameters, 

    # carring out any calcuated paramters which are function of other specific case parameters 

    ini_pars <- initial_params_fun(params=ini_par)

    # STATE####

    # Subject specific UPDATES to the initial value of state variables

    st<-state_fun(st=state,ini_p=ini_pars)

    

    eventDat<-rbind(data.frame(var="ODOSEOXON",time=LL$time,

                               value=LL$ODOSEOXON ,	 

                               method="add",stringsAsFactors = FALSE),  # ("replace", "add", "multiply")

                    data.frame(var="ASTOMO",time=LL$time,

                               value=LL$ODOSEOXON ,	 

                               method="add",stringsAsFactors = FALSE))

    

    # DERIVATIVE ####

    # RUN MODEL 

    modelOutput<- ode(y = st, times = t,  #method = "lsodes",

                      func = Human_Model, parms = ini_pars,

                      events = list(data = eventDat[order(eventDat$time),]))

    result <- within(as.data.frame(modelOutput),{Level<-LL$Level[[1]]})

    return(result)

  },ini_par=params,t=times)

  stopCluster(c1)

  timestamp()

  ModelOutput<-do.call(rbind,modelOutput)##make big dataframe for evaluation



  #~~~END MODEL ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~####

  

  return(mean(tail(ModelOutput$CBLO,240)))

  

}



minRBCCEO <- function(dose){

  

  # TIMING COMMANDS ####

  MAXT=0.1       #maximum time step

  times<-seq(params[["TSTART"]],params[["TSTOP"]],by=MAXT)#

  

  # max number of points to write out to file

  POINTS_max<-10000  

  # if the more than 10000 timesteps, select evently spaced 10000 of them for reporting

  report_points<-if(length(times)<=POINTS_max) times else 

    times[seq(1,length(times),by=round(length(times)/POINTS_max))]

  table(report_points%in%times)#check all report values are in times.

  

  

  # Dosing ####

  # once daily oral exposure for food

  if (route=="food"){

    if (Ndays < 100) {

      A <- c(dose)

      B <- c(0)

      C <- c("time","doral")

      

      DORAL <- data.frame(B,A)

      colnames(DORAL) <- C

    } else {

      A <- rep(dose,Ndays+1)

      B <- seq(0,Ndays*24,by=24)

      C <- c("time","doral")

      

      DORAL <- data.frame(B,A)

      colnames(DORAL) <- C

    }

  }

  # dosing for water exposure

  if (route=="water"){

    if (Ndays < 100) {

      # 6x daily for age <= 12

      if (subject_age<=12){

        A <- rep(dose/6.0,6)

        B <- seq(0,20,by=4)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

      # 4x daily for age > 12

      else {

        A <- rep(dose/4.0,4)

        B <- seq(0,18,by=6)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

    } else {

      # 6x daily for age <= 12

      if (subject_age<=12){

        A <- rep(dose/6.0,Ndays*6+1)

        B <- seq(0,Ndays*24,by=4)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

      # 4x daily for age > 12

      else {

        A <- rep(dose/4.0,Ndays*4+1)

        B <- seq(0,Ndays*24,by=6)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

    }

  }

  

  All_Dose<-DORAL%>%

    mutate(ODOSEOXON=doral*(params[["BWST"]]/params[["MWOXON"]])

           *params[["FA"]], # DIM dose conversion (ug/kg to umol)

           Level=paste(doral[1],"ug/kg",sep="_"))

  

  #~~~~APPLY MODEL~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~#### 

  # Do parallel for speed

  c1<-makeCluster(min(cores,n_distinct(All_Dose$Level))) # cluster for parallel 

  timestamp()

  modelOutput<-parLapply(c1,split(All_Dose,All_Dose$Level), function (LL,ini_par,t){

    #load data into cores

    source("human_pbpk.R")

    # Create dataframe of "events"that describe the dosing, which informs the

    # ODE function, and needs to have columns "var" = the state_variable that needs

    # to be changed,"time"= when the changes occurs,"value"=the value being changed

    # to,& "method"= how the new value interacts with the previous state variable

    # value. See ?deSolve::lsodes and ?deSolve::events.

    

    # combine or replace "base" parameters with case specific human parameters, 

    # carring out any calcuated paramters which are function of other specific case parameters 

    ini_pars <- initial_params_fun(params=ini_par)

    # STATE####

    # Subject specific UPDATES to the initial value of state variables

    st<-state_fun(st=state,ini_p=ini_pars)

    

    eventDat<-rbind(data.frame(var="ODOSEOXON",time=LL$time,

                               value=LL$ODOSEOXON ,	 

                               method="add",stringsAsFactors = FALSE),  # ("replace", "add", "multiply")

                    data.frame(var="ASTOMO",time=LL$time,

                               value=LL$ODOSEOXON ,	 

                               method="add",stringsAsFactors = FALSE))

    

    # DERIVATIVE ####

    # RUN MODEL 

    modelOutput<- ode(y = st, times = t,  #method = "lsodes",

                      func = Human_Model, parms = ini_pars,

                      events = list(data = eventDat[order(eventDat$time),]))

    result <- within(as.data.frame(modelOutput),{Level<-LL$Level[[1]]})

    return(result)

  },ini_par=params,t=times)

  stopCluster(c1)

  timestamp()

  ModelOutput<-do.call(rbind,modelOutput)##make big dataframe for evaluation

  

  #~~~END MODEL ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~####

  

  return(min(ModelOutput$RBCCE))

  

}



just_run_model <- function(dose){

  

  # TIMING COMMANDS ####

  MAXT=0.1       #maximum time step

  times<-seq(params[["TSTART"]],params[["TSTOP"]],by=MAXT)#

  

  # max number of points to write out to file

  POINTS_max<-10000  

  # if the more than 10000 timesteps, select evently spaced 10000 of them for reporting

  report_points<-if(length(times)<=POINTS_max) times else 

    times[seq(1,length(times),by=round(length(times)/POINTS_max))]

  table(report_points%in%times)#check all report values are in times.

  

  

  # Dosing ####

  # once daily oral exposure for food

  if (route=="food"){

    if (Ndays < 100) {

      A <- c(dose)

      B <- c(0)

      C <- c("time","doral")

      

      DORAL <- data.frame(B,A)

      colnames(DORAL) <- C

    } else {

      A <- rep(dose,Ndays+1)

      B <- seq(0,Ndays*24,by=24)

      C <- c("time","doral")

      

      DORAL <- data.frame(B,A)

      colnames(DORAL) <- C

    }

  }

  # dosing for water exposure

  if (route=="water"){

    if (Ndays < 100) {

      # 6x daily for age <= 12

      if (subject_age<=12){

        A <- rep(dose/6.0,6)

        B <- seq(0,20,by=4)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

      # 4x daily for age > 12

      else {

        A <- rep(dose/4.0,4)

        B <- seq(0,18,by=6)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

    } else {

      # 6x daily for age <= 12

      if (subject_age<=12){

        A <- rep(dose/6.0,Ndays*6+1)

        B <- seq(0,Ndays*24,by=4)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

      # 4x daily for age > 12

      else {

        A <- rep(dose/4.0,Ndays*4+1)

        B <- seq(0,Ndays*24,by=6)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

    }

  }

  

  All_Dose<-DORAL%>%

    mutate(ODOSEOXON=doral*(params[["BWST"]]/params[["MWOXON"]])

           *params[["FA"]], # DIM dose conversion (ug/kg to umol)

           Level=paste(doral[1],"ug/kg",sep="_"))

  

  #~~~~APPLY MODEL~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~#### 

  # Do parallel for speed

  c1<-makeCluster(min(cores,n_distinct(All_Dose$Level))) # cluster for parallel 

  timestamp()

  modelOutput<-parLapply(c1,split(All_Dose,All_Dose$Level), function (LL,ini_par,t){

    #load data into cores

    source("human_pbpk.R")

    # Create dataframe of "events"that describe the dosing, which informs the

    # ODE function, and needs to have columns "var" = the state_variable that needs

    # to be changed,"time"= when the changes occurs,"value"=the value being changed

    # to,& "method"= how the new value interacts with the previous state variable

    # value. See ?deSolve::lsodes and ?deSolve::events.

    

    # combine or replace "base" parameters with case specific human parameters, 

    # carring out any calcuated paramters which are function of other specific case parameters 

    ini_pars <- initial_params_fun(params=ini_par)

    # STATE####

    # Subject specific UPDATES to the initial value of state variables

    st<-state_fun(st=state,ini_p=ini_pars)

    

    eventDat<-rbind(data.frame(var="ODOSEOXON",time=LL$time,

                               value=LL$ODOSEOXON ,	 

                               method="add",stringsAsFactors = FALSE),  # ("replace", "add", "multiply")

                    data.frame(var="ASTOMO",time=LL$time,

                               value=LL$ODOSEOXON ,	 

                               method="add",stringsAsFactors = FALSE))

    

    # DERIVATIVE ####

    # RUN MODEL 

    modelOutput<- ode(y = st, times = t,  #method = "lsodes",

                      func = Human_Model, parms = ini_pars,

                      events = list(data = eventDat[order(eventDat$time),]))

    result <- within(as.data.frame(modelOutput),{Level<-LL$Level[[1]]})

    return(result)

  },ini_par=params,t=times)

  stopCluster(c1)

  timestamp()

  ModelOutput<-do.call(rbind,modelOutput)##make big dataframe for evaluation



  #~~~END MODEL ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~####

  

  return(ModelOutput)

  

}



PODcost <- function(test_dose){

  

  test_result <- minRBCCEO(test_dose*1000)

  test_error <- (test_result - 90.0)

  

  print(sprintf("%f  %f",test_dose,test_result))

  

  return(test_error*test_error)

}



AEDcost <- function(test_dose){

  

  test_result <- avgCBLO(test_dose*1000)

  test_error <- (test_result - ac_50)

  

  print(sprintf("%f  %f",test_dose,test_result))

  

  return(test_error*test_error)

}



# get the dose that reproduces the AC50 in blood concentration or 10% brain AChE inhibition



final_dose <- optim(par = 1.21, PODcost, method = "Brent",lower = 0.1, upper = 10, control = list(reltol = 1e-3))   # POD limits



# finally run the model for this concentration

ModelOutput <- just_run_model(final_dose$par*1000)



final_dose$par

min(ModelOutput$RBCCE)




rm(list = ls()) # Clear workspace



#set the working directory to the location of these scripts

#setwd(dirname(rstudioapi::getActiveDocumentContext()$path))



#Environment####

library(dplyr)

library(tidyr)

library(parallel)

# number of cores availabe on current machine

tot_cores<-detectCores(all.tests = FALSE, logical = TRUE)  

cores<-tot_cores-1 # leave one core for other tasks 



ac_50 <<- -999             # enter the AC50 value here; units = umol/L

Ndays = 123                        # number of days to simulate

target_chem = "parent"            # oxon or parent compound

body_weight = 81.5                 # body weight in kg

subject_age = 20

route = "water"



source("human_pbpk.R") # Loads model and base parameters

source("malathion_human_parameters.R") # male and female specific parameters



# Intial_parameters####

sex = 1						 # 0=male, 1= Female

params<-c(params[!names(params)%in%names(human_parameters[[sex+1]])],

          human_parameters[[sex+1]])



# set case-specific parameters

params[["TSTART"]]<-0.0         # START SIMULATION (HR)

params[["TSTOP"]]=Ndays*24      			# Simulation duration = 2 days

params[["AGE0"]]=subject_age

params[["BWSW"]] = 1   	 				# Switch for age (set =0) or set (set =1) if bwt provided

params[["BWST"]]= body_weight   	 			# kg

params[["FA"]]=1



# returns the average blood concentration of parent compound

# based on the daily dose of "dose" ug/kg/day

avgCBL <- function(dose){

  

  # TIMING COMMANDS ####

  MAXT=0.1       #maximum time step

  times<-seq(params[["TSTART"]],params[["TSTOP"]],by=MAXT)#

  

  # max number of points to write out to file

  POINTS_max<-10000  

  # if the more than 10000 timesteps, select evently spaced 10000 of them for reporting

  report_points<-if(length(times)<=POINTS_max) times else 

    times[seq(1,length(times),by=round(length(times)/POINTS_max))]

  table(report_points%in%times)#check all report values are in times.

  

  

  # Dosing ####

  # once daily oral exposure for food

  if (route=="food"){

    if (Ndays < 100) {

      A <- c(dose)

      B <- c(0)

      C <- c("time","doral")

      

      DORAL <- data.frame(B,A)

      colnames(DORAL) <- C

    } else {

      A <- rep(dose,Ndays+1)

      B <- seq(0,Ndays*24,by=24)

      C <- c("time","doral")

      

      DORAL <- data.frame(B,A)

      colnames(DORAL) <- C

    }

  }

  # dosing for water exposure

  if (route=="water"){

    if (Ndays < 100) {

      # 6x daily for age <= 12

      if (subject_age<=12){

        A <- rep(dose/6.0,6)

        B <- seq(0,20,by=4)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

      # 4x daily for age > 12

      else {

        A <- rep(dose/4.0,4)

        B <- seq(0,18,by=6)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

    } else {

      # 6x daily for age <= 12

      if (subject_age<=12){

        A <- rep(dose/6.0,Ndays*6+1)

        B <- seq(0,Ndays*24,by=4)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

      # 4x daily for age > 12

      else {

        A <- rep(dose/4.0,Ndays*4+1)

        B <- seq(0,Ndays*24,by=6)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

    }

  }

  

  

  All_Dose<-DORAL%>%

    mutate(ODOSE=doral*(params[["BWST"]]/params[["MWPAR"]])

           *params[["FA"]], # DIM dose conversion (ug/kg to umol)

           Level=paste(doral[1],"ug/kg",sep="_"))

  

  #~~~~APPLY MODEL~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~#### 

  # Do parallel for speed

  c1<-makeCluster(min(cores,n_distinct(All_Dose$Level))) # cluster for parallel 

  timestamp()

  modelOutput<-parLapply(c1,split(All_Dose,All_Dose$Level), function (LL,ini_par,t){

    #load data into cores

    source("human_pbpk.R")

    # Create dataframe of "events"that describe the dosing, which informs the

    # ODE function, and needs to have columns "var" = the state_variable that needs

    # to be changed,"time"= when the changes occurs,"value"=the value being changed

    # to,& "method"= how the new value interacts with the previous state variable

    # value. See ?deSolve::lsodes and ?deSolve::events.

    

    # combine or replace "base" parameters with case specific human parameters, 

    # carring out any calcuated paramters which are function of other specific case parameters 

    ini_pars <- initial_params_fun(params=ini_par)

    # STATE####

    # Subject specific UPDATES to the initial value of state variables

    st<-state_fun(st=state,ini_p=ini_pars)

    

    eventDat<-rbind(data.frame(var="ODOSE",time=LL$time,

                               value=LL$ODOSE ,	 

                               method="add",stringsAsFactors = FALSE),  # ("replace", "add", "multiply")

                    data.frame(var="ASTOM",time=LL$time,

                               value=LL$ODOSE ,	 

                               method="add",stringsAsFactors = FALSE))

    

    # DERIVATIVE ####

    # RUN MODEL 

    modelOutput<- ode(y = st, times = t,  #method = "lsodes",

                      func = Human_Model, parms = ini_pars,

                      events = list(data = eventDat[order(eventDat$time),]))

    result <- within(as.data.frame(modelOutput),{Level<-LL$Level[[1]]})

    return(result)

  },ini_par=params,t=times)

  stopCluster(c1)

  timestamp()

  ModelOutput<-do.call(rbind,modelOutput)##make big dataframe for evaluation



  

  return(mean(tail(ModelOutput$CBL,240)))

  

}



# returns the average blood concentration of oxon

# based on the daily dose of "dose" ug/kg/day

avgCBLO <- function(dose){

  

  # TIMING COMMANDS ####

  MAXT=0.1       #maximum time step

  times<-seq(params[["TSTART"]],params[["TSTOP"]],by=MAXT)#

  

  # max number of points to write out to file

  POINTS_max<-10000  

  # if the more than 10000 timesteps, select evently spaced 10000 of them for reporting

  report_points<-if(length(times)<=POINTS_max) times else 

    times[seq(1,length(times),by=round(length(times)/POINTS_max))]

  table(report_points%in%times)#check all report values are in times.

  

  

  # Dosing ####

  

  # once daily oral exposure for food

  if (route=="food"){

    if (Ndays < 100) {

      A <- c(dose)

      B <- c(0)

      C <- c("time","doral")

      

      DORAL <- data.frame(B,A)

      colnames(DORAL) <- C

    } else {

      A <- rep(dose,Ndays+1)

      B <- seq(0,Ndays*24,by=24)

      C <- c("time","doral")

      

      DORAL <- data.frame(B,A)

      colnames(DORAL) <- C

    }

  }

  # dosing for water exposure

  if (route=="water"){

    if (Ndays < 100) {

      # 6x daily for age <= 12

      if (subject_age<=12){

        A <- rep(dose/6.0,6)

        B <- seq(0,20,by=4)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

      # 4x daily for age > 12

      else {

        A <- rep(dose/4.0,4)

        B <- seq(0,18,by=6)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

    } else {

      # 6x daily for age <= 12

      if (subject_age<=12){

        A <- rep(dose/6.0,Ndays*6+1)

        B <- seq(0,Ndays*24,by=4)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

      # 4x daily for age > 12

      else {

        A <- rep(dose/4.0,Ndays*4+1)

        B <- seq(0,Ndays*24,by=6)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

    }

  }

  

  All_Dose<-DORAL%>%

    mutate(ODOSE=doral*(params[["BWST"]]/params[["MWPAR"]])

           *params[["FA"]], # DIM dose conversion (ug/kg to umol)

           Level=paste(doral[1],"ug/kg",sep="_"))

  

  #~~~~APPLY MODEL~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~#### 

  # Do parallel for speed

  c1<-makeCluster(min(cores,n_distinct(All_Dose$Level))) # cluster for parallel 

  timestamp()

  modelOutput<-parLapply(c1,split(All_Dose,All_Dose$Level), function (LL,ini_par,t){

    #load data into cores

    source("human_pbpk.R")

    # Create dataframe of "events"that describe the dosing, which informs the

    # ODE function, and needs to have columns "var" = the state_variable that needs

    # to be changed,"time"= when the changes occurs,"value"=the value being changed

    # to,& "method"= how the new value interacts with the previous state variable

    # value. See ?deSolve::lsodes and ?deSolve::events.

    

    # combine or replace "base" parameters with case specific human parameters, 

    # carring out any calcuated paramters which are function of other specific case parameters 

    ini_pars <- initial_params_fun(params=ini_par)

    # STATE####

    # Subject specific UPDATES to the initial value of state variables

    st<-state_fun(st=state,ini_p=ini_pars)

    

    eventDat<-rbind(data.frame(var="ODOSE",time=LL$time,

                               value=LL$ODOSE ,	 

                               method="add",stringsAsFactors = FALSE),  # ("replace", "add", "multiply")

                    data.frame(var="ASTOM",time=LL$time,

                               value=LL$ODOSE ,	 

                               method="add",stringsAsFactors = FALSE))

    

    # DERIVATIVE ####

    # RUN MODEL 

    modelOutput<- ode(y = st, times = t,  #method = "lsodes",

                      func = Human_Model, parms = ini_pars,

                      events = list(data = eventDat[order(eventDat$time),]))

    result <- within(as.data.frame(modelOutput),{Level<-LL$Level[[1]]})

    return(result)

  },ini_par=params,t=times)

  stopCluster(c1)

  timestamp()

  ModelOutput<-do.call(rbind,modelOutput)##make big dataframe for evaluation



  #~~~END MODEL ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~####

  

  return(mean(tail(ModelOutput$CBLO,240)))

  

}

minRBCCE <- function(dose){

  

  # TIMING COMMANDS ####

  MAXT=0.1       #maximum time step

  times<-seq(params[["TSTART"]],params[["TSTOP"]],by=MAXT)#

  

  # max number of points to write out to file

  POINTS_max<-10000  

  # if the more than 10000 timesteps, select evently spaced 10000 of them for reporting

  report_points<-if(length(times)<=POINTS_max) times else 

    times[seq(1,length(times),by=round(length(times)/POINTS_max))]

  table(report_points%in%times)#check all report values are in times.

  

  

  # Dosing ####

  # once daily oral exposure for food

  if (route=="food"){

    if (Ndays < 100) {

      A <- c(dose)

      B <- c(0)

      C <- c("time","doral")

      

      DORAL <- data.frame(B,A)

      colnames(DORAL) <- C

    } else {

      A <- rep(dose,Ndays+1)

      B <- seq(0,Ndays*24,by=24)

      C <- c("time","doral")

      

      DORAL <- data.frame(B,A)

      colnames(DORAL) <- C

    }

  }

  # dosing for water exposure

  if (route=="water"){

    if (Ndays < 100) {

      # 6x daily for age <= 12

      if (subject_age<=12){

        A <- rep(dose/6.0,6)

        B <- seq(0,20,by=4)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

      # 4x daily for age > 12

      else {

        A <- rep(dose/4.0,4)

        B <- seq(0,18,by=6)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

    } else {

      # 6x daily for age <= 12

      if (subject_age<=12){

        A <- rep(dose/6.0,Ndays*6+1)

        B <- seq(0,Ndays*24,by=4)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

      # 4x daily for age > 12

      else {

        A <- rep(dose/4.0,Ndays*4+1)

        B <- seq(0,Ndays*24,by=6)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

    }

  }

  

  All_Dose<-DORAL%>%

    mutate(ODOSE=doral*(params[["BWST"]]/params[["MWPAR"]])

           *params[["FA"]], # DIM dose conversion (ug/kg to umol)

           Level=paste(doral[1],"ug/kg",sep="_"))

  

  #~~~~APPLY MODEL~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~#### 

  # Do parallel for speed

  c1<-makeCluster(min(cores,n_distinct(All_Dose$Level))) # cluster for parallel 

  timestamp()

  modelOutput<-parLapply(c1,split(All_Dose,All_Dose$Level), function (LL,ini_par,t){

    #load data into cores

    source("human_pbpk.R")

    # Create dataframe of "events"that describe the dosing, which informs the

    # ODE function, and needs to have columns "var" = the state_variable that needs

    # to be changed,"time"= when the changes occurs,"value"=the value being changed

    # to,& "method"= how the new value interacts with the previous state variable

    # value. See ?deSolve::lsodes and ?deSolve::events.

    

    # combine or replace "base" parameters with case specific human parameters, 

    # carring out any calcuated paramters which are function of other specific case parameters 

    ini_pars <- initial_params_fun(params=ini_par)

    # STATE####

    # Subject specific UPDATES to the initial value of state variables

    st<-state_fun(st=state,ini_p=ini_pars)

    

    eventDat<-rbind(data.frame(var="ODOSE",time=LL$time,

                               value=LL$ODOSE ,	 

                               method="add",stringsAsFactors = FALSE),  # ("replace", "add", "multiply")

                    data.frame(var="ASTOM",time=LL$time,

                               value=LL$ODOSE ,	 

                               method="add",stringsAsFactors = FALSE))

    

    # DERIVATIVE ####

    # RUN MODEL 

    modelOutput<- ode(y = st, times = t,  #method = "lsodes",

                      func = Human_Model, parms = ini_pars,

                      events = list(data = eventDat[order(eventDat$time),]))

    result <- within(as.data.frame(modelOutput),{Level<-LL$Level[[1]]})

    return(result)

  },ini_par=params,t=times)

  stopCluster(c1)

  timestamp()

  ModelOutput<-do.call(rbind,modelOutput)##make big dataframe for evaluation

  

  #~~~END MODEL ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~####

  

  return(min(ModelOutput$RBCCE))

  

}



just_run_model <- function(dose){

  

  # TIMING COMMANDS ####

  MAXT=0.1       #maximum time step

  times<-seq(params[["TSTART"]],params[["TSTOP"]],by=MAXT)#

  

  # max number of points to write out to file

  POINTS_max<-10000  

  # if the more than 10000 timesteps, select evently spaced 10000 of them for reporting

  report_points<-if(length(times)<=POINTS_max) times else 

    times[seq(1,length(times),by=round(length(times)/POINTS_max))]

  table(report_points%in%times)#check all report values are in times.

  

  

  # Dosing ####

  # once daily oral exposure for food

  if (route=="food"){

    if (Ndays < 100) {

      A <- c(dose)

      B <- c(0)

      C <- c("time","doral")

      

      DORAL <- data.frame(B,A)

      colnames(DORAL) <- C

    } else {

      A <- rep(dose,Ndays+1)

      B <- seq(0,Ndays*24,by=24)

      C <- c("time","doral")

      

      DORAL <- data.frame(B,A)

      colnames(DORAL) <- C

    }

  }

  # dosing for water exposure

  if (route=="water"){

    if (Ndays < 100) {

      # 6x daily for age <= 12

      if (subject_age<=12){

        A <- rep(dose/6.0,6)

        B <- seq(0,20,by=4)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

      # 4x daily for age > 12

      else {

        A <- rep(dose/4.0,4)

        B <- seq(0,18,by=6)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

    } else {

      # 6x daily for age <= 12

      if (subject_age<=12){

        A <- rep(dose/6.0,Ndays*6+1)

        B <- seq(0,Ndays*24,by=4)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

      # 4x daily for age > 12

      else {

        A <- rep(dose/4.0,Ndays*4+1)

        B <- seq(0,Ndays*24,by=6)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

    }

  }

  

  All_Dose<-DORAL%>%

    mutate(ODOSE=doral*(params[["BWST"]]/params[["MWPAR"]])

           *params[["FA"]], # DIM dose conversion (ug/kg to umol)

           Level=paste(doral[1],"ug/kg",sep="_"))

  

  #~~~~APPLY MODEL~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~#### 

  # Do parallel for speed

  c1<-makeCluster(min(cores,n_distinct(All_Dose$Level))) # cluster for parallel 

  timestamp()

  modelOutput<-parLapply(c1,split(All_Dose,All_Dose$Level), function (LL,ini_par,t){

    #load data into cores

    source("human_pbpk.R")

    # Create dataframe of "events"that describe the dosing, which informs the

    # ODE function, and needs to have columns "var" = the state_variable that needs

    # to be changed,"time"= when the changes occurs,"value"=the value being changed

    # to,& "method"= how the new value interacts with the previous state variable

    # value. See ?deSolve::lsodes and ?deSolve::events.

    

    # combine or replace "base" parameters with case specific human parameters, 

    # carring out any calcuated paramters which are function of other specific case parameters 

    ini_pars <- initial_params_fun(params=ini_par)

    # STATE####

    # Subject specific UPDATES to the initial value of state variables

    st<-state_fun(st=state,ini_p=ini_pars)

    

    eventDat<-rbind(data.frame(var="ODOSE",time=LL$time,

                               value=LL$ODOSE ,	 

                               method="add",stringsAsFactors = FALSE),  # ("replace", "add", "multiply")

                    data.frame(var="ASTOM",time=LL$time,

                               value=LL$ODOSE ,	 

                               method="add",stringsAsFactors = FALSE))

    

    # DERIVATIVE ####

    # RUN MODEL 

    modelOutput<- ode(y = st, times = t,  #method = "lsodes",

                      func = Human_Model, parms = ini_pars,

                      events = list(data = eventDat[order(eventDat$time),]))

    result <- within(as.data.frame(modelOutput),{Level<-LL$Level[[1]]})

    return(result)

  },ini_par=params,t=times)

  stopCluster(c1)

  timestamp()

  ModelOutput<-do.call(rbind,modelOutput)##make big dataframe for evaluation

  

  #~~~END MODEL ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~####

  

  return(ModelOutput)

  

}



PODcost <- function(test_dose){

  

  test_result <- minRBCCE(test_dose*1000)

  test_error <- (test_result - 90.0)

  

  print(sprintf("%f  %f",test_dose,test_result))

  

  return(test_error*test_error)

}



AEDcost <- function(test_dose){

  

  test_result <- avgCBL(test_dose*1000)

  test_error <- (test_result - ac_50)

  

  print(sprintf("%f  %f",test_dose,test_result))

  

  return(test_error*test_error)

}



# get the dose that reproduces the AC50 in blood concentration or 10% brain AChE inhibition



final_dose <- optim(par = 23.5, PODcost, method = "Brent",lower = 1, upper = 100, control = list(reltol = 1e-3))   # POD limits



# finally run the model for this concentration

ModelOutput <- just_run_model(final_dose$par*1000)



final_dose$par

min(ModelOutput$RBCCE)




rm(list = ls()) # Clear workspace



#set the working directory to the location of these scripts

#setwd(dirname(rstudioapi::getActiveDocumentContext()$path))



#Environment####

library(dplyr)

library(tidyr)

library(parallel)

# number of cores availabe on current machine

tot_cores<-detectCores(all.tests = FALSE, logical = TRUE)  

cores<-tot_cores-1 # leave one core for other tasks 



ac_50 <<- -999             # enter the AC50 value here; units = umol/L

Ndays = 123                        # number of days to simulate

target_chem = "oxon"            # oxon or parent compound

body_weight = 81.2                 # body weight in kg

subject_age = 50

route = "water"



source("human_pbpk.R") # Loads model and base parameters

source("malathion_human_parameters.R") # male and female specific parameters



# Intial_parameters####

sex = 1						 # 0=male, 1= Female

params<-c(params[!names(params)%in%names(human_parameters[[sex+1]])],

          human_parameters[[sex+1]])



# set case-specific parameters

params[["TSTART"]]<-0.0         # START SIMULATION (HR)

params[["TSTOP"]]=Ndays*24      			# Simulation duration = 2 days

params[["AGE0"]]=subject_age

params[["BWSW"]] = 1   	 				# Switch for age (set =0) or set (set =1) if bwt provided

params[["BWST"]]= body_weight   	 			# kg

params[["FA"]]=1



# returns the average blood concentration of oxon

# based on the daily dose of "dose" ug/kg/day

avgCBLO <- function(dose){

  

  # TIMING COMMANDS ####

  MAXT=0.1       #maximum time step

  times<-seq(params[["TSTART"]],params[["TSTOP"]],by=MAXT)#

  

  # max number of points to write out to file

  POINTS_max<-10000  

  # if the more than 10000 timesteps, select evently spaced 10000 of them for reporting

  report_points<-if(length(times)<=POINTS_max) times else 

    times[seq(1,length(times),by=round(length(times)/POINTS_max))]

  table(report_points%in%times)#check all report values are in times.

  

  

  # Dosing ####

  # once daily oral exposure for food

  if (route=="food"){

    if (Ndays < 100) {

      A <- c(dose)

      B <- c(0)

      C <- c("time","doral")

      

      DORAL <- data.frame(B,A)

      colnames(DORAL) <- C

    } else {

      A <- rep(dose,Ndays+1)

      B <- seq(0,Ndays*24,by=24)

      C <- c("time","doral")

      

      DORAL <- data.frame(B,A)

      colnames(DORAL) <- C

    }

  }

  # dosing for water exposure

  if (route=="water"){

    if (Ndays < 100) {

      # 6x daily for age <= 12

      if (subject_age<=12){

        A <- rep(dose/6.0,6)

        B <- seq(0,20,by=4)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

      # 4x daily for age > 12

      else {

        A <- rep(dose/4.0,4)

        B <- seq(0,18,by=6)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

    } else {

      # 6x daily for age <= 12

      if (subject_age<=12){

        A <- rep(dose/6.0,Ndays*6+1)

        B <- seq(0,Ndays*24,by=4)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

      # 4x daily for age > 12

      else {

        A <- rep(dose/4.0,Ndays*4+1)

        B <- seq(0,Ndays*24,by=6)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

    }

  }

  

  All_Dose<-DORAL%>%

    mutate(ODOSEOXON=doral*(params[["BWST"]]/params[["MWOXON"]])

           *params[["FA"]], # DIM dose conversion (ug/kg to umol)

           Level=paste(doral[1],"ug/kg",sep="_"))

  

  #~~~~APPLY MODEL~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~#### 

  # Do parallel for speed

  c1<-makeCluster(min(cores,n_distinct(All_Dose$Level))) # cluster for parallel 

  timestamp()

  modelOutput<-parLapply(c1,split(All_Dose,All_Dose$Level), function (LL,ini_par,t){

    #load data into cores

    source("human_pbpk.R")

    # Create dataframe of "events"that describe the dosing, which informs the

    # ODE function, and needs to have columns "var" = the state_variable that needs

    # to be changed,"time"= when the changes occurs,"value"=the value being changed

    # to,& "method"= how the new value interacts with the previous state variable

    # value. See ?deSolve::lsodes and ?deSolve::events.

    

    # combine or replace "base" parameters with case specific human parameters, 

    # carring out any calcuated paramters which are function of other specific case parameters 

    ini_pars <- initial_params_fun(params=ini_par)

    # STATE####

    # Subject specific UPDATES to the initial value of state variables

    st<-state_fun(st=state,ini_p=ini_pars)

    

    eventDat<-rbind(data.frame(var="ODOSEOXON",time=LL$time,

                               value=LL$ODOSEOXON ,	 

                               method="add",stringsAsFactors = FALSE),  # ("replace", "add", "multiply")

                    data.frame(var="ASTOMO",time=LL$time,

                               value=LL$ODOSEOXON ,	 

                               method="add",stringsAsFactors = FALSE))

    

    # DERIVATIVE ####

    # RUN MODEL 

    modelOutput<- ode(y = st, times = t,  #method = "lsodes",

                      func = Human_Model, parms = ini_pars,

                      events = list(data = eventDat[order(eventDat$time),]))

    result <- within(as.data.frame(modelOutput),{Level<-LL$Level[[1]]})

    return(result)

  },ini_par=params,t=times)

  stopCluster(c1)

  timestamp()

  ModelOutput<-do.call(rbind,modelOutput)##make big dataframe for evaluation



  #~~~END MODEL ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~####

  

  return(mean(tail(ModelOutput$CBLO,240)))

  

}



minRBCCEO <- function(dose){

  

  # TIMING COMMANDS ####

  MAXT=0.1       #maximum time step

  times<-seq(params[["TSTART"]],params[["TSTOP"]],by=MAXT)#

  

  # max number of points to write out to file

  POINTS_max<-10000  

  # if the more than 10000 timesteps, select evently spaced 10000 of them for reporting

  report_points<-if(length(times)<=POINTS_max) times else 

    times[seq(1,length(times),by=round(length(times)/POINTS_max))]

  table(report_points%in%times)#check all report values are in times.

  

  

  # Dosing ####

  # once daily oral exposure for food

  if (route=="food"){

    if (Ndays < 100) {

      A <- c(dose)

      B <- c(0)

      C <- c("time","doral")

      

      DORAL <- data.frame(B,A)

      colnames(DORAL) <- C

    } else {

      A <- rep(dose,Ndays+1)

      B <- seq(0,Ndays*24,by=24)

      C <- c("time","doral")

      

      DORAL <- data.frame(B,A)

      colnames(DORAL) <- C

    }

  }

  # dosing for water exposure

  if (route=="water"){

    if (Ndays < 100) {

      # 6x daily for age <= 12

      if (subject_age<=12){

        A <- rep(dose/6.0,6)

        B <- seq(0,20,by=4)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

      # 4x daily for age > 12

      else {

        A <- rep(dose/4.0,4)

        B <- seq(0,18,by=6)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

    } else {

      # 6x daily for age <= 12

      if (subject_age<=12){

        A <- rep(dose/6.0,Ndays*6+1)

        B <- seq(0,Ndays*24,by=4)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

      # 4x daily for age > 12

      else {

        A <- rep(dose/4.0,Ndays*4+1)

        B <- seq(0,Ndays*24,by=6)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

    }

  }

  

  All_Dose<-DORAL%>%

    mutate(ODOSEOXON=doral*(params[["BWST"]]/params[["MWOXON"]])

           *params[["FA"]], # DIM dose conversion (ug/kg to umol)

           Level=paste(doral[1],"ug/kg",sep="_"))

  

  #~~~~APPLY MODEL~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~#### 

  # Do parallel for speed

  c1<-makeCluster(min(cores,n_distinct(All_Dose$Level))) # cluster for parallel 

  timestamp()

  modelOutput<-parLapply(c1,split(All_Dose,All_Dose$Level), function (LL,ini_par,t){

    #load data into cores

    source("human_pbpk.R")

    # Create dataframe of "events"that describe the dosing, which informs the

    # ODE function, and needs to have columns "var" = the state_variable that needs

    # to be changed,"time"= when the changes occurs,"value"=the value being changed

    # to,& "method"= how the new value interacts with the previous state variable

    # value. See ?deSolve::lsodes and ?deSolve::events.

    

    # combine or replace "base" parameters with case specific human parameters, 

    # carring out any calcuated paramters which are function of other specific case parameters 

    ini_pars <- initial_params_fun(params=ini_par)

    # STATE####

    # Subject specific UPDATES to the initial value of state variables

    st<-state_fun(st=state,ini_p=ini_pars)

    

    eventDat<-rbind(data.frame(var="ODOSEOXON",time=LL$time,

                               value=LL$ODOSEOXON ,	 

                               method="add",stringsAsFactors = FALSE),  # ("replace", "add", "multiply")

                    data.frame(var="ASTOMO",time=LL$time,

                               value=LL$ODOSEOXON ,	 

                               method="add",stringsAsFactors = FALSE))

    

    # DERIVATIVE ####

    # RUN MODEL 

    modelOutput<- ode(y = st, times = t,  #method = "lsodes",

                      func = Human_Model, parms = ini_pars,

                      events = list(data = eventDat[order(eventDat$time),]))

    result <- within(as.data.frame(modelOutput),{Level<-LL$Level[[1]]})

    return(result)

  },ini_par=params,t=times)

  stopCluster(c1)

  timestamp()

  ModelOutput<-do.call(rbind,modelOutput)##make big dataframe for evaluation

  

  #~~~END MODEL ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~####

  

  return(min(ModelOutput$RBCCE))

  

}



just_run_model <- function(dose){

  

  # TIMING COMMANDS ####

  MAXT=0.1       #maximum time step

  times<-seq(params[["TSTART"]],params[["TSTOP"]],by=MAXT)#

  

  # max number of points to write out to file

  POINTS_max<-10000  

  # if the more than 10000 timesteps, select evently spaced 10000 of them for reporting

  report_points<-if(length(times)<=POINTS_max) times else 

    times[seq(1,length(times),by=round(length(times)/POINTS_max))]

  table(report_points%in%times)#check all report values are in times.

  

  

  # Dosing ####

  # once daily oral exposure for food

  if (route=="food"){

    if (Ndays < 100) {

      A <- c(dose)

      B <- c(0)

      C <- c("time","doral")

      

      DORAL <- data.frame(B,A)

      colnames(DORAL) <- C

    } else {

      A <- rep(dose,Ndays+1)

      B <- seq(0,Ndays*24,by=24)

      C <- c("time","doral")

      

      DORAL <- data.frame(B,A)

      colnames(DORAL) <- C

    }

  }

  # dosing for water exposure

  if (route=="water"){

    if (Ndays < 100) {

      # 6x daily for age <= 12

      if (subject_age<=12){

        A <- rep(dose/6.0,6)

        B <- seq(0,20,by=4)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

      # 4x daily for age > 12

      else {

        A <- rep(dose/4.0,4)

        B <- seq(0,18,by=6)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

    } else {

      # 6x daily for age <= 12

      if (subject_age<=12){

        A <- rep(dose/6.0,Ndays*6+1)

        B <- seq(0,Ndays*24,by=4)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

      # 4x daily for age > 12

      else {

        A <- rep(dose/4.0,Ndays*4+1)

        B <- seq(0,Ndays*24,by=6)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

    }

  }

  

  All_Dose<-DORAL%>%

    mutate(ODOSEOXON=doral*(params[["BWST"]]/params[["MWOXON"]])

           *params[["FA"]], # DIM dose conversion (ug/kg to umol)

           Level=paste(doral[1],"ug/kg",sep="_"))

  

  #~~~~APPLY MODEL~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~#### 

  # Do parallel for speed

  c1<-makeCluster(min(cores,n_distinct(All_Dose$Level))) # cluster for parallel 

  timestamp()

  modelOutput<-parLapply(c1,split(All_Dose,All_Dose$Level), function (LL,ini_par,t){

    #load data into cores

    source("human_pbpk.R")

    # Create dataframe of "events"that describe the dosing, which informs the

    # ODE function, and needs to have columns "var" = the state_variable that needs

    # to be changed,"time"= when the changes occurs,"value"=the value being changed

    # to,& "method"= how the new value interacts with the previous state variable

    # value. See ?deSolve::lsodes and ?deSolve::events.

    

    # combine or replace "base" parameters with case specific human parameters, 

    # carring out any calcuated paramters which are function of other specific case parameters 

    ini_pars <- initial_params_fun(params=ini_par)

    # STATE####

    # Subject specific UPDATES to the initial value of state variables

    st<-state_fun(st=state,ini_p=ini_pars)

    

    eventDat<-rbind(data.frame(var="ODOSEOXON",time=LL$time,

                               value=LL$ODOSEOXON ,	 

                               method="add",stringsAsFactors = FALSE),  # ("replace", "add", "multiply")

                    data.frame(var="ASTOMO",time=LL$time,

                               value=LL$ODOSEOXON ,	 

                               method="add",stringsAsFactors = FALSE))

    

    # DERIVATIVE ####

    # RUN MODEL 

    modelOutput<- ode(y = st, times = t,  #method = "lsodes",

                      func = Human_Model, parms = ini_pars,

                      events = list(data = eventDat[order(eventDat$time),]))

    result <- within(as.data.frame(modelOutput),{Level<-LL$Level[[1]]})

    return(result)

  },ini_par=params,t=times)

  stopCluster(c1)

  timestamp()

  ModelOutput<-do.call(rbind,modelOutput)##make big dataframe for evaluation



  #~~~END MODEL ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~####

  

  return(ModelOutput)

  

}



PODcost <- function(test_dose){

  

  test_result <- minRBCCEO(test_dose*1000)

  test_error <- (test_result - 90.0)

  

  print(sprintf("%f  %f",test_dose,test_result))

  

  return(test_error*test_error)

}



AEDcost <- function(test_dose){

  

  test_result <- avgCBLO(test_dose*1000)

  test_error <- (test_result - ac_50)

  

  print(sprintf("%f  %f",test_dose,test_result))

  

  return(test_error*test_error)

}



# get the dose that reproduces the AC50 in blood concentration or 10% brain AChE inhibition



final_dose <- optim(par = 1.21, PODcost, method = "Brent",lower = 0.1, upper = 10, control = list(reltol = 1e-3))   # POD limits



# finally run the model for this concentration

ModelOutput <- just_run_model(final_dose$par*1000)



final_dose$par

min(ModelOutput$RBCCE)




rm(list = ls()) # Clear workspace



#set the working directory to the location of these scripts

#setwd(dirname(rstudioapi::getActiveDocumentContext()$path))



#Environment####

library(dplyr)

library(tidyr)

library(parallel)

# number of cores availabe on current machine

tot_cores<-detectCores(all.tests = FALSE, logical = TRUE)  

cores<-tot_cores-1 # leave one core for other tasks 



ac_50 <<- -999             # enter the AC50 value here; units = umol/L

Ndays = 123                        # number of days to simulate

target_chem = "parent"            # oxon or parent compound

body_weight = 81.2                 # body weight in kg

subject_age = 50

route = "water"



source("human_pbpk.R") # Loads model and base parameters

source("malathion_human_parameters.R") # male and female specific parameters



# Intial_parameters####

sex = 1						 # 0=male, 1= Female

params<-c(params[!names(params)%in%names(human_parameters[[sex+1]])],

          human_parameters[[sex+1]])



# set case-specific parameters

params[["TSTART"]]<-0.0         # START SIMULATION (HR)

params[["TSTOP"]]=Ndays*24      			# Simulation duration = 2 days

params[["AGE0"]]=subject_age

params[["BWSW"]] = 1   	 				# Switch for age (set =0) or set (set =1) if bwt provided

params[["BWST"]]= body_weight   	 			# kg

params[["FA"]]=1



# returns the average blood concentration of parent compound

# based on the daily dose of "dose" ug/kg/day

avgCBL <- function(dose){

  

  # TIMING COMMANDS ####

  MAXT=0.1       #maximum time step

  times<-seq(params[["TSTART"]],params[["TSTOP"]],by=MAXT)#

  

  # max number of points to write out to file

  POINTS_max<-10000  

  # if the more than 10000 timesteps, select evently spaced 10000 of them for reporting

  report_points<-if(length(times)<=POINTS_max) times else 

    times[seq(1,length(times),by=round(length(times)/POINTS_max))]

  table(report_points%in%times)#check all report values are in times.

  

  

  # Dosing ####

  # once daily oral exposure for food

  if (route=="food"){

    if (Ndays < 100) {

      A <- c(dose)

      B <- c(0)

      C <- c("time","doral")

      

      DORAL <- data.frame(B,A)

      colnames(DORAL) <- C

    } else {

      A <- rep(dose,Ndays+1)

      B <- seq(0,Ndays*24,by=24)

      C <- c("time","doral")

      

      DORAL <- data.frame(B,A)

      colnames(DORAL) <- C

    }

  }

  # dosing for water exposure

  if (route=="water"){

    if (Ndays < 100) {

      # 6x daily for age <= 12

      if (subject_age<=12){

        A <- rep(dose/6.0,6)

        B <- seq(0,20,by=4)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

      # 4x daily for age > 12

      else {

        A <- rep(dose/4.0,4)

        B <- seq(0,18,by=6)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

    } else {

      # 6x daily for age <= 12

      if (subject_age<=12){

        A <- rep(dose/6.0,Ndays*6+1)

        B <- seq(0,Ndays*24,by=4)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

      # 4x daily for age > 12

      else {

        A <- rep(dose/4.0,Ndays*4+1)

        B <- seq(0,Ndays*24,by=6)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

    }

  }

  

  

  All_Dose<-DORAL%>%

    mutate(ODOSE=doral*(params[["BWST"]]/params[["MWPAR"]])

           *params[["FA"]], # DIM dose conversion (ug/kg to umol)

           Level=paste(doral[1],"ug/kg",sep="_"))

  

  #~~~~APPLY MODEL~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~#### 

  # Do parallel for speed

  c1<-makeCluster(min(cores,n_distinct(All_Dose$Level))) # cluster for parallel 

  timestamp()

  modelOutput<-parLapply(c1,split(All_Dose,All_Dose$Level), function (LL,ini_par,t){

    #load data into cores

    source("human_pbpk.R")

    # Create dataframe of "events"that describe the dosing, which informs the

    # ODE function, and needs to have columns "var" = the state_variable that needs

    # to be changed,"time"= when the changes occurs,"value"=the value being changed

    # to,& "method"= how the new value interacts with the previous state variable

    # value. See ?deSolve::lsodes and ?deSolve::events.

    

    # combine or replace "base" parameters with case specific human parameters, 

    # carring out any calcuated paramters which are function of other specific case parameters 

    ini_pars <- initial_params_fun(params=ini_par)

    # STATE####

    # Subject specific UPDATES to the initial value of state variables

    st<-state_fun(st=state,ini_p=ini_pars)

    

    eventDat<-rbind(data.frame(var="ODOSE",time=LL$time,

                               value=LL$ODOSE ,	 

                               method="add",stringsAsFactors = FALSE),  # ("replace", "add", "multiply")

                    data.frame(var="ASTOM",time=LL$time,

                               value=LL$ODOSE ,	 

                               method="add",stringsAsFactors = FALSE))

    

    # DERIVATIVE ####

    # RUN MODEL 

    modelOutput<- ode(y = st, times = t,  #method = "lsodes",

                      func = Human_Model, parms = ini_pars,

                      events = list(data = eventDat[order(eventDat$time),]))

    result <- within(as.data.frame(modelOutput),{Level<-LL$Level[[1]]})

    return(result)

  },ini_par=params,t=times)

  stopCluster(c1)

  timestamp()

  ModelOutput<-do.call(rbind,modelOutput)##make big dataframe for evaluation



  

  return(mean(tail(ModelOutput$CBL,240)))

  

}



# returns the average blood concentration of oxon

# based on the daily dose of "dose" ug/kg/day

avgCBLO <- function(dose){

  

  # TIMING COMMANDS ####

  MAXT=0.1       #maximum time step

  times<-seq(params[["TSTART"]],params[["TSTOP"]],by=MAXT)#

  

  # max number of points to write out to file

  POINTS_max<-10000  

  # if the more than 10000 timesteps, select evently spaced 10000 of them for reporting

  report_points<-if(length(times)<=POINTS_max) times else 

    times[seq(1,length(times),by=round(length(times)/POINTS_max))]

  table(report_points%in%times)#check all report values are in times.

  

  

  # Dosing ####

  

  # once daily oral exposure for food

  if (route=="food"){

    if (Ndays < 100) {

      A <- c(dose)

      B <- c(0)

      C <- c("time","doral")

      

      DORAL <- data.frame(B,A)

      colnames(DORAL) <- C

    } else {

      A <- rep(dose,Ndays+1)

      B <- seq(0,Ndays*24,by=24)

      C <- c("time","doral")

      

      DORAL <- data.frame(B,A)

      colnames(DORAL) <- C

    }

  }

  # dosing for water exposure

  if (route=="water"){

    if (Ndays < 100) {

      # 6x daily for age <= 12

      if (subject_age<=12){

        A <- rep(dose/6.0,6)

        B <- seq(0,20,by=4)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

      # 4x daily for age > 12

      else {

        A <- rep(dose/4.0,4)

        B <- seq(0,18,by=6)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

    } else {

      # 6x daily for age <= 12

      if (subject_age<=12){

        A <- rep(dose/6.0,Ndays*6+1)

        B <- seq(0,Ndays*24,by=4)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

      # 4x daily for age > 12

      else {

        A <- rep(dose/4.0,Ndays*4+1)

        B <- seq(0,Ndays*24,by=6)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

    }

  }

  

  All_Dose<-DORAL%>%

    mutate(ODOSE=doral*(params[["BWST"]]/params[["MWPAR"]])

           *params[["FA"]], # DIM dose conversion (ug/kg to umol)

           Level=paste(doral[1],"ug/kg",sep="_"))

  

  #~~~~APPLY MODEL~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~#### 

  # Do parallel for speed

  c1<-makeCluster(min(cores,n_distinct(All_Dose$Level))) # cluster for parallel 

  timestamp()

  modelOutput<-parLapply(c1,split(All_Dose,All_Dose$Level), function (LL,ini_par,t){

    #load data into cores

    source("human_pbpk.R")

    # Create dataframe of "events"that describe the dosing, which informs the

    # ODE function, and needs to have columns "var" = the state_variable that needs

    # to be changed,"time"= when the changes occurs,"value"=the value being changed

    # to,& "method"= how the new value interacts with the previous state variable

    # value. See ?deSolve::lsodes and ?deSolve::events.

    

    # combine or replace "base" parameters with case specific human parameters, 

    # carring out any calcuated paramters which are function of other specific case parameters 

    ini_pars <- initial_params_fun(params=ini_par)

    # STATE####

    # Subject specific UPDATES to the initial value of state variables

    st<-state_fun(st=state,ini_p=ini_pars)

    

    eventDat<-rbind(data.frame(var="ODOSE",time=LL$time,

                               value=LL$ODOSE ,	 

                               method="add",stringsAsFactors = FALSE),  # ("replace", "add", "multiply")

                    data.frame(var="ASTOM",time=LL$time,

                               value=LL$ODOSE ,	 

                               method="add",stringsAsFactors = FALSE))

    

    # DERIVATIVE ####

    # RUN MODEL 

    modelOutput<- ode(y = st, times = t,  #method = "lsodes",

                      func = Human_Model, parms = ini_pars,

                      events = list(data = eventDat[order(eventDat$time),]))

    result <- within(as.data.frame(modelOutput),{Level<-LL$Level[[1]]})

    return(result)

  },ini_par=params,t=times)

  stopCluster(c1)

  timestamp()

  ModelOutput<-do.call(rbind,modelOutput)##make big dataframe for evaluation



  #~~~END MODEL ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~####

  

  return(mean(tail(ModelOutput$CBLO,240)))

  

}

minRBCCE <- function(dose){

  

  # TIMING COMMANDS ####

  MAXT=0.1       #maximum time step

  times<-seq(params[["TSTART"]],params[["TSTOP"]],by=MAXT)#

  

  # max number of points to write out to file

  POINTS_max<-10000  

  # if the more than 10000 timesteps, select evently spaced 10000 of them for reporting

  report_points<-if(length(times)<=POINTS_max) times else 

    times[seq(1,length(times),by=round(length(times)/POINTS_max))]

  table(report_points%in%times)#check all report values are in times.

  

  

  # Dosing ####

  # once daily oral exposure for food

  if (route=="food"){

    if (Ndays < 100) {

      A <- c(dose)

      B <- c(0)

      C <- c("time","doral")

      

      DORAL <- data.frame(B,A)

      colnames(DORAL) <- C

    } else {

      A <- rep(dose,Ndays+1)

      B <- seq(0,Ndays*24,by=24)

      C <- c("time","doral")

      

      DORAL <- data.frame(B,A)

      colnames(DORAL) <- C

    }

  }

  # dosing for water exposure

  if (route=="water"){

    if (Ndays < 100) {

      # 6x daily for age <= 12

      if (subject_age<=12){

        A <- rep(dose/6.0,6)

        B <- seq(0,20,by=4)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

      # 4x daily for age > 12

      else {

        A <- rep(dose/4.0,4)

        B <- seq(0,18,by=6)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

    } else {

      # 6x daily for age <= 12

      if (subject_age<=12){

        A <- rep(dose/6.0,Ndays*6+1)

        B <- seq(0,Ndays*24,by=4)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

      # 4x daily for age > 12

      else {

        A <- rep(dose/4.0,Ndays*4+1)

        B <- seq(0,Ndays*24,by=6)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

    }

  }

  

  All_Dose<-DORAL%>%

    mutate(ODOSE=doral*(params[["BWST"]]/params[["MWPAR"]])

           *params[["FA"]], # DIM dose conversion (ug/kg to umol)

           Level=paste(doral[1],"ug/kg",sep="_"))

  

  #~~~~APPLY MODEL~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~#### 

  # Do parallel for speed

  c1<-makeCluster(min(cores,n_distinct(All_Dose$Level))) # cluster for parallel 

  timestamp()

  modelOutput<-parLapply(c1,split(All_Dose,All_Dose$Level), function (LL,ini_par,t){

    #load data into cores

    source("human_pbpk.R")

    # Create dataframe of "events"that describe the dosing, which informs the

    # ODE function, and needs to have columns "var" = the state_variable that needs

    # to be changed,"time"= when the changes occurs,"value"=the value being changed

    # to,& "method"= how the new value interacts with the previous state variable

    # value. See ?deSolve::lsodes and ?deSolve::events.

    

    # combine or replace "base" parameters with case specific human parameters, 

    # carring out any calcuated paramters which are function of other specific case parameters 

    ini_pars <- initial_params_fun(params=ini_par)

    # STATE####

    # Subject specific UPDATES to the initial value of state variables

    st<-state_fun(st=state,ini_p=ini_pars)

    

    eventDat<-rbind(data.frame(var="ODOSE",time=LL$time,

                               value=LL$ODOSE ,	 

                               method="add",stringsAsFactors = FALSE),  # ("replace", "add", "multiply")

                    data.frame(var="ASTOM",time=LL$time,

                               value=LL$ODOSE ,	 

                               method="add",stringsAsFactors = FALSE))

    

    # DERIVATIVE ####

    # RUN MODEL 

    modelOutput<- ode(y = st, times = t,  #method = "lsodes",

                      func = Human_Model, parms = ini_pars,

                      events = list(data = eventDat[order(eventDat$time),]))

    result <- within(as.data.frame(modelOutput),{Level<-LL$Level[[1]]})

    return(result)

  },ini_par=params,t=times)

  stopCluster(c1)

  timestamp()

  ModelOutput<-do.call(rbind,modelOutput)##make big dataframe for evaluation

  

  #~~~END MODEL ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~####

  

  return(min(ModelOutput$RBCCE))

  

}



just_run_model <- function(dose){

  

  # TIMING COMMANDS ####

  MAXT=0.1       #maximum time step

  times<-seq(params[["TSTART"]],params[["TSTOP"]],by=MAXT)#

  

  # max number of points to write out to file

  POINTS_max<-10000  

  # if the more than 10000 timesteps, select evently spaced 10000 of them for reporting

  report_points<-if(length(times)<=POINTS_max) times else 

    times[seq(1,length(times),by=round(length(times)/POINTS_max))]

  table(report_points%in%times)#check all report values are in times.

  

  

  # Dosing ####

  # once daily oral exposure for food

  if (route=="food"){

    if (Ndays < 100) {

      A <- c(dose)

      B <- c(0)

      C <- c("time","doral")

      

      DORAL <- data.frame(B,A)

      colnames(DORAL) <- C

    } else {

      A <- rep(dose,Ndays+1)

      B <- seq(0,Ndays*24,by=24)

      C <- c("time","doral")

      

      DORAL <- data.frame(B,A)

      colnames(DORAL) <- C

    }

  }

  # dosing for water exposure

  if (route=="water"){

    if (Ndays < 100) {

      # 6x daily for age <= 12

      if (subject_age<=12){

        A <- rep(dose/6.0,6)

        B <- seq(0,20,by=4)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

      # 4x daily for age > 12

      else {

        A <- rep(dose/4.0,4)

        B <- seq(0,18,by=6)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

    } else {

      # 6x daily for age <= 12

      if (subject_age<=12){

        A <- rep(dose/6.0,Ndays*6+1)

        B <- seq(0,Ndays*24,by=4)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

      # 4x daily for age > 12

      else {

        A <- rep(dose/4.0,Ndays*4+1)

        B <- seq(0,Ndays*24,by=6)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

    }

  }

  

  All_Dose<-DORAL%>%

    mutate(ODOSE=doral*(params[["BWST"]]/params[["MWPAR"]])

           *params[["FA"]], # DIM dose conversion (ug/kg to umol)

           Level=paste(doral[1],"ug/kg",sep="_"))

  

  #~~~~APPLY MODEL~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~#### 

  # Do parallel for speed

  c1<-makeCluster(min(cores,n_distinct(All_Dose$Level))) # cluster for parallel 

  timestamp()

  modelOutput<-parLapply(c1,split(All_Dose,All_Dose$Level), function (LL,ini_par,t){

    #load data into cores

    source("human_pbpk.R")

    # Create dataframe of "events"that describe the dosing, which informs the

    # ODE function, and needs to have columns "var" = the state_variable that needs

    # to be changed,"time"= when the changes occurs,"value"=the value being changed

    # to,& "method"= how the new value interacts with the previous state variable

    # value. See ?deSolve::lsodes and ?deSolve::events.

    

    # combine or replace "base" parameters with case specific human parameters, 

    # carring out any calcuated paramters which are function of other specific case parameters 

    ini_pars <- initial_params_fun(params=ini_par)

    # STATE####

    # Subject specific UPDATES to the initial value of state variables

    st<-state_fun(st=state,ini_p=ini_pars)

    

    eventDat<-rbind(data.frame(var="ODOSE",time=LL$time,

                               value=LL$ODOSE ,	 

                               method="add",stringsAsFactors = FALSE),  # ("replace", "add", "multiply")

                    data.frame(var="ASTOM",time=LL$time,

                               value=LL$ODOSE ,	 

                               method="add",stringsAsFactors = FALSE))

    

    # DERIVATIVE ####

    # RUN MODEL 

    modelOutput<- ode(y = st, times = t,  #method = "lsodes",

                      func = Human_Model, parms = ini_pars,

                      events = list(data = eventDat[order(eventDat$time),]))

    result <- within(as.data.frame(modelOutput),{Level<-LL$Level[[1]]})

    return(result)

  },ini_par=params,t=times)

  stopCluster(c1)

  timestamp()

  ModelOutput<-do.call(rbind,modelOutput)##make big dataframe for evaluation

  

  #~~~END MODEL ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~####

  

  return(ModelOutput)

  

}



PODcost <- function(test_dose){

  

  test_result <- minRBCCE(test_dose*1000)

  test_error <- (test_result - 90.0)

  

  print(sprintf("%f  %f",test_dose,test_result))

  

  return(test_error*test_error)

}



AEDcost <- function(test_dose){

  

  test_result <- avgCBL(test_dose*1000)

  test_error <- (test_result - ac_50)

  

  print(sprintf("%f  %f",test_dose,test_result))

  

  return(test_error*test_error)

}



# get the dose that reproduces the AC50 in blood concentration or 10% brain AChE inhibition



final_dose <- optim(par = 23.5, PODcost, method = "Brent",lower = 1, upper = 100, control = list(reltol = 1e-3))   # POD limits



# finally run the model for this concentration

ModelOutput <- just_run_model(final_dose$par*1000)



final_dose$par

min(ModelOutput$RBCCE)


rm(list = ls()) # Clear workspace



#set the working directory to the location of these scripts

#setwd(dirname(rstudioapi::getActiveDocumentContext()$path))



#Environment####

library(dplyr)

library(tidyr)

library(parallel)

# number of cores availabe on current machine

tot_cores<-detectCores(all.tests = FALSE, logical = TRUE)  

cores<-tot_cores-1 # leave one core for other tasks 



ac_50 <<- -999             # enter the AC50 value here; units = umol/L

Ndays = 123                        # number of days to simulate

target_chem = "parent"            # oxon or parent compound

body_weight = 72.9                 # body weight in kg

subject_age = 13

route = "water"



source("human_pbpk.R") # Loads model and base parameters

source("malathion_human_parameters.R") # male and female specific parameters



# Intial_parameters####

sex = 1						 # 0=male, 1= Female

params<-c(params[!names(params)%in%names(human_parameters[[sex+1]])],

          human_parameters[[sex+1]])



# set case-specific parameters

params[["TSTART"]]<-0.0         # START SIMULATION (HR)

params[["TSTOP"]]=Ndays*24      			# Simulation duration = 2 days

params[["AGE0"]]=subject_age

params[["BWSW"]] = 1   	 				# Switch for age (set =0) or set (set =1) if bwt provided

params[["BWST"]]= body_weight   	 			# kg

params[["FA"]]=1



# returns the average blood concentration of parent compound

# based on the daily dose of "dose" ug/kg/day

avgCBL <- function(dose){

  

  # TIMING COMMANDS ####

  MAXT=0.1       #maximum time step

  times<-seq(params[["TSTART"]],params[["TSTOP"]],by=MAXT)#

  

  # max number of points to write out to file

  POINTS_max<-10000  

  # if the more than 10000 timesteps, select evently spaced 10000 of them for reporting

  report_points<-if(length(times)<=POINTS_max) times else 

    times[seq(1,length(times),by=round(length(times)/POINTS_max))]

  table(report_points%in%times)#check all report values are in times.

  

  

  # Dosing ####

  # once daily oral exposure for food

  if (route=="food"){

    if (Ndays < 100) {

      A <- c(dose)

      B <- c(0)

      C <- c("time","doral")

      

      DORAL <- data.frame(B,A)

      colnames(DORAL) <- C

    } else {

      A <- rep(dose,Ndays+1)

      B <- seq(0,Ndays*24,by=24)

      C <- c("time","doral")

      

      DORAL <- data.frame(B,A)

      colnames(DORAL) <- C

    }

  }

  # dosing for water exposure

  if (route=="water"){

    if (Ndays < 100) {

      # 6x daily for age <= 12

      if (subject_age<=12){

        A <- rep(dose/6.0,6)

        B <- seq(0,20,by=4)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

      # 4x daily for age > 12

      else {

        A <- rep(dose/4.0,4)

        B <- seq(0,18,by=6)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

    } else {

      # 6x daily for age <= 12

      if (subject_age<=12){

        A <- rep(dose/6.0,Ndays*6+1)

        B <- seq(0,Ndays*24,by=4)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

      # 4x daily for age > 12

      else {

        A <- rep(dose/4.0,Ndays*4+1)

        B <- seq(0,Ndays*24,by=6)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

    }

  }

  

  

  All_Dose<-DORAL%>%

    mutate(ODOSE=doral*(params[["BWST"]]/params[["MWPAR"]])

           *params[["FA"]], # DIM dose conversion (ug/kg to umol)

           Level=paste(doral[1],"ug/kg",sep="_"))

  

  #~~~~APPLY MODEL~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~#### 

  # Do parallel for speed

  c1<-makeCluster(min(cores,n_distinct(All_Dose$Level))) # cluster for parallel 

  timestamp()

  modelOutput<-parLapply(c1,split(All_Dose,All_Dose$Level), function (LL,ini_par,t){

    #load data into cores

    source("human_pbpk.R")

    # Create dataframe of "events"that describe the dosing, which informs the

    # ODE function, and needs to have columns "var" = the state_variable that needs

    # to be changed,"time"= when the changes occurs,"value"=the value being changed

    # to,& "method"= how the new value interacts with the previous state variable

    # value. See ?deSolve::lsodes and ?deSolve::events.

    

    # combine or replace "base" parameters with case specific human parameters, 

    # carring out any calcuated paramters which are function of other specific case parameters 

    ini_pars <- initial_params_fun(params=ini_par)

    # STATE####

    # Subject specific UPDATES to the initial value of state variables

    st<-state_fun(st=state,ini_p=ini_pars)

    

    eventDat<-rbind(data.frame(var="ODOSE",time=LL$time,

                               value=LL$ODOSE ,	 

                               method="add",stringsAsFactors = FALSE),  # ("replace", "add", "multiply")

                    data.frame(var="ASTOM",time=LL$time,

                               value=LL$ODOSE ,	 

                               method="add",stringsAsFactors = FALSE))

    

    # DERIVATIVE ####

    # RUN MODEL 

    modelOutput<- ode(y = st, times = t,  #method = "lsodes",

                      func = Human_Model, parms = ini_pars,

                      events = list(data = eventDat[order(eventDat$time),]))

    result <- within(as.data.frame(modelOutput),{Level<-LL$Level[[1]]})

    return(result)

  },ini_par=params,t=times)

  stopCluster(c1)

  timestamp()

  ModelOutput<-do.call(rbind,modelOutput)##make big dataframe for evaluation



  

  return(mean(tail(ModelOutput$CBL,240)))

  

}



# returns the average blood concentration of oxon

# based on the daily dose of "dose" ug/kg/day

avgCBLO <- function(dose){

  

  # TIMING COMMANDS ####

  MAXT=0.1       #maximum time step

  times<-seq(params[["TSTART"]],params[["TSTOP"]],by=MAXT)#

  

  # max number of points to write out to file

  POINTS_max<-10000  

  # if the more than 10000 timesteps, select evently spaced 10000 of them for reporting

  report_points<-if(length(times)<=POINTS_max) times else 

    times[seq(1,length(times),by=round(length(times)/POINTS_max))]

  table(report_points%in%times)#check all report values are in times.

  

  

  # Dosing ####

  

  # once daily oral exposure for food

  if (route=="food"){

    if (Ndays < 100) {

      A <- c(dose)

      B <- c(0)

      C <- c("time","doral")

      

      DORAL <- data.frame(B,A)

      colnames(DORAL) <- C

    } else {

      A <- rep(dose,Ndays+1)

      B <- seq(0,Ndays*24,by=24)

      C <- c("time","doral")

      

      DORAL <- data.frame(B,A)

      colnames(DORAL) <- C

    }

  }

  # dosing for water exposure

  if (route=="water"){

    if (Ndays < 100) {

      # 6x daily for age <= 12

      if (subject_age<=12){

        A <- rep(dose/6.0,6)

        B <- seq(0,20,by=4)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

      # 4x daily for age > 12

      else {

        A <- rep(dose/4.0,4)

        B <- seq(0,18,by=6)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

    } else {

      # 6x daily for age <= 12

      if (subject_age<=12){

        A <- rep(dose/6.0,Ndays*6+1)

        B <- seq(0,Ndays*24,by=4)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

      # 4x daily for age > 12

      else {

        A <- rep(dose/4.0,Ndays*4+1)

        B <- seq(0,Ndays*24,by=6)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

    }

  }

  

  All_Dose<-DORAL%>%

    mutate(ODOSE=doral*(params[["BWST"]]/params[["MWPAR"]])

           *params[["FA"]], # DIM dose conversion (ug/kg to umol)

           Level=paste(doral[1],"ug/kg",sep="_"))

  

  #~~~~APPLY MODEL~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~#### 

  # Do parallel for speed

  c1<-makeCluster(min(cores,n_distinct(All_Dose$Level))) # cluster for parallel 

  timestamp()

  modelOutput<-parLapply(c1,split(All_Dose,All_Dose$Level), function (LL,ini_par,t){

    #load data into cores

    source("human_pbpk.R")

    # Create dataframe of "events"that describe the dosing, which informs the

    # ODE function, and needs to have columns "var" = the state_variable that needs

    # to be changed,"time"= when the changes occurs,"value"=the value being changed

    # to,& "method"= how the new value interacts with the previous state variable

    # value. See ?deSolve::lsodes and ?deSolve::events.

    

    # combine or replace "base" parameters with case specific human parameters, 

    # carring out any calcuated paramters which are function of other specific case parameters 

    ini_pars <- initial_params_fun(params=ini_par)

    # STATE####

    # Subject specific UPDATES to the initial value of state variables

    st<-state_fun(st=state,ini_p=ini_pars)

    

    eventDat<-rbind(data.frame(var="ODOSE",time=LL$time,

                               value=LL$ODOSE ,	 

                               method="add",stringsAsFactors = FALSE),  # ("replace", "add", "multiply")

                    data.frame(var="ASTOM",time=LL$time,

                               value=LL$ODOSE ,	 

                               method="add",stringsAsFactors = FALSE))

    

    # DERIVATIVE ####

    # RUN MODEL 

    modelOutput<- ode(y = st, times = t,  #method = "lsodes",

                      func = Human_Model, parms = ini_pars,

                      events = list(data = eventDat[order(eventDat$time),]))

    result <- within(as.data.frame(modelOutput),{Level<-LL$Level[[1]]})

    return(result)

  },ini_par=params,t=times)

  stopCluster(c1)

  timestamp()

  ModelOutput<-do.call(rbind,modelOutput)##make big dataframe for evaluation



  #~~~END MODEL ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~####

  

  return(mean(tail(ModelOutput$CBLO,240)))

  

}

minRBCCE <- function(dose){

  

  # TIMING COMMANDS ####

  MAXT=0.1       #maximum time step

  times<-seq(params[["TSTART"]],params[["TSTOP"]],by=MAXT)#

  

  # max number of points to write out to file

  POINTS_max<-10000  

  # if the more than 10000 timesteps, select evently spaced 10000 of them for reporting

  report_points<-if(length(times)<=POINTS_max) times else 

    times[seq(1,length(times),by=round(length(times)/POINTS_max))]

  table(report_points%in%times)#check all report values are in times.

  

  

  # Dosing ####

  # once daily oral exposure for food

  if (route=="food"){

    if (Ndays < 100) {

      A <- c(dose)

      B <- c(0)

      C <- c("time","doral")

      

      DORAL <- data.frame(B,A)

      colnames(DORAL) <- C

    } else {

      A <- rep(dose,Ndays+1)

      B <- seq(0,Ndays*24,by=24)

      C <- c("time","doral")

      

      DORAL <- data.frame(B,A)

      colnames(DORAL) <- C

    }

  }

  # dosing for water exposure

  if (route=="water"){

    if (Ndays < 100) {

      # 6x daily for age <= 12

      if (subject_age<=12){

        A <- rep(dose/6.0,6)

        B <- seq(0,20,by=4)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

      # 4x daily for age > 12

      else {

        A <- rep(dose/4.0,4)

        B <- seq(0,18,by=6)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

    } else {

      # 6x daily for age <= 12

      if (subject_age<=12){

        A <- rep(dose/6.0,Ndays*6+1)

        B <- seq(0,Ndays*24,by=4)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

      # 4x daily for age > 12

      else {

        A <- rep(dose/4.0,Ndays*4+1)

        B <- seq(0,Ndays*24,by=6)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

    }

  }

  

  All_Dose<-DORAL%>%

    mutate(ODOSE=doral*(params[["BWST"]]/params[["MWPAR"]])

           *params[["FA"]], # DIM dose conversion (ug/kg to umol)

           Level=paste(doral[1],"ug/kg",sep="_"))

  

  #~~~~APPLY MODEL~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~#### 

  # Do parallel for speed

  c1<-makeCluster(min(cores,n_distinct(All_Dose$Level))) # cluster for parallel 

  timestamp()

  modelOutput<-parLapply(c1,split(All_Dose,All_Dose$Level), function (LL,ini_par,t){

    #load data into cores

    source("human_pbpk.R")

    # Create dataframe of "events"that describe the dosing, which informs the

    # ODE function, and needs to have columns "var" = the state_variable that needs

    # to be changed,"time"= when the changes occurs,"value"=the value being changed

    # to,& "method"= how the new value interacts with the previous state variable

    # value. See ?deSolve::lsodes and ?deSolve::events.

    

    # combine or replace "base" parameters with case specific human parameters, 

    # carring out any calcuated paramters which are function of other specific case parameters 

    ini_pars <- initial_params_fun(params=ini_par)

    # STATE####

    # Subject specific UPDATES to the initial value of state variables

    st<-state_fun(st=state,ini_p=ini_pars)

    

    eventDat<-rbind(data.frame(var="ODOSE",time=LL$time,

                               value=LL$ODOSE ,	 

                               method="add",stringsAsFactors = FALSE),  # ("replace", "add", "multiply")

                    data.frame(var="ASTOM",time=LL$time,

                               value=LL$ODOSE ,	 

                               method="add",stringsAsFactors = FALSE))

    

    # DERIVATIVE ####

    # RUN MODEL 

    modelOutput<- ode(y = st, times = t,  #method = "lsodes",

                      func = Human_Model, parms = ini_pars,

                      events = list(data = eventDat[order(eventDat$time),]))

    result <- within(as.data.frame(modelOutput),{Level<-LL$Level[[1]]})

    return(result)

  },ini_par=params,t=times)

  stopCluster(c1)

  timestamp()

  ModelOutput<-do.call(rbind,modelOutput)##make big dataframe for evaluation

  

  #~~~END MODEL ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~####

  

  return(min(ModelOutput$RBCCE))

  

}



just_run_model <- function(dose){

  

  # TIMING COMMANDS ####

  MAXT=0.1       #maximum time step

  times<-seq(params[["TSTART"]],params[["TSTOP"]],by=MAXT)#

  

  # max number of points to write out to file

  POINTS_max<-10000  

  # if the more than 10000 timesteps, select evently spaced 10000 of them for reporting

  report_points<-if(length(times)<=POINTS_max) times else 

    times[seq(1,length(times),by=round(length(times)/POINTS_max))]

  table(report_points%in%times)#check all report values are in times.

  

  

  # Dosing ####

  # once daily oral exposure for food

  if (route=="food"){

    if (Ndays < 100) {

      A <- c(dose)

      B <- c(0)

      C <- c("time","doral")

      

      DORAL <- data.frame(B,A)

      colnames(DORAL) <- C

    } else {

      A <- rep(dose,Ndays+1)

      B <- seq(0,Ndays*24,by=24)

      C <- c("time","doral")

      

      DORAL <- data.frame(B,A)

      colnames(DORAL) <- C

    }

  }

  # dosing for water exposure

  if (route=="water"){

    if (Ndays < 100) {

      # 6x daily for age <= 12

      if (subject_age<=12){

        A <- rep(dose/6.0,6)

        B <- seq(0,20,by=4)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

      # 4x daily for age > 12

      else {

        A <- rep(dose/4.0,4)

        B <- seq(0,18,by=6)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

    } else {

      # 6x daily for age <= 12

      if (subject_age<=12){

        A <- rep(dose/6.0,Ndays*6+1)

        B <- seq(0,Ndays*24,by=4)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

      # 4x daily for age > 12

      else {

        A <- rep(dose/4.0,Ndays*4+1)

        B <- seq(0,Ndays*24,by=6)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

    }

  }

  

  All_Dose<-DORAL%>%

    mutate(ODOSE=doral*(params[["BWST"]]/params[["MWPAR"]])

           *params[["FA"]], # DIM dose conversion (ug/kg to umol)

           Level=paste(doral[1],"ug/kg",sep="_"))

  

  #~~~~APPLY MODEL~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~#### 

  # Do parallel for speed

  c1<-makeCluster(min(cores,n_distinct(All_Dose$Level))) # cluster for parallel 

  timestamp()

  modelOutput<-parLapply(c1,split(All_Dose,All_Dose$Level), function (LL,ini_par,t){

    #load data into cores

    source("human_pbpk.R")

    # Create dataframe of "events"that describe the dosing, which informs the

    # ODE function, and needs to have columns "var" = the state_variable that needs

    # to be changed,"time"= when the changes occurs,"value"=the value being changed

    # to,& "method"= how the new value interacts with the previous state variable

    # value. See ?deSolve::lsodes and ?deSolve::events.

    

    # combine or replace "base" parameters with case specific human parameters, 

    # carring out any calcuated paramters which are function of other specific case parameters 

    ini_pars <- initial_params_fun(params=ini_par)

    # STATE####

    # Subject specific UPDATES to the initial value of state variables

    st<-state_fun(st=state,ini_p=ini_pars)

    

    eventDat<-rbind(data.frame(var="ODOSE",time=LL$time,

                               value=LL$ODOSE ,	 

                               method="add",stringsAsFactors = FALSE),  # ("replace", "add", "multiply")

                    data.frame(var="ASTOM",time=LL$time,

                               value=LL$ODOSE ,	 

                               method="add",stringsAsFactors = FALSE))

    

    # DERIVATIVE ####

    # RUN MODEL 

    modelOutput<- ode(y = st, times = t,  #method = "lsodes",

                      func = Human_Model, parms = ini_pars,

                      events = list(data = eventDat[order(eventDat$time),]))

    result <- within(as.data.frame(modelOutput),{Level<-LL$Level[[1]]})

    return(result)

  },ini_par=params,t=times)

  stopCluster(c1)

  timestamp()

  ModelOutput<-do.call(rbind,modelOutput)##make big dataframe for evaluation

  

  #~~~END MODEL ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~####

  

  return(ModelOutput)

  

}



PODcost <- function(test_dose){

  

  test_result <- minRBCCE(test_dose*1000)

  test_error <- (test_result - 90.0)

  

  print(sprintf("%f  %f",test_dose,test_result))

  

  return(test_error*test_error)

}



AEDcost <- function(test_dose){

  

  test_result <- avgCBL(test_dose*1000)

  test_error <- (test_result - ac_50)

  

  print(sprintf("%f  %f",test_dose,test_result))

  

  return(test_error*test_error)

}



# get the dose that reproduces the AC50 in blood concentration or 10% brain AChE inhibition



final_dose <- optim(par = 23.5, PODcost, method = "Brent",lower = 1, upper = 100, control = list(reltol = 1e-3))   # POD limits



# finally run the model for this concentration

ModelOutput <- just_run_model(final_dose$par*1000)



final_dose$par

min(ModelOutput$RBCCE)




rm(list = ls()) # Clear workspace



#set the working directory to the location of these scripts

#setwd(dirname(rstudioapi::getActiveDocumentContext()$path))



#Environment####

library(dplyr)

library(tidyr)

library(parallel)

# number of cores availabe on current machine

tot_cores<-detectCores(all.tests = FALSE, logical = TRUE)  

cores<-tot_cores-1 # leave one core for other tasks 



ac_50 <<- -999             # enter the AC50 value here; units = umol/L

Ndays = 2                        # number of days to simulate

target_chem = "oxon"            # oxon or parent compound

body_weight = 18.7                 # body weight in kg

subject_age = 3

scenario_number = 1

route = "food"



source("human_pbpk.R") # Loads model and base parameters

source("malathion_human_parameters.R") # male and female specific parameters



# Intial_parameters####

sex = 1						 # 0=male, 1= Female

params<-c(params[!names(params)%in%names(human_parameters[[sex+1]])],

          human_parameters[[sex+1]])



# set case-specific parameters

params[["TSTART"]]<-0.0         # START SIMULATION (HR)

params[["TSTOP"]]=48      			# Simulation duration = 2 days

params[["AGE0"]]=subject_age

params[["BWSW"]] = 1   	 				# Switch for age (set =0) or set (set =1) if bwt provided

params[["BWST"]]= body_weight   	 			# kg

params[["FA"]]=1



# returns the average blood concentration of oxon

# based on the daily dose of "dose" ug/kg/day

avgCBLO <- function(dose){

  

  # TIMING COMMANDS ####

  MAXT=0.1       #maximum time step

  times<-seq(params[["TSTART"]],params[["TSTOP"]],by=MAXT)#

  

  # max number of points to write out to file

  POINTS_max<-10000  

  # if the more than 10000 timesteps, select evently spaced 10000 of them for reporting

  report_points<-if(length(times)<=POINTS_max) times else 

    times[seq(1,length(times),by=round(length(times)/POINTS_max))]

  table(report_points%in%times)#check all report values are in times.

  

  

  # Dosing ####

  

  # once daily oral exposure for food

  if (route=="food"){

    if (Ndays < 100) {

      A <- c(dose)

      B <- c(0)

      C <- c("time","doral")

      

      DORAL <- data.frame(B,A)

      colnames(DORAL) <- C

    } else {

      A <- rep(dose,Ndays+1)

      B <- seq(0,Ndays*24,by=24)

      C <- c("time","doral")

      

      DORAL <- data.frame(B,A)

      colnames(DORAL) <- C

    }

  }

  # dosing for water exposure

  if (route=="water"){

    if (Ndays < 100) {

      # 6x daily for age <= 12

      if (subject_age<=12){

        A <- rep(dose/6.0,6)

        B <- seq(0,20,by=4)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

      # 4x daily for age > 12

      else {

        A <- rep(dose/4.0,4)

        B <- seq(0,18,by=6)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

    } else {

      # 6x daily for age <= 12

      if (subject_age<=12){

        A <- rep(dose/6.0,Ndays*6+1)

        B <- seq(0,Ndays*24,by=4)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

      # 4x daily for age > 12

      else {

        A <- rep(dose/4.0,Ndays*4+1)

        B <- seq(0,Ndays*24,by=6)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

    }

  }

  

  All_Dose<-DORAL%>%

    mutate(ODOSEOXON=doral*(params[["BWST"]]/params[["MWOXON"]])

           *params[["FA"]], # DIM dose conversion (ug/kg to umol)

           Level=paste(doral[1],"ug/kg",sep="_"))

  

  #~~~~APPLY MODEL~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~#### 

  # Do parallel for speed

  c1<-makeCluster(min(cores,n_distinct(All_Dose$Level))) # cluster for parallel 

  timestamp()

  modelOutput<-parLapply(c1,split(All_Dose,All_Dose$Level), function (LL,ini_par,t){

    #load data into cores

    source("human_pbpk.R")

    # Create dataframe of "events"that describe the dosing, which informs the

    # ODE function, and needs to have columns "var" = the state_variable that needs

    # to be changed,"time"= when the changes occurs,"value"=the value being changed

    # to,& "method"= how the new value interacts with the previous state variable

    # value. See ?deSolve::lsodes and ?deSolve::events.

    

    # combine or replace "base" parameters with case specific human parameters, 

    # carring out any calcuated paramters which are function of other specific case parameters 

    ini_pars <- initial_params_fun(params=ini_par)

    # STATE####

    # Subject specific UPDATES to the initial value of state variables

    st<-state_fun(st=state,ini_p=ini_pars)

    

    eventDat<-rbind(data.frame(var="ODOSEOXON",time=LL$time,

                               value=LL$ODOSEOXON ,	 

                               method="add",stringsAsFactors = FALSE),  # ("replace", "add", "multiply")

                    data.frame(var="ASTOMO",time=LL$time,

                               value=LL$ODOSEOXON ,	 

                               method="add",stringsAsFactors = FALSE))

    

    # DERIVATIVE ####

    # RUN MODEL 

    modelOutput<- ode(y = st, times = t,  #method = "lsodes",

                      func = Human_Model, parms = ini_pars,

                      events = list(data = eventDat[order(eventDat$time),]))

    result <- within(as.data.frame(modelOutput),{Level<-LL$Level[[1]]})

    return(result)

  },ini_par=params,t=times)

  stopCluster(c1)

  timestamp()

  ModelOutput<-do.call(rbind,modelOutput)##make big dataframe for evaluation



  #~~~END MODEL ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~####

  

  return(mean(tail(ModelOutput$CBLO,240)))

  

}



minRBCCEO <- function(dose){

  

  # TIMING COMMANDS ####

  MAXT=0.1       #maximum time step

  times<-seq(params[["TSTART"]],params[["TSTOP"]],by=MAXT)#

  

  # max number of points to write out to file

  POINTS_max<-10000  

  # if the more than 10000 timesteps, select evently spaced 10000 of them for reporting

  report_points<-if(length(times)<=POINTS_max) times else 

    times[seq(1,length(times),by=round(length(times)/POINTS_max))]

  table(report_points%in%times)#check all report values are in times.

  

  

  # Dosing ####

  

  # once daily oral exposure for food

  if (route=="food"){

    if (Ndays < 100) {

      A <- c(dose)

      B <- c(0)

      C <- c("time","doral")

      

      DORAL <- data.frame(B,A)

      colnames(DORAL) <- C

    } else {

      A <- rep(dose,Ndays+1)

      B <- seq(0,Ndays*24,by=24)

      C <- c("time","doral")

      

      DORAL <- data.frame(B,A)

      colnames(DORAL) <- C

    }

  }

  # dosing for water exposure

  if (route=="water"){

    if (Ndays < 100) {

      # 6x daily for age <= 12

      if (subject_age<=12){

        A <- rep(dose/6.0,6)

        B <- seq(0,20,by=4)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

      # 4x daily for age > 12

      else {

        A <- rep(dose/4.0,4)

        B <- seq(0,18,by=6)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

    } else {

      # 6x daily for age <= 12

      if (subject_age<=12){

        A <- rep(dose/6.0,Ndays*6+1)

        B <- seq(0,Ndays*24,by=4)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

      # 4x daily for age > 12

      else {

        A <- rep(dose/4.0,Ndays*4+1)

        B <- seq(0,Ndays*24,by=6)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

    }

  }

  

  All_Dose<-DORAL%>%

    mutate(ODOSEOXON=doral*(params[["BWST"]]/params[["MWOXON"]])

           *params[["FA"]], # DIM dose conversion (ug/kg to umol)

           Level=paste(doral[1],"ug/kg",sep="_"))

  

  #~~~~APPLY MODEL~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~#### 

  # Do parallel for speed

  c1<-makeCluster(min(cores,n_distinct(All_Dose$Level))) # cluster for parallel 

  timestamp()

  modelOutput<-parLapply(c1,split(All_Dose,All_Dose$Level), function (LL,ini_par,t){

    #load data into cores

    source("human_pbpk.R")

    # Create dataframe of "events"that describe the dosing, which informs the

    # ODE function, and needs to have columns "var" = the state_variable that needs

    # to be changed,"time"= when the changes occurs,"value"=the value being changed

    # to,& "method"= how the new value interacts with the previous state variable

    # value. See ?deSolve::lsodes and ?deSolve::events.

    

    # combine or replace "base" parameters with case specific human parameters, 

    # carring out any calcuated paramters which are function of other specific case parameters 

    ini_pars <- initial_params_fun(params=ini_par)

    # STATE####

    # Subject specific UPDATES to the initial value of state variables

    st<-state_fun(st=state,ini_p=ini_pars)

    

    eventDat<-rbind(data.frame(var="ODOSEOXON",time=LL$time,

                               value=LL$ODOSEOXON ,	 

                               method="add",stringsAsFactors = FALSE),  # ("replace", "add", "multiply")

                    data.frame(var="ASTOMO",time=LL$time,

                               value=LL$ODOSEOXON ,	 

                               method="add",stringsAsFactors = FALSE))

    

    # DERIVATIVE ####

    # RUN MODEL 

    modelOutput<- ode(y = st, times = t,  #method = "lsodes",

                      func = Human_Model, parms = ini_pars,

                      events = list(data = eventDat[order(eventDat$time),]))

    result <- within(as.data.frame(modelOutput),{Level<-LL$Level[[1]]})

    return(result)

  },ini_par=params,t=times)

  stopCluster(c1)

  timestamp()

  ModelOutput<-do.call(rbind,modelOutput)##make big dataframe for evaluation

  

  #~~~END MODEL ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~####

  

  return(min(ModelOutput$RBCCE))

  

}



just_run_model <- function(dose){

  

  # TIMING COMMANDS ####

  MAXT=0.1       #maximum time step

  times<-seq(params[["TSTART"]],params[["TSTOP"]],by=MAXT)#

  

  # max number of points to write out to file

  POINTS_max<-10000  

  # if the more than 10000 timesteps, select evently spaced 10000 of them for reporting

  report_points<-if(length(times)<=POINTS_max) times else 

    times[seq(1,length(times),by=round(length(times)/POINTS_max))]

  table(report_points%in%times)#check all report values are in times.

  

  

  # Dosing ####

  

  # once daily oral exposure for food

  if (route=="food"){

    if (Ndays < 100) {

      A <- c(dose)

      B <- c(0)

      C <- c("time","doral")

      

      DORAL <- data.frame(B,A)

      colnames(DORAL) <- C

    } else {

      A <- rep(dose,Ndays+1)

      B <- seq(0,Ndays*24,by=24)

      C <- c("time","doral")

      

      DORAL <- data.frame(B,A)

      colnames(DORAL) <- C

    }

  }

  # dosing for water exposure

  if (route=="water"){

    if (Ndays < 100) {

      # 6x daily for age <= 12

      if (subject_age<=12){

        A <- rep(dose/6.0,6)

        B <- seq(0,20,by=4)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

      # 4x daily for age > 12

      else {

        A <- rep(dose/4.0,4)

        B <- seq(0,18,by=6)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

    } else {

      # 6x daily for age <= 12

      if (subject_age<=12){

        A <- rep(dose/6.0,Ndays*6+1)

        B <- seq(0,Ndays*24,by=4)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

      # 4x daily for age > 12

      else {

        A <- rep(dose/4.0,Ndays*4+1)

        B <- seq(0,Ndays*24,by=6)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

    }

  }

  

  All_Dose<-DORAL%>%

    mutate(ODOSEOXON=doral*(params[["BWST"]]/params[["MWOXON"]])

           *params[["FA"]], # DIM dose conversion (ug/kg to umol)

           Level=paste(doral[1],"ug/kg",sep="_"))

  

  #~~~~APPLY MODEL~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~#### 

  # Do parallel for speed

  c1<-makeCluster(min(cores,n_distinct(All_Dose$Level))) # cluster for parallel 

  timestamp()

  modelOutput<-parLapply(c1,split(All_Dose,All_Dose$Level), function (LL,ini_par,t){

    #load data into cores

    source("human_pbpk.R")

    # Create dataframe of "events"that describe the dosing, which informs the

    # ODE function, and needs to have columns "var" = the state_variable that needs

    # to be changed,"time"= when the changes occurs,"value"=the value being changed

    # to,& "method"= how the new value interacts with the previous state variable

    # value. See ?deSolve::lsodes and ?deSolve::events.

    

    # combine or replace "base" parameters with case specific human parameters, 

    # carring out any calcuated paramters which are function of other specific case parameters 

    ini_pars <- initial_params_fun(params=ini_par)

    # STATE####

    # Subject specific UPDATES to the initial value of state variables

    st<-state_fun(st=state,ini_p=ini_pars)

    

    eventDat<-rbind(data.frame(var="ODOSEOXON",time=LL$time,

                               value=LL$ODOSEOXON ,	 

                               method="add",stringsAsFactors = FALSE),  # ("replace", "add", "multiply")

                    data.frame(var="ASTOMO",time=LL$time,

                               value=LL$ODOSEOXON ,	 

                               method="add",stringsAsFactors = FALSE))

    

    # DERIVATIVE ####

    # RUN MODEL 

    modelOutput<- ode(y = st, times = t,  #method = "lsodes",

                      func = Human_Model, parms = ini_pars,

                      events = list(data = eventDat[order(eventDat$time),]))

    result <- within(as.data.frame(modelOutput),{Level<-LL$Level[[1]]})

    return(result)

  },ini_par=params,t=times)

  stopCluster(c1)

  timestamp()

  ModelOutput<-do.call(rbind,modelOutput)##make big dataframe for evaluation

  

  #~~~END MODEL ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~####

  

  return(ModelOutput)

  

}



PODcost <- function(test_dose){

  

  test_result <- minRBCCEO(test_dose*1000)

  test_error <- (test_result - 90.0)

  

  print(sprintf("%f  %f",test_dose,test_result))

  

  return(test_error*test_error)

}



AEDcost <- function(test_dose){

  

  test_result <- avgCBLO(test_dose*1000)

  test_error <- (test_result - ac_50)

  

  print(sprintf("%f  %f",test_dose,test_result))

  

  return(test_error*test_error)

}



# get the dose that reproduces the AC50 in blood concentration or 10% brain AChE inhibition

final_dose <- optim(par = 4.3, PODcost, method = "Brent",lower = 1, upper = 10, control = list(reltol = 1e-3))   # POD limits



# finally run the model for this concentration

ModelOutput <- just_run_model(final_dose$par*1000)



final_dose$par

min(ModelOutput$RBCCE)


rm(list = ls()) # Clear workspace



#set the working directory to the location of these scripts

#setwd(dirname(rstudioapi::getActiveDocumentContext()$path))



#Environment####

library(dplyr)

library(tidyr)

library(parallel)

# number of cores availabe on current machine

tot_cores<-detectCores(all.tests = FALSE, logical = TRUE)  

cores<-tot_cores-1 # leave one core for other tasks 



ac_50 <<- -999             # enter the AC50 value here; units = umol/L

Ndays = 2                        # number of days to simulate

target_chem = "parent"            # oxon or parent compound

body_weight = 18.7                 # body weight in kg

subject_age = 3

scenario_number = 1

route = "food"



source("human_pbpk.R") # Loads model and base parameters

source("malathion_human_parameters.R") # male and female specific parameters



# Intial_parameters####

sex = 1						 # 0=male, 1= Female

params<-c(params[!names(params)%in%names(human_parameters[[sex+1]])],

          human_parameters[[sex+1]])



# set case-specific parameters

params[["TSTART"]]<-0.0         # START SIMULATION (HR)

params[["TSTOP"]]=48      			# Simulation duration = 2 days

params[["AGE0"]]=subject_age

params[["BWSW"]] = 1   	 				# Switch for age (set =0) or set (set =1) if bwt provided

params[["BWST"]]= body_weight   	 			# kg

params[["FA"]]=1



# returns the average blood concentration of parent compound

# based on the daily dose of "dose" ug/kg/day

avgCBL <- function(dose){

  

  # TIMING COMMANDS ####

  MAXT=0.1       #maximum time step

  times<-seq(params[["TSTART"]],params[["TSTOP"]],by=MAXT)#

  

  # max number of points to write out to file

  POINTS_max<-10000  

  # if the more than 10000 timesteps, select evently spaced 10000 of them for reporting

  report_points<-if(length(times)<=POINTS_max) times else 

    times[seq(1,length(times),by=round(length(times)/POINTS_max))]

  table(report_points%in%times)#check all report values are in times.

  

  # Dosing ####

  

  # once daily oral exposure for food

  if (route=="food"){

    if (Ndays < 100) {

      A <- c(dose)

      B <- c(0)

      C <- c("time","doral")

      

      DORAL <- data.frame(B,A)

      colnames(DORAL) <- C

    } else {

      A <- rep(dose,Ndays+1)

      B <- seq(0,Ndays*24,by=24)

      C <- c("time","doral")

      

      DORAL <- data.frame(B,A)

      colnames(DORAL) <- C

    }

  }

  # dosing for water exposure

  if (route=="water"){

    if (Ndays < 100) {

      # 6x daily for age <= 12

      if (subject_age<=12){

        A <- rep(dose/6.0,6)

        B <- seq(0,20,by=4)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

      # 4x daily for age > 12

      else {

        A <- rep(dose/4.0,4)

        B <- seq(0,18,by=6)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

    } else {

      # 6x daily for age <= 12

      if (subject_age<=12){

        A <- rep(dose/6.0,Ndays*6+1)

        B <- seq(0,Ndays*24,by=4)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

      # 4x daily for age > 12

      else {

        A <- rep(dose/4.0,Ndays*4+1)

        B <- seq(0,Ndays*24,by=6)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

    }

  }

  

  

  All_Dose<-DORAL%>%

    mutate(ODOSE=doral*(params[["BWST"]]/params[["MWPAR"]])

           *params[["FA"]], # DIM dose conversion (ug/kg to umol)

           Level=paste(doral[1],"ug/kg",sep="_"))

  

  #~~~~APPLY MODEL~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~#### 

  # Do parallel for speed

  c1<-makeCluster(min(cores,n_distinct(All_Dose$Level))) # cluster for parallel 

  timestamp()

  modelOutput<-parLapply(c1,split(All_Dose,All_Dose$Level), function (LL,ini_par,t){

    #load data into cores

    source("human_pbpk.R")

    # Create dataframe of "events"that describe the dosing, which informs the

    # ODE function, and needs to have columns "var" = the state_variable that needs

    # to be changed,"time"= when the changes occurs,"value"=the value being changed

    # to,& "method"= how the new value interacts with the previous state variable

    # value. See ?deSolve::lsodes and ?deSolve::events.

    

    # combine or replace "base" parameters with case specific human parameters, 

    # carring out any calcuated paramters which are function of other specific case parameters 

    ini_pars <- initial_params_fun(params=ini_par)

    # STATE####

    # Subject specific UPDATES to the initial value of state variables

    st<-state_fun(st=state,ini_p=ini_pars)

    

    eventDat<-rbind(data.frame(var="ODOSE",time=LL$time,

                               value=LL$ODOSE ,	 

                               method="add",stringsAsFactors = FALSE),  # ("replace", "add", "multiply")

                    data.frame(var="ASTOM",time=LL$time,

                               value=LL$ODOSE ,	 

                               method="add",stringsAsFactors = FALSE))

    

    # DERIVATIVE ####

    # RUN MODEL 

    modelOutput<- ode(y = st, times = t,  #method = "lsodes",

                      func = Human_Model, parms = ini_pars,

                      events = list(data = eventDat[order(eventDat$time),]))

    result <- within(as.data.frame(modelOutput),{Level<-LL$Level[[1]]})

    return(result)

  },ini_par=params,t=times)

  stopCluster(c1)

  timestamp()

  ModelOutput<-do.call(rbind,modelOutput)##make big dataframe for evaluation



  

  return(mean(tail(ModelOutput$CBL,240)))

  

}



# returns the average blood concentration of oxon

# based on the daily dose of "dose" ug/kg/day

avgCBLO <- function(dose){

  

  # TIMING COMMANDS ####

  MAXT=0.1       #maximum time step

  times<-seq(params[["TSTART"]],params[["TSTOP"]],by=MAXT)#

  

  # max number of points to write out to file

  POINTS_max<-10000  

  # if the more than 10000 timesteps, select evently spaced 10000 of them for reporting

  report_points<-if(length(times)<=POINTS_max) times else 

    times[seq(1,length(times),by=round(length(times)/POINTS_max))]

  table(report_points%in%times)#check all report values are in times.

  



  # once daily oral exposure for food

  if (route=="food"){

    if (Ndays < 100) {

      A <- c(dose)

      B <- c(0)

      C <- c("time","doral")

      

      DORAL <- data.frame(B,A)

      colnames(DORAL) <- C

    } else {

      A <- rep(dose,Ndays+1)

      B <- seq(0,Ndays*24,by=24)

      C <- c("time","doral")

      

      DORAL <- data.frame(B,A)

      colnames(DORAL) <- C

    }

  }

  # dosing for water exposure

  if (route=="water"){

    if (Ndays < 100) {

      # 6x daily for age <= 12

      if (subject_age<=12){

        A <- rep(dose/6.0,6)

        B <- seq(0,20,by=4)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

      # 4x daily for age > 12

      else {

        A <- rep(dose/4.0,4)

        B <- seq(0,18,by=6)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

    } else {

      # 6x daily for age <= 12

      if (subject_age<=12){

        A <- rep(dose/6.0,Ndays*6+1)

        B <- seq(0,Ndays*24,by=4)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

      # 4x daily for age > 12

      else {

        A <- rep(dose/4.0,Ndays*4+1)

        B <- seq(0,Ndays*24,by=6)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

    }

  }

  

  All_Dose<-DORAL%>%

    mutate(ODOSE=doral*(params[["BWST"]]/params[["MWPAR"]])

           *params[["FA"]], # DIM dose conversion (ug/kg to umol)

           Level=paste(doral[1],"ug/kg",sep="_"))

  

  #~~~~APPLY MODEL~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~#### 

  # Do parallel for speed

  c1<-makeCluster(min(cores,n_distinct(All_Dose$Level))) # cluster for parallel 

  timestamp()

  modelOutput<-parLapply(c1,split(All_Dose,All_Dose$Level), function (LL,ini_par,t){

    #load data into cores

    source("human_pbpk.R")

    # Create dataframe of "events"that describe the dosing, which informs the

    # ODE function, and needs to have columns "var" = the state_variable that needs

    # to be changed,"time"= when the changes occurs,"value"=the value being changed

    # to,& "method"= how the new value interacts with the previous state variable

    # value. See ?deSolve::lsodes and ?deSolve::events.

    

    # combine or replace "base" parameters with case specific human parameters, 

    # carring out any calcuated paramters which are function of other specific case parameters 

    ini_pars <- initial_params_fun(params=ini_par)

    # STATE####

    # Subject specific UPDATES to the initial value of state variables

    st<-state_fun(st=state,ini_p=ini_pars)

    

    eventDat<-rbind(data.frame(var="ODOSE",time=LL$time,

                               value=LL$ODOSE ,	 

                               method="add",stringsAsFactors = FALSE),  # ("replace", "add", "multiply")

                    data.frame(var="ASTOM",time=LL$time,

                               value=LL$ODOSE ,	 

                               method="add",stringsAsFactors = FALSE))

    

    # DERIVATIVE ####

    # RUN MODEL 

    modelOutput<- ode(y = st, times = t,  #method = "lsodes",

                      func = Human_Model, parms = ini_pars,

                      events = list(data = eventDat[order(eventDat$time),]))

    result <- within(as.data.frame(modelOutput),{Level<-LL$Level[[1]]})

    return(result)

  },ini_par=params,t=times)

  stopCluster(c1)

  timestamp()

  ModelOutput<-do.call(rbind,modelOutput)##make big dataframe for evaluation



  #~~~END MODEL ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~####

  

  return(mean(tail(ModelOutput$CBLO,240)))

  

}

minRBCCE <- function(dose){

  

  # TIMING COMMANDS ####

  MAXT=0.1       #maximum time step

  times<-seq(params[["TSTART"]],params[["TSTOP"]],by=MAXT)#

  

  # max number of points to write out to file

  POINTS_max<-10000  

  # if the more than 10000 timesteps, select evently spaced 10000 of them for reporting

  report_points<-if(length(times)<=POINTS_max) times else 

    times[seq(1,length(times),by=round(length(times)/POINTS_max))]

  table(report_points%in%times)#check all report values are in times.

  

  

  # Dosing ####

  

  # once daily oral exposure for food

  if (route=="food"){

    if (Ndays < 100) {

      A <- c(dose)

      B <- c(0)

      C <- c("time","doral")

      

      DORAL <- data.frame(B,A)

      colnames(DORAL) <- C

    } else {

      A <- rep(dose,Ndays+1)

      B <- seq(0,Ndays*24,by=24)

      C <- c("time","doral")

      

      DORAL <- data.frame(B,A)

      colnames(DORAL) <- C

    }

  }

  # dosing for water exposure

  if (route=="water"){

    if (Ndays < 100) {

      # 6x daily for age <= 12

      if (subject_age<=12){

        A <- rep(dose/6.0,6)

        B <- seq(0,20,by=4)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

      # 4x daily for age > 12

      else {

        A <- rep(dose/4.0,4)

        B <- seq(0,18,by=6)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

    } else {

      # 6x daily for age <= 12

      if (subject_age<=12){

        A <- rep(dose/6.0,Ndays*6+1)

        B <- seq(0,Ndays*24,by=4)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

      # 4x daily for age > 12

      else {

        A <- rep(dose/4.0,Ndays*4+1)

        B <- seq(0,Ndays*24,by=6)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

    }

  }

  

  All_Dose<-DORAL%>%

    mutate(ODOSE=doral*(params[["BWST"]]/params[["MWPAR"]])

           *params[["FA"]], # DIM dose conversion (ug/kg to umol)

           Level=paste(doral[1],"ug/kg",sep="_"))

  

  #~~~~APPLY MODEL~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~#### 

  # Do parallel for speed

  c1<-makeCluster(min(cores,n_distinct(All_Dose$Level))) # cluster for parallel 

  timestamp()

  modelOutput<-parLapply(c1,split(All_Dose,All_Dose$Level), function (LL,ini_par,t){

    #load data into cores

    source("human_pbpk.R")

    # Create dataframe of "events"that describe the dosing, which informs the

    # ODE function, and needs to have columns "var" = the state_variable that needs

    # to be changed,"time"= when the changes occurs,"value"=the value being changed

    # to,& "method"= how the new value interacts with the previous state variable

    # value. See ?deSolve::lsodes and ?deSolve::events.

    

    # combine or replace "base" parameters with case specific human parameters, 

    # carring out any calcuated paramters which are function of other specific case parameters 

    ini_pars <- initial_params_fun(params=ini_par)

    # STATE####

    # Subject specific UPDATES to the initial value of state variables

    st<-state_fun(st=state,ini_p=ini_pars)

    

    eventDat<-rbind(data.frame(var="ODOSE",time=LL$time,

                               value=LL$ODOSE ,	 

                               method="add",stringsAsFactors = FALSE),  # ("replace", "add", "multiply")

                    data.frame(var="ASTOM",time=LL$time,

                               value=LL$ODOSE ,	 

                               method="add",stringsAsFactors = FALSE))

    

    # DERIVATIVE ####

    # RUN MODEL 

    modelOutput<- ode(y = st, times = t,  #method = "lsodes",

                      func = Human_Model, parms = ini_pars,

                      events = list(data = eventDat[order(eventDat$time),]))

    result <- within(as.data.frame(modelOutput),{Level<-LL$Level[[1]]})

    return(result)

  },ini_par=params,t=times)

  stopCluster(c1)

  timestamp()

  ModelOutput<-do.call(rbind,modelOutput)##make big dataframe for evaluation

  

  #~~~END MODEL ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~####

  

  return(min(ModelOutput$RBCCE))

  

}



# get the oral dose required to give a blood concentration of bld_target

# this function uses the secant method to iteratively find the required

# concentration and is ~3x faster than the R optimization function

# dose is ug/kg/day

# target is micromolar (umol/L)

get_oral_dose <- function(bld_target) {

  

  new_dose = 800000.0 # initial guess ug/kg/day

  fractional_error = 999.99

  iteration = 1

  

  # apply a 0.1% tolerance to the estimate

  while (fractional_error>0.001){

    

    #print something to the terminal so we can watch the progress

    print(sprintf("Iteration %.0f - Testing a dose of %f mg/kg/day in the model",

                  iteration, 0.001*new_dose))

    

    # run the model to test new dose

    # choice of parent compound or oxon

    # as chosen above in the variable parameters

    if (target_chem=="parent") {

      avg_Cbld <- avgCBL(new_dose) 

    } else {

      avg_Cbld <- avgCBLO(new_dose) 

    }

    

    

    # calculate new dose to test based on secant method between

    # zero and previous dose

    new_dose = (bld_target / avg_Cbld) * new_dose 

    

    # calculate the error between tested dose result and target

    fractional_error = abs(avg_Cbld - bld_target)/bld_target

    

    iteration <- iteration + 1

    

  }

  

  return(new_dose) 

}



just_run_model <- function(dose){

  

  # TIMING COMMANDS ####

  MAXT=0.1       #maximum time step

  times<-seq(params[["TSTART"]],params[["TSTOP"]],by=MAXT)#

  

  # max number of points to write out to file

  POINTS_max<-10000  

  # if the more than 10000 timesteps, select evently spaced 10000 of them for reporting

  report_points<-if(length(times)<=POINTS_max) times else 

    times[seq(1,length(times),by=round(length(times)/POINTS_max))]

  table(report_points%in%times)#check all report values are in times.

  

  

  # Dosing ####

  

  # once daily oral exposure for food

  if (route=="food"){

    if (Ndays < 100) {

      A <- c(dose)

      B <- c(0)

      C <- c("time","doral")

      

      DORAL <- data.frame(B,A)

      colnames(DORAL) <- C

    } else {

      A <- rep(dose,Ndays+1)

      B <- seq(0,Ndays*24,by=24)

      C <- c("time","doral")

      

      DORAL <- data.frame(B,A)

      colnames(DORAL) <- C

    }

  }

  # dosing for water exposure

  if (route=="water"){

    if (Ndays < 100) {

      # 6x daily for age <= 12

      if (subject_age<=12){

        A <- rep(dose/6.0,6)

        B <- seq(0,20,by=4)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

      # 4x daily for age > 12

      else {

        A <- rep(dose/4.0,4)

        B <- seq(0,18,by=6)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

    } else {

      # 6x daily for age <= 12

      if (subject_age<=12){

        A <- rep(dose/6.0,Ndays*6+1)

        B <- seq(0,Ndays*24,by=4)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

      # 4x daily for age > 12

      else {

        A <- rep(dose/4.0,Ndays*4+1)

        B <- seq(0,Ndays*24,by=6)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

    }

  }

  

  All_Dose<-DORAL%>%

    mutate(ODOSE=doral*(params[["BWST"]]/params[["MWPAR"]])

           *params[["FA"]], # DIM dose conversion (ug/kg to umol)

           Level=paste(doral[1],"ug/kg",sep="_"))

  

  #~~~~APPLY MODEL~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~#### 

  # Do parallel for speed

  c1<-makeCluster(min(cores,n_distinct(All_Dose$Level))) # cluster for parallel 

  timestamp()

  modelOutput<-parLapply(c1,split(All_Dose,All_Dose$Level), function (LL,ini_par,t){

    #load data into cores

    source("human_pbpk.R")

    # Create dataframe of "events"that describe the dosing, which informs the

    # ODE function, and needs to have columns "var" = the state_variable that needs

    # to be changed,"time"= when the changes occurs,"value"=the value being changed

    # to,& "method"= how the new value interacts with the previous state variable

    # value. See ?deSolve::lsodes and ?deSolve::events.

    

    # combine or replace "base" parameters with case specific human parameters, 

    # carring out any calcuated paramters which are function of other specific case parameters 

    ini_pars <- initial_params_fun(params=ini_par)

    # STATE####

    # Subject specific UPDATES to the initial value of state variables

    st<-state_fun(st=state,ini_p=ini_pars)

    

    eventDat<-rbind(data.frame(var="ODOSE",time=LL$time,

                               value=LL$ODOSE ,	 

                               method="add",stringsAsFactors = FALSE),  # ("replace", "add", "multiply")

                    data.frame(var="ASTOM",time=LL$time,

                               value=LL$ODOSE ,	 

                               method="add",stringsAsFactors = FALSE))

    

    # DERIVATIVE ####

    # RUN MODEL 

    modelOutput<- ode(y = st, times = t,  #method = "lsodes",

                      func = Human_Model, parms = ini_pars,

                      events = list(data = eventDat[order(eventDat$time),]))

    result <- within(as.data.frame(modelOutput),{Level<-LL$Level[[1]]})

    return(result)

  },ini_par=params,t=times)

  stopCluster(c1)

  timestamp()

  ModelOutput<-do.call(rbind,modelOutput)##make big dataframe for evaluation

  

  #~~~END MODEL ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~####

  

  return(ModelOutput)

  

}



PODcost <- function(test_dose){

  

  test_result <- minRBCCE(test_dose*1000)

  test_error <- (test_result - 90.0)

  

  print(sprintf("%f  %f",test_dose,test_result))

  

  return(test_error*test_error)

}



AEDcost <- function(test_dose){

  

  test_result <- avgCBL(test_dose*1000)

  test_error <- (test_result - ac_50)

  

  print(sprintf("%f  %f",test_dose,test_result))

  

  return(test_error*test_error)

}



# get the dose that reproduces the AC50 in blood concentration or 10% brain AChE inhibition

final_dose <- optim(par = 30.4, PODcost, method = "Brent",lower = 1, upper = 100, control = list(reltol = 1e-3))   # POD limits



# finally run the model for this concentration

ModelOutput <- just_run_model(final_dose$par*1000)



final_dose$par

min(ModelOutput$RBCCE)


rm(list = ls()) # Clear workspace



#set the working directory to the location of these scripts

#setwd(dirname(rstudioapi::getActiveDocumentContext()$path))



#Environment####

library(dplyr)

library(tidyr)

library(parallel)

# number of cores availabe on current machine

tot_cores<-detectCores(all.tests = FALSE, logical = TRUE)  

cores<-tot_cores-1 # leave one core for other tasks 



ac_50 <<- -999             # enter the AC50 value here; units = umol/L

Ndays = 2                        # number of days to simulate

target_chem = "oxon"            # oxon or parent compound

body_weight = 37.1                 # body weight in kg

subject_age = 6

scenario_number = 1

route = "food"



source("human_pbpk.R") # Loads model and base parameters

source("malathion_human_parameters.R") # male and female specific parameters



# Intial_parameters####

sex = 1						 # 0=male, 1= Female

params<-c(params[!names(params)%in%names(human_parameters[[sex+1]])],

          human_parameters[[sex+1]])



# set case-specific parameters

params[["TSTART"]]<-0.0         # START SIMULATION (HR)

params[["TSTOP"]]=48      			# Simulation duration = 2 days

params[["AGE0"]]=subject_age

params[["BWSW"]] = 1   	 				# Switch for age (set =0) or set (set =1) if bwt provided

params[["BWST"]]= body_weight   	 			# kg

params[["FA"]]=1



# returns the average blood concentration of oxon

# based on the daily dose of "dose" ug/kg/day

avgCBLO <- function(dose){

  

  # TIMING COMMANDS ####

  MAXT=0.1       #maximum time step

  times<-seq(params[["TSTART"]],params[["TSTOP"]],by=MAXT)#

  

  # max number of points to write out to file

  POINTS_max<-10000  

  # if the more than 10000 timesteps, select evently spaced 10000 of them for reporting

  report_points<-if(length(times)<=POINTS_max) times else 

    times[seq(1,length(times),by=round(length(times)/POINTS_max))]

  table(report_points%in%times)#check all report values are in times.

  

  

  # Dosing ####

  

  # once daily oral exposure for food

  if (route=="food"){

    if (Ndays < 100) {

      A <- c(dose)

      B <- c(0)

      C <- c("time","doral")

      

      DORAL <- data.frame(B,A)

      colnames(DORAL) <- C

    } else {

      A <- rep(dose,Ndays+1)

      B <- seq(0,Ndays*24,by=24)

      C <- c("time","doral")

      

      DORAL <- data.frame(B,A)

      colnames(DORAL) <- C

    }

  }

  # dosing for water exposure

  if (route=="water"){

    if (Ndays < 100) {

      # 6x daily for age <= 12

      if (subject_age<=12){

        A <- rep(dose/6.0,6)

        B <- seq(0,20,by=4)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

      # 4x daily for age > 12

      else {

        A <- rep(dose/4.0,4)

        B <- seq(0,18,by=6)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

    } else {

      # 6x daily for age <= 12

      if (subject_age<=12){

        A <- rep(dose/6.0,Ndays*6+1)

        B <- seq(0,Ndays*24,by=4)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

      # 4x daily for age > 12

      else {

        A <- rep(dose/4.0,Ndays*4+1)

        B <- seq(0,Ndays*24,by=6)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

    }

  }

  

  All_Dose<-DORAL%>%

    mutate(ODOSEOXON=doral*(params[["BWST"]]/params[["MWOXON"]])

           *params[["FA"]], # DIM dose conversion (ug/kg to umol)

           Level=paste(doral[1],"ug/kg",sep="_"))

  

  #~~~~APPLY MODEL~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~#### 

  # Do parallel for speed

  c1<-makeCluster(min(cores,n_distinct(All_Dose$Level))) # cluster for parallel 

  timestamp()

  modelOutput<-parLapply(c1,split(All_Dose,All_Dose$Level), function (LL,ini_par,t){

    #load data into cores

    source("human_pbpk.R")

    # Create dataframe of "events"that describe the dosing, which informs the

    # ODE function, and needs to have columns "var" = the state_variable that needs

    # to be changed,"time"= when the changes occurs,"value"=the value being changed

    # to,& "method"= how the new value interacts with the previous state variable

    # value. See ?deSolve::lsodes and ?deSolve::events.

    

    # combine or replace "base" parameters with case specific human parameters, 

    # carring out any calcuated paramters which are function of other specific case parameters 

    ini_pars <- initial_params_fun(params=ini_par)

    # STATE####

    # Subject specific UPDATES to the initial value of state variables

    st<-state_fun(st=state,ini_p=ini_pars)

    

    eventDat<-rbind(data.frame(var="ODOSEOXON",time=LL$time,

                               value=LL$ODOSEOXON ,	 

                               method="add",stringsAsFactors = FALSE),  # ("replace", "add", "multiply")

                    data.frame(var="ASTOMO",time=LL$time,

                               value=LL$ODOSEOXON ,	 

                               method="add",stringsAsFactors = FALSE))

    

    # DERIVATIVE ####

    # RUN MODEL 

    modelOutput<- ode(y = st, times = t,  #method = "lsodes",

                      func = Human_Model, parms = ini_pars,

                      events = list(data = eventDat[order(eventDat$time),]))

    result <- within(as.data.frame(modelOutput),{Level<-LL$Level[[1]]})

    return(result)

  },ini_par=params,t=times)

  stopCluster(c1)

  timestamp()

  ModelOutput<-do.call(rbind,modelOutput)##make big dataframe for evaluation



  #~~~END MODEL ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~####

  

  return(mean(tail(ModelOutput$CBLO,240)))

  

}



minRBCCEO <- function(dose){

  

  # TIMING COMMANDS ####

  MAXT=0.1       #maximum time step

  times<-seq(params[["TSTART"]],params[["TSTOP"]],by=MAXT)#

  

  # max number of points to write out to file

  POINTS_max<-10000  

  # if the more than 10000 timesteps, select evently spaced 10000 of them for reporting

  report_points<-if(length(times)<=POINTS_max) times else 

    times[seq(1,length(times),by=round(length(times)/POINTS_max))]

  table(report_points%in%times)#check all report values are in times.

  

  

  # Dosing ####

  

  # once daily oral exposure for food

  if (route=="food"){

    if (Ndays < 100) {

      A <- c(dose)

      B <- c(0)

      C <- c("time","doral")

      

      DORAL <- data.frame(B,A)

      colnames(DORAL) <- C

    } else {

      A <- rep(dose,Ndays+1)

      B <- seq(0,Ndays*24,by=24)

      C <- c("time","doral")

      

      DORAL <- data.frame(B,A)

      colnames(DORAL) <- C

    }

  }

  # dosing for water exposure

  if (route=="water"){

    if (Ndays < 100) {

      # 6x daily for age <= 12

      if (subject_age<=12){

        A <- rep(dose/6.0,6)

        B <- seq(0,20,by=4)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

      # 4x daily for age > 12

      else {

        A <- rep(dose/4.0,4)

        B <- seq(0,18,by=6)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

    } else {

      # 6x daily for age <= 12

      if (subject_age<=12){

        A <- rep(dose/6.0,Ndays*6+1)

        B <- seq(0,Ndays*24,by=4)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

      # 4x daily for age > 12

      else {

        A <- rep(dose/4.0,Ndays*4+1)

        B <- seq(0,Ndays*24,by=6)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

    }

  }

  

  All_Dose<-DORAL%>%

    mutate(ODOSEOXON=doral*(params[["BWST"]]/params[["MWOXON"]])

           *params[["FA"]], # DIM dose conversion (ug/kg to umol)

           Level=paste(doral[1],"ug/kg",sep="_"))

  

  #~~~~APPLY MODEL~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~#### 

  # Do parallel for speed

  c1<-makeCluster(min(cores,n_distinct(All_Dose$Level))) # cluster for parallel 

  timestamp()

  modelOutput<-parLapply(c1,split(All_Dose,All_Dose$Level), function (LL,ini_par,t){

    #load data into cores

    source("human_pbpk.R")

    # Create dataframe of "events"that describe the dosing, which informs the

    # ODE function, and needs to have columns "var" = the state_variable that needs

    # to be changed,"time"= when the changes occurs,"value"=the value being changed

    # to,& "method"= how the new value interacts with the previous state variable

    # value. See ?deSolve::lsodes and ?deSolve::events.

    

    # combine or replace "base" parameters with case specific human parameters, 

    # carring out any calcuated paramters which are function of other specific case parameters 

    ini_pars <- initial_params_fun(params=ini_par)

    # STATE####

    # Subject specific UPDATES to the initial value of state variables

    st<-state_fun(st=state,ini_p=ini_pars)

    

    eventDat<-rbind(data.frame(var="ODOSEOXON",time=LL$time,

                               value=LL$ODOSEOXON ,	 

                               method="add",stringsAsFactors = FALSE),  # ("replace", "add", "multiply")

                    data.frame(var="ASTOMO",time=LL$time,

                               value=LL$ODOSEOXON ,	 

                               method="add",stringsAsFactors = FALSE))

    

    # DERIVATIVE ####

    # RUN MODEL 

    modelOutput<- ode(y = st, times = t,  #method = "lsodes",

                      func = Human_Model, parms = ini_pars,

                      events = list(data = eventDat[order(eventDat$time),]))

    result <- within(as.data.frame(modelOutput),{Level<-LL$Level[[1]]})

    return(result)

  },ini_par=params,t=times)

  stopCluster(c1)

  timestamp()

  ModelOutput<-do.call(rbind,modelOutput)##make big dataframe for evaluation

  

  #~~~END MODEL ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~####

  

  return(min(ModelOutput$RBCCE))

  

}



just_run_model <- function(dose){

  

  # TIMING COMMANDS ####

  MAXT=0.1       #maximum time step

  times<-seq(params[["TSTART"]],params[["TSTOP"]],by=MAXT)#

  

  # max number of points to write out to file

  POINTS_max<-10000  

  # if the more than 10000 timesteps, select evently spaced 10000 of them for reporting

  report_points<-if(length(times)<=POINTS_max) times else 

    times[seq(1,length(times),by=round(length(times)/POINTS_max))]

  table(report_points%in%times)#check all report values are in times.

  

  

  # Dosing ####

  

  # once daily oral exposure for food

  if (route=="food"){

    if (Ndays < 100) {

      A <- c(dose)

      B <- c(0)

      C <- c("time","doral")

      

      DORAL <- data.frame(B,A)

      colnames(DORAL) <- C

    } else {

      A <- rep(dose,Ndays+1)

      B <- seq(0,Ndays*24,by=24)

      C <- c("time","doral")

      

      DORAL <- data.frame(B,A)

      colnames(DORAL) <- C

    }

  }

  # dosing for water exposure

  if (route=="water"){

    if (Ndays < 100) {

      # 6x daily for age <= 12

      if (subject_age<=12){

        A <- rep(dose/6.0,6)

        B <- seq(0,20,by=4)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

      # 4x daily for age > 12

      else {

        A <- rep(dose/4.0,4)

        B <- seq(0,18,by=6)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

    } else {

      # 6x daily for age <= 12

      if (subject_age<=12){

        A <- rep(dose/6.0,Ndays*6+1)

        B <- seq(0,Ndays*24,by=4)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

      # 4x daily for age > 12

      else {

        A <- rep(dose/4.0,Ndays*4+1)

        B <- seq(0,Ndays*24,by=6)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

    }

  }

  

  All_Dose<-DORAL%>%

    mutate(ODOSEOXON=doral*(params[["BWST"]]/params[["MWOXON"]])

           *params[["FA"]], # DIM dose conversion (ug/kg to umol)

           Level=paste(doral[1],"ug/kg",sep="_"))

  

  #~~~~APPLY MODEL~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~#### 

  # Do parallel for speed

  c1<-makeCluster(min(cores,n_distinct(All_Dose$Level))) # cluster for parallel 

  timestamp()

  modelOutput<-parLapply(c1,split(All_Dose,All_Dose$Level), function (LL,ini_par,t){

    #load data into cores

    source("human_pbpk.R")

    # Create dataframe of "events"that describe the dosing, which informs the

    # ODE function, and needs to have columns "var" = the state_variable that needs

    # to be changed,"time"= when the changes occurs,"value"=the value being changed

    # to,& "method"= how the new value interacts with the previous state variable

    # value. See ?deSolve::lsodes and ?deSolve::events.

    

    # combine or replace "base" parameters with case specific human parameters, 

    # carring out any calcuated paramters which are function of other specific case parameters 

    ini_pars <- initial_params_fun(params=ini_par)

    # STATE####

    # Subject specific UPDATES to the initial value of state variables

    st<-state_fun(st=state,ini_p=ini_pars)

    

    eventDat<-rbind(data.frame(var="ODOSEOXON",time=LL$time,

                               value=LL$ODOSEOXON ,	 

                               method="add",stringsAsFactors = FALSE),  # ("replace", "add", "multiply")

                    data.frame(var="ASTOMO",time=LL$time,

                               value=LL$ODOSEOXON ,	 

                               method="add",stringsAsFactors = FALSE))

    

    # DERIVATIVE ####

    # RUN MODEL 

    modelOutput<- ode(y = st, times = t,  #method = "lsodes",

                      func = Human_Model, parms = ini_pars,

                      events = list(data = eventDat[order(eventDat$time),]))

    result <- within(as.data.frame(modelOutput),{Level<-LL$Level[[1]]})

    return(result)

  },ini_par=params,t=times)

  stopCluster(c1)

  timestamp()

  ModelOutput<-do.call(rbind,modelOutput)##make big dataframe for evaluation

  

  #~~~END MODEL ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~####

  

  return(ModelOutput)

  

}



PODcost <- function(test_dose){

  

  test_result <- minRBCCEO(test_dose*1000)

  test_error <- (test_result - 90.0)

  

  print(sprintf("%f  %f",test_dose,test_result))

  

  return(test_error*test_error)

}



AEDcost <- function(test_dose){

  

  test_result <- avgCBLO(test_dose*1000)

  test_error <- (test_result - ac_50)

  

  print(sprintf("%f  %f",test_dose,test_result))

  

  return(test_error*test_error)

}



# get the dose that reproduces the AC50 in blood concentration or 10% brain AChE inhibition

final_dose <- optim(par = 3.8, PODcost, method = "Brent",lower = 1, upper = 10, control = list(reltol = 1e-3))   # POD limits



# finally run the model for this concentration

ModelOutput <- just_run_model(final_dose$par*1000)



final_dose$par

min(ModelOutput$RBCCE)


rm(list = ls()) # Clear workspace



#set the working directory to the location of these scripts

#setwd(dirname(rstudioapi::getActiveDocumentContext()$path))



#Environment####

library(dplyr)

library(tidyr)

library(parallel)

# number of cores availabe on current machine

tot_cores<-detectCores(all.tests = FALSE, logical = TRUE)  

cores<-tot_cores-1 # leave one core for other tasks 



ac_50 <<- -999            # enter the AC50 value here; units = umol/L

Ndays = 2                        # number of days to simulate

target_chem = "parent"            # oxon or parent compound

body_weight = 37.1                 # body weight in kg

subject_age = 6

scenario_number = 1

route = "food"

# =============================================================================



source("human_pbpk.R") # Loads model and base parameters

source("malathion_human_parameters.R") # male and female specific parameters



# Intial_parameters####

sex = 1						 # 0=male, 1= Female

params<-c(params[!names(params)%in%names(human_parameters[[sex+1]])],

          human_parameters[[sex+1]])



# set case-specific parameters

params[["TSTART"]]<-0.0         # START SIMULATION (HR)

params[["TSTOP"]]=48      			# Simulation duration = 2 days

params[["AGE0"]]=subject_age

params[["BWSW"]] = 1   	 				# Switch for age (set =0) or set (set =1) if bwt provided

params[["BWST"]]= body_weight   	 			# kg

params[["FA"]]=1



# returns the average blood concentration of parent compound

# based on the daily dose of "dose" ug/kg/day

avgCBL <- function(dose){

  

  # TIMING COMMANDS ####

  MAXT=0.1       #maximum time step

  times<-seq(params[["TSTART"]],params[["TSTOP"]],by=MAXT)#

  

  # max number of points to write out to file

  POINTS_max<-10000  

  # if the more than 10000 timesteps, select evently spaced 10000 of them for reporting

  report_points<-if(length(times)<=POINTS_max) times else 

    times[seq(1,length(times),by=round(length(times)/POINTS_max))]

  table(report_points%in%times)#check all report values are in times.

  

  

  # Dosing ####

  

  # once daily oral exposure for food

  if (route=="food"){

    if (Ndays < 100) {

      A <- c(dose)

      B <- c(0)

      C <- c("time","doral")

      

      DORAL <- data.frame(B,A)

      colnames(DORAL) <- C

    } else {

      A <- rep(dose,Ndays+1)

      B <- seq(0,Ndays*24,by=24)

      C <- c("time","doral")

      

      DORAL <- data.frame(B,A)

      colnames(DORAL) <- C

    }

  }

  # dosing for water exposure

  if (route=="water"){

    if (Ndays < 100) {

      # 6x daily for age <= 12

      if (subject_age<=12){

        A <- rep(dose/6.0,6)

        B <- seq(0,20,by=4)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

      # 4x daily for age > 12

      else {

        A <- rep(dose/4.0,4)

        B <- seq(0,18,by=6)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

    } else {

      # 6x daily for age <= 12

      if (subject_age<=12){

        A <- rep(dose/6.0,Ndays*6+1)

        B <- seq(0,Ndays*24,by=4)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

      # 4x daily for age > 12

      else {

        A <- rep(dose/4.0,Ndays*4+1)

        B <- seq(0,Ndays*24,by=6)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

    }

  }

  

  

  All_Dose<-DORAL%>%

    mutate(ODOSE=doral*(params[["BWST"]]/params[["MWPAR"]])

           *params[["FA"]], # DIM dose conversion (ug/kg to umol)

           Level=paste(doral[1],"ug/kg",sep="_"))

  

  #~~~~APPLY MODEL~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~#### 

  # Do parallel for speed

  c1<-makeCluster(min(cores,n_distinct(All_Dose$Level))) # cluster for parallel 

  timestamp()

  modelOutput<-parLapply(c1,split(All_Dose,All_Dose$Level), function (LL,ini_par,t){

    #load data into cores

    source("human_pbpk.R")

    # Create dataframe of "events"that describe the dosing, which informs the

    # ODE function, and needs to have columns "var" = the state_variable that needs

    # to be changed,"time"= when the changes occurs,"value"=the value being changed

    # to,& "method"= how the new value interacts with the previous state variable

    # value. See ?deSolve::lsodes and ?deSolve::events.

    

    # combine or replace "base" parameters with case specific human parameters, 

    # carring out any calcuated paramters which are function of other specific case parameters 

    ini_pars <- initial_params_fun(params=ini_par)

    # STATE####

    # Subject specific UPDATES to the initial value of state variables

    st<-state_fun(st=state,ini_p=ini_pars)

    

    eventDat<-rbind(data.frame(var="ODOSE",time=LL$time,

                               value=LL$ODOSE ,	 

                               method="add",stringsAsFactors = FALSE),  # ("replace", "add", "multiply")

                    data.frame(var="ASTOM",time=LL$time,

                               value=LL$ODOSE ,	 

                               method="add",stringsAsFactors = FALSE))

    

    # DERIVATIVE ####

    # RUN MODEL 

    modelOutput<- ode(y = st, times = t,  #method = "lsodes",

                      func = Human_Model, parms = ini_pars,

                      events = list(data = eventDat[order(eventDat$time),]))

    result <- within(as.data.frame(modelOutput),{Level<-LL$Level[[1]]})

    return(result)

  },ini_par=params,t=times)

  stopCluster(c1)

  timestamp()

  ModelOutput<-do.call(rbind,modelOutput)##make big dataframe for evaluation



  

  return(mean(tail(ModelOutput$CBL,240)))

  

}



# returns the average blood concentration of oxon

# based on the daily dose of "dose" ug/kg/day

avgCBLO <- function(dose){

  

  # TIMING COMMANDS ####

  MAXT=0.1       #maximum time step

  times<-seq(params[["TSTART"]],params[["TSTOP"]],by=MAXT)#

  

  # max number of points to write out to file

  POINTS_max<-10000  

  # if the more than 10000 timesteps, select evently spaced 10000 of them for reporting

  report_points<-if(length(times)<=POINTS_max) times else 

    times[seq(1,length(times),by=round(length(times)/POINTS_max))]

  table(report_points%in%times)#check all report values are in times.

  

  

  # change this to be auto-populated and not use Excel sheet

  # Dosing ####

  # Once daily oral exposure 

  #DORAL<-read_excel("data/MOD-multiple_test_parent_malathion.xls", sheet="adult", 

  #                 col_names = c("time","doral")) # Dose in ug/kg

  

  # Dosing ####

  

  # once daily oral exposure for food

  if (route=="food"){

    if (Ndays < 100) {

      A <- c(dose)

      B <- c(0)

      C <- c("time","doral")

      

      DORAL <- data.frame(B,A)

      colnames(DORAL) <- C

    } else {

      A <- rep(dose,Ndays+1)

      B <- seq(0,Ndays*24,by=24)

      C <- c("time","doral")

      

      DORAL <- data.frame(B,A)

      colnames(DORAL) <- C

    }

  }

  # dosing for water exposure

  if (route=="water"){

    if (Ndays < 100) {

      # 6x daily for age <= 12

      if (subject_age<=12){

        A <- rep(dose/6.0,6)

        B <- seq(0,20,by=4)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

      # 4x daily for age > 12

      else {

        A <- rep(dose/4.0,4)

        B <- seq(0,18,by=6)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

    } else {

      # 6x daily for age <= 12

      if (subject_age<=12){

        A <- rep(dose/6.0,Ndays*6+1)

        B <- seq(0,Ndays*24,by=4)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

      # 4x daily for age > 12

      else {

        A <- rep(dose/4.0,Ndays*4+1)

        B <- seq(0,Ndays*24,by=6)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

    }

  }

  

  All_Dose<-DORAL%>%

    mutate(ODOSE=doral*(params[["BWST"]]/params[["MWPAR"]])

           *params[["FA"]], # DIM dose conversion (ug/kg to umol)

           Level=paste(doral[1],"ug/kg",sep="_"))

  

  #~~~~APPLY MODEL~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~#### 

  # Do parallel for speed

  c1<-makeCluster(min(cores,n_distinct(All_Dose$Level))) # cluster for parallel 

  timestamp()

  modelOutput<-parLapply(c1,split(All_Dose,All_Dose$Level), function (LL,ini_par,t){

    #load data into cores

    source("human_pbpk.R")

    # Create dataframe of "events"that describe the dosing, which informs the

    # ODE function, and needs to have columns "var" = the state_variable that needs

    # to be changed,"time"= when the changes occurs,"value"=the value being changed

    # to,& "method"= how the new value interacts with the previous state variable

    # value. See ?deSolve::lsodes and ?deSolve::events.

    

    # combine or replace "base" parameters with case specific human parameters, 

    # carring out any calcuated paramters which are function of other specific case parameters 

    ini_pars <- initial_params_fun(params=ini_par)

    # STATE####

    # Subject specific UPDATES to the initial value of state variables

    st<-state_fun(st=state,ini_p=ini_pars)

    

    eventDat<-rbind(data.frame(var="ODOSE",time=LL$time,

                               value=LL$ODOSE ,	 

                               method="add",stringsAsFactors = FALSE),  # ("replace", "add", "multiply")

                    data.frame(var="ASTOM",time=LL$time,

                               value=LL$ODOSE ,	 

                               method="add",stringsAsFactors = FALSE))

    

    # DERIVATIVE ####

    # RUN MODEL 

    modelOutput<- ode(y = st, times = t,  #method = "lsodes",

                      func = Human_Model, parms = ini_pars,

                      events = list(data = eventDat[order(eventDat$time),]))

    result <- within(as.data.frame(modelOutput),{Level<-LL$Level[[1]]})

    return(result)

  },ini_par=params,t=times)

  stopCluster(c1)

  timestamp()

  ModelOutput<-do.call(rbind,modelOutput)##make big dataframe for evaluation



  #~~~END MODEL ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~####

  

  return(mean(tail(ModelOutput$CBLO,240)))

  

}

minRBCCE <- function(dose){

  

  # TIMING COMMANDS ####

  MAXT=0.1       #maximum time step

  times<-seq(params[["TSTART"]],params[["TSTOP"]],by=MAXT)#

  

  # max number of points to write out to file

  POINTS_max<-10000  

  # if the more than 10000 timesteps, select evently spaced 10000 of them for reporting

  report_points<-if(length(times)<=POINTS_max) times else 

    times[seq(1,length(times),by=round(length(times)/POINTS_max))]

  table(report_points%in%times)#check all report values are in times.

  

  

  # Dosing ####

  

  # once daily oral exposure for food

  if (route=="food"){

    if (Ndays < 100) {

      A <- c(dose)

      B <- c(0)

      C <- c("time","doral")

      

      DORAL <- data.frame(B,A)

      colnames(DORAL) <- C

    } else {

      A <- rep(dose,Ndays+1)

      B <- seq(0,Ndays*24,by=24)

      C <- c("time","doral")

      

      DORAL <- data.frame(B,A)

      colnames(DORAL) <- C

    }

  }

  # dosing for water exposure

  if (route=="water"){

    if (Ndays < 100) {

      # 6x daily for age <= 12

      if (subject_age<=12){

        A <- rep(dose/6.0,6)

        B <- seq(0,20,by=4)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

      # 4x daily for age > 12

      else {

        A <- rep(dose/4.0,4)

        B <- seq(0,18,by=6)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

    } else {

      # 6x daily for age <= 12

      if (subject_age<=12){

        A <- rep(dose/6.0,Ndays*6+1)

        B <- seq(0,Ndays*24,by=4)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

      # 4x daily for age > 12

      else {

        A <- rep(dose/4.0,Ndays*4+1)

        B <- seq(0,Ndays*24,by=6)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

    }

  }

  

  All_Dose<-DORAL%>%

    mutate(ODOSE=doral*(params[["BWST"]]/params[["MWPAR"]])

           *params[["FA"]], # DIM dose conversion (ug/kg to umol)

           Level=paste(doral[1],"ug/kg",sep="_"))

  

  #~~~~APPLY MODEL~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~#### 

  # Do parallel for speed

  c1<-makeCluster(min(cores,n_distinct(All_Dose$Level))) # cluster for parallel 

  timestamp()

  modelOutput<-parLapply(c1,split(All_Dose,All_Dose$Level), function (LL,ini_par,t){

    #load data into cores

    source("human_pbpk.R")

    # Create dataframe of "events"that describe the dosing, which informs the

    # ODE function, and needs to have columns "var" = the state_variable that needs

    # to be changed,"time"= when the changes occurs,"value"=the value being changed

    # to,& "method"= how the new value interacts with the previous state variable

    # value. See ?deSolve::lsodes and ?deSolve::events.

    

    # combine or replace "base" parameters with case specific human parameters, 

    # carring out any calcuated paramters which are function of other specific case parameters 

    ini_pars <- initial_params_fun(params=ini_par)

    # STATE####

    # Subject specific UPDATES to the initial value of state variables

    st<-state_fun(st=state,ini_p=ini_pars)

    

    eventDat<-rbind(data.frame(var="ODOSE",time=LL$time,

                               value=LL$ODOSE ,	 

                               method="add",stringsAsFactors = FALSE),  # ("replace", "add", "multiply")

                    data.frame(var="ASTOM",time=LL$time,

                               value=LL$ODOSE ,	 

                               method="add",stringsAsFactors = FALSE))

    

    # DERIVATIVE ####

    # RUN MODEL 

    modelOutput<- ode(y = st, times = t,  #method = "lsodes",

                      func = Human_Model, parms = ini_pars,

                      events = list(data = eventDat[order(eventDat$time),]))

    result <- within(as.data.frame(modelOutput),{Level<-LL$Level[[1]]})

    return(result)

  },ini_par=params,t=times)

  stopCluster(c1)

  timestamp()

  ModelOutput<-do.call(rbind,modelOutput)##make big dataframe for evaluation

  

  #~~~END MODEL ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~####

  

  return(min(ModelOutput$RBCCE))

  

}



# get the oral dose required to give a blood concentration of bld_target

# this function uses the secant method to iteratively find the required

# concentration and is ~3x faster than the R optimization function

# dose is ug/kg/day

# target is micromolar (umol/L)

get_oral_dose <- function(bld_target) {

  

  new_dose = 800000.0 # initial guess ug/kg/day

  fractional_error = 999.99

  iteration = 1

  

  # apply a 0.1% tolerance to the estimate

  while (fractional_error>0.001){

    

    #print something to the terminal so we can watch the progress

    print(sprintf("Iteration %.0f - Testing a dose of %f mg/kg/day in the model",

                  iteration, 0.001*new_dose))

    

    # run the model to test new dose

    # choice of parent compound or oxon

    # as chosen above in the variable parameters

    if (target_chem=="parent") {

      avg_Cbld <- avgCBL(new_dose) 

    } else {

      avg_Cbld <- avgCBLO(new_dose) 

    }

    

    

    # calculate new dose to test based on secant method between

    # zero and previous dose

    new_dose = (bld_target / avg_Cbld) * new_dose 

    

    # calculate the error between tested dose result and target

    fractional_error = abs(avg_Cbld - bld_target)/bld_target

    

    iteration <- iteration + 1

    

  }

  

  return(new_dose) 

}



just_run_model <- function(dose){

  

  # TIMING COMMANDS ####

  MAXT=0.1       #maximum time step

  times<-seq(params[["TSTART"]],params[["TSTOP"]],by=MAXT)#

  

  # max number of points to write out to file

  POINTS_max<-10000  

  # if the more than 10000 timesteps, select evently spaced 10000 of them for reporting

  report_points<-if(length(times)<=POINTS_max) times else 

    times[seq(1,length(times),by=round(length(times)/POINTS_max))]

  table(report_points%in%times)#check all report values are in times.

  

  

  # Dosing ####

  

  # once daily oral exposure for food

  if (route=="food"){

    if (Ndays < 100) {

      A <- c(dose)

      B <- c(0)

      C <- c("time","doral")

      

      DORAL <- data.frame(B,A)

      colnames(DORAL) <- C

    } else {

      A <- rep(dose,Ndays+1)

      B <- seq(0,Ndays*24,by=24)

      C <- c("time","doral")

      

      DORAL <- data.frame(B,A)

      colnames(DORAL) <- C

    }

  }

  # dosing for water exposure

  if (route=="water"){

    if (Ndays < 100) {

      # 6x daily for age <= 12

      if (subject_age<=12){

        A <- rep(dose/6.0,6)

        B <- seq(0,20,by=4)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

      # 4x daily for age > 12

      else {

        A <- rep(dose/4.0,4)

        B <- seq(0,18,by=6)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

    } else {

      # 6x daily for age <= 12

      if (subject_age<=12){

        A <- rep(dose/6.0,Ndays*6+1)

        B <- seq(0,Ndays*24,by=4)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

      # 4x daily for age > 12

      else {

        A <- rep(dose/4.0,Ndays*4+1)

        B <- seq(0,Ndays*24,by=6)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

    }

  }

  

  All_Dose<-DORAL%>%

    mutate(ODOSE=doral*(params[["BWST"]]/params[["MWPAR"]])

           *params[["FA"]], # DIM dose conversion (ug/kg to umol)

           Level=paste(doral[1],"ug/kg",sep="_"))

  

  #~~~~APPLY MODEL~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~#### 

  # Do parallel for speed

  c1<-makeCluster(min(cores,n_distinct(All_Dose$Level))) # cluster for parallel 

  timestamp()

  modelOutput<-parLapply(c1,split(All_Dose,All_Dose$Level), function (LL,ini_par,t){

    #load data into cores

    source("human_pbpk.R")

    # Create dataframe of "events"that describe the dosing, which informs the

    # ODE function, and needs to have columns "var" = the state_variable that needs

    # to be changed,"time"= when the changes occurs,"value"=the value being changed

    # to,& "method"= how the new value interacts with the previous state variable

    # value. See ?deSolve::lsodes and ?deSolve::events.

    

    # combine or replace "base" parameters with case specific human parameters, 

    # carring out any calcuated paramters which are function of other specific case parameters 

    ini_pars <- initial_params_fun(params=ini_par)

    # STATE####

    # Subject specific UPDATES to the initial value of state variables

    st<-state_fun(st=state,ini_p=ini_pars)

    

    eventDat<-rbind(data.frame(var="ODOSE",time=LL$time,

                               value=LL$ODOSE ,	 

                               method="add",stringsAsFactors = FALSE),  # ("replace", "add", "multiply")

                    data.frame(var="ASTOM",time=LL$time,

                               value=LL$ODOSE ,	 

                               method="add",stringsAsFactors = FALSE))

    

    # DERIVATIVE ####

    # RUN MODEL 

    modelOutput<- ode(y = st, times = t,  #method = "lsodes",

                      func = Human_Model, parms = ini_pars,

                      events = list(data = eventDat[order(eventDat$time),]))

    result <- within(as.data.frame(modelOutput),{Level<-LL$Level[[1]]})

    return(result)

  },ini_par=params,t=times)

  stopCluster(c1)

  timestamp()

  ModelOutput<-do.call(rbind,modelOutput)##make big dataframe for evaluation

  

  #~~~END MODEL ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~####

  

  return(ModelOutput)

  

}



PODcost <- function(test_dose){

  

  test_result <- minRBCCE(test_dose*1000)

  test_error <- (test_result - 90.0)

  

  print(sprintf("%f  %f",test_dose,test_result))

  

  return(test_error*test_error)

}



AEDcost <- function(test_dose){

  

  test_result <- avgCBL(test_dose*1000)

  test_error <- (test_result - ac_50)

  

  print(sprintf("%f  %f",test_dose,test_result))

  

  return(test_error*test_error)

}



# get the dose that reproduces the AC50 in blood concentration or 10% brain AChE inhibition



final_dose <- optim(par = 26.7, PODcost, method = "Brent",lower = 1, upper = 100, control = list(reltol = 1e-3))   # POD limits



# finally run the model for this concentration

ModelOutput <- just_run_model(final_dose$par*1000)



final_dose$par

min(ModelOutput$RBCCE)


rm(list = ls()) # Clear workspace



#set the working directory to the location of these scripts

#setwd(dirname(rstudioapi::getActiveDocumentContext()$path))



#Environment####

library(dplyr)

library(tidyr)

library(parallel)

# number of cores availabe on current machine

tot_cores<-detectCores(all.tests = FALSE, logical = TRUE)  

cores<-tot_cores-1 # leave one core for other tasks 



ac_50 <<- -999             # enter the AC50 value here; units = umol/L

Ndays = 2                        # number of days to simulate

target_chem = "oxon"            # oxon or parent compound

body_weight = 67.3                 # body weight in kg

subject_age = 13

scenario_number = 1

route = "food"



source("human_pbpk.R") # Loads model and base parameters

source("malathion_human_parameters.R") # male and female specific parameters



# Intial_parameters####

sex = 1						 # 0=male, 1= Female

params<-c(params[!names(params)%in%names(human_parameters[[sex+1]])],

          human_parameters[[sex+1]])



# set case-specific parameters

params[["TSTART"]]<-0.0         # START SIMULATION (HR)

params[["TSTOP"]]=48      			# Simulation duration = 2 days

params[["AGE0"]]=subject_age

params[["BWSW"]] = 1   	 				# Switch for age (set =0) or set (set =1) if bwt provided

params[["BWST"]]= body_weight   	 			# kg

params[["FA"]]=1



# returns the average blood concentration of oxon

# based on the daily dose of "dose" ug/kg/day

avgCBLO <- function(dose){

  

  # TIMING COMMANDS ####

  MAXT=0.1       #maximum time step

  times<-seq(params[["TSTART"]],params[["TSTOP"]],by=MAXT)#

  

  # max number of points to write out to file

  POINTS_max<-10000  

  # if the more than 10000 timesteps, select evently spaced 10000 of them for reporting

  report_points<-if(length(times)<=POINTS_max) times else 

    times[seq(1,length(times),by=round(length(times)/POINTS_max))]

  table(report_points%in%times)#check all report values are in times.

  

  

  # Dosing ####

  

  # once daily oral exposure for food

  if (route=="food"){

    if (Ndays < 100) {

      A <- c(dose)

      B <- c(0)

      C <- c("time","doral")

      

      DORAL <- data.frame(B,A)

      colnames(DORAL) <- C

    } else {

      A <- rep(dose,Ndays+1)

      B <- seq(0,Ndays*24,by=24)

      C <- c("time","doral")

      

      DORAL <- data.frame(B,A)

      colnames(DORAL) <- C

    }

  }

  # dosing for water exposure

  if (route=="water"){

    if (Ndays < 100) {

      # 6x daily for age <= 12

      if (subject_age<=12){

        A <- rep(dose/6.0,6)

        B <- seq(0,20,by=4)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

      # 4x daily for age > 12

      else {

        A <- rep(dose/4.0,4)

        B <- seq(0,18,by=6)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

    } else {

      # 6x daily for age <= 12

      if (subject_age<=12){

        A <- rep(dose/6.0,Ndays*6+1)

        B <- seq(0,Ndays*24,by=4)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

      # 4x daily for age > 12

      else {

        A <- rep(dose/4.0,Ndays*4+1)

        B <- seq(0,Ndays*24,by=6)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

    }

  }

  

  All_Dose<-DORAL%>%

    mutate(ODOSEOXON=doral*(params[["BWST"]]/params[["MWOXON"]])

           *params[["FA"]], # DIM dose conversion (ug/kg to umol)

           Level=paste(doral[1],"ug/kg",sep="_"))

  

  #~~~~APPLY MODEL~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~#### 

  # Do parallel for speed

  c1<-makeCluster(min(cores,n_distinct(All_Dose$Level))) # cluster for parallel 

  timestamp()

  modelOutput<-parLapply(c1,split(All_Dose,All_Dose$Level), function (LL,ini_par,t){

    #load data into cores

    source("human_pbpk.R")

    # Create dataframe of "events"that describe the dosing, which informs the

    # ODE function, and needs to have columns "var" = the state_variable that needs

    # to be changed,"time"= when the changes occurs,"value"=the value being changed

    # to,& "method"= how the new value interacts with the previous state variable

    # value. See ?deSolve::lsodes and ?deSolve::events.

    

    # combine or replace "base" parameters with case specific human parameters, 

    # carring out any calcuated paramters which are function of other specific case parameters 

    ini_pars <- initial_params_fun(params=ini_par)

    # STATE####

    # Subject specific UPDATES to the initial value of state variables

    st<-state_fun(st=state,ini_p=ini_pars)

    

    eventDat<-rbind(data.frame(var="ODOSEOXON",time=LL$time,

                               value=LL$ODOSEOXON ,	 

                               method="add",stringsAsFactors = FALSE),  # ("replace", "add", "multiply")

                    data.frame(var="ASTOMO",time=LL$time,

                               value=LL$ODOSEOXON ,	 

                               method="add",stringsAsFactors = FALSE))

    

    # DERIVATIVE ####

    # RUN MODEL 

    modelOutput<- ode(y = st, times = t,  #method = "lsodes",

                      func = Human_Model, parms = ini_pars,

                      events = list(data = eventDat[order(eventDat$time),]))

    result <- within(as.data.frame(modelOutput),{Level<-LL$Level[[1]]})

    return(result)

  },ini_par=params,t=times)

  stopCluster(c1)

  timestamp()

  ModelOutput<-do.call(rbind,modelOutput)##make big dataframe for evaluation



  #~~~END MODEL ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~####

  

  return(mean(tail(ModelOutput$CBLO,240)))

  

}



minRBCCEO <- function(dose){

  

  # TIMING COMMANDS ####

  MAXT=0.1       #maximum time step

  times<-seq(params[["TSTART"]],params[["TSTOP"]],by=MAXT)#

  

  # max number of points to write out to file

  POINTS_max<-10000  

  # if the more than 10000 timesteps, select evently spaced 10000 of them for reporting

  report_points<-if(length(times)<=POINTS_max) times else 

    times[seq(1,length(times),by=round(length(times)/POINTS_max))]

  table(report_points%in%times)#check all report values are in times.

  

  

  # Dosing ####

  

  # once daily oral exposure for food

  if (route=="food"){

    if (Ndays < 100) {

      A <- c(dose)

      B <- c(0)

      C <- c("time","doral")

      

      DORAL <- data.frame(B,A)

      colnames(DORAL) <- C

    } else {

      A <- rep(dose,Ndays+1)

      B <- seq(0,Ndays*24,by=24)

      C <- c("time","doral")

      

      DORAL <- data.frame(B,A)

      colnames(DORAL) <- C

    }

  }

  # dosing for water exposure

  if (route=="water"){

    if (Ndays < 100) {

      # 6x daily for age <= 12

      if (subject_age<=12){

        A <- rep(dose/6.0,6)

        B <- seq(0,20,by=4)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

      # 4x daily for age > 12

      else {

        A <- rep(dose/4.0,4)

        B <- seq(0,18,by=6)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

    } else {

      # 6x daily for age <= 12

      if (subject_age<=12){

        A <- rep(dose/6.0,Ndays*6+1)

        B <- seq(0,Ndays*24,by=4)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

      # 4x daily for age > 12

      else {

        A <- rep(dose/4.0,Ndays*4+1)

        B <- seq(0,Ndays*24,by=6)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

    }

  }

  

  All_Dose<-DORAL%>%

    mutate(ODOSEOXON=doral*(params[["BWST"]]/params[["MWOXON"]])

           *params[["FA"]], # DIM dose conversion (ug/kg to umol)

           Level=paste(doral[1],"ug/kg",sep="_"))

  

  #~~~~APPLY MODEL~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~#### 

  # Do parallel for speed

  c1<-makeCluster(min(cores,n_distinct(All_Dose$Level))) # cluster for parallel 

  timestamp()

  modelOutput<-parLapply(c1,split(All_Dose,All_Dose$Level), function (LL,ini_par,t){

    #load data into cores

    source("human_pbpk.R")

    # Create dataframe of "events"that describe the dosing, which informs the

    # ODE function, and needs to have columns "var" = the state_variable that needs

    # to be changed,"time"= when the changes occurs,"value"=the value being changed

    # to,& "method"= how the new value interacts with the previous state variable

    # value. See ?deSolve::lsodes and ?deSolve::events.

    

    # combine or replace "base" parameters with case specific human parameters, 

    # carring out any calcuated paramters which are function of other specific case parameters 

    ini_pars <- initial_params_fun(params=ini_par)

    # STATE####

    # Subject specific UPDATES to the initial value of state variables

    st<-state_fun(st=state,ini_p=ini_pars)

    

    eventDat<-rbind(data.frame(var="ODOSEOXON",time=LL$time,

                               value=LL$ODOSEOXON ,	 

                               method="add",stringsAsFactors = FALSE),  # ("replace", "add", "multiply")

                    data.frame(var="ASTOMO",time=LL$time,

                               value=LL$ODOSEOXON ,	 

                               method="add",stringsAsFactors = FALSE))

    

    # DERIVATIVE ####

    # RUN MODEL 

    modelOutput<- ode(y = st, times = t,  #method = "lsodes",

                      func = Human_Model, parms = ini_pars,

                      events = list(data = eventDat[order(eventDat$time),]))

    result <- within(as.data.frame(modelOutput),{Level<-LL$Level[[1]]})

    return(result)

  },ini_par=params,t=times)

  stopCluster(c1)

  timestamp()

  ModelOutput<-do.call(rbind,modelOutput)##make big dataframe for evaluation

  

  #~~~END MODEL ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~####

  

  return(min(ModelOutput$RBCCE))

  

}



just_run_model <- function(dose){

  

  # TIMING COMMANDS ####

  MAXT=0.1       #maximum time step

  times<-seq(params[["TSTART"]],params[["TSTOP"]],by=MAXT)#

  

  # max number of points to write out to file

  POINTS_max<-10000  

  # if the more than 10000 timesteps, select evently spaced 10000 of them for reporting

  report_points<-if(length(times)<=POINTS_max) times else 

    times[seq(1,length(times),by=round(length(times)/POINTS_max))]

  table(report_points%in%times)#check all report values are in times.

  

  

  # Dosing ####

  

  # once daily oral exposure for food

  if (route=="food"){

    if (Ndays < 100) {

      A <- c(dose)

      B <- c(0)

      C <- c("time","doral")

      

      DORAL <- data.frame(B,A)

      colnames(DORAL) <- C

    } else {

      A <- rep(dose,Ndays+1)

      B <- seq(0,Ndays*24,by=24)

      C <- c("time","doral")

      

      DORAL <- data.frame(B,A)

      colnames(DORAL) <- C

    }

  }

  # dosing for water exposure

  if (route=="water"){

    if (Ndays < 100) {

      # 6x daily for age <= 12

      if (subject_age<=12){

        A <- rep(dose/6.0,6)

        B <- seq(0,20,by=4)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

      # 4x daily for age > 12

      else {

        A <- rep(dose/4.0,4)

        B <- seq(0,18,by=6)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

    } else {

      # 6x daily for age <= 12

      if (subject_age<=12){

        A <- rep(dose/6.0,Ndays*6+1)

        B <- seq(0,Ndays*24,by=4)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

      # 4x daily for age > 12

      else {

        A <- rep(dose/4.0,Ndays*4+1)

        B <- seq(0,Ndays*24,by=6)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

    }

  }

  

  All_Dose<-DORAL%>%

    mutate(ODOSEOXON=doral*(params[["BWST"]]/params[["MWOXON"]])

           *params[["FA"]], # DIM dose conversion (ug/kg to umol)

           Level=paste(doral[1],"ug/kg",sep="_"))

  

  #~~~~APPLY MODEL~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~#### 

  # Do parallel for speed

  c1<-makeCluster(min(cores,n_distinct(All_Dose$Level))) # cluster for parallel 

  timestamp()

  modelOutput<-parLapply(c1,split(All_Dose,All_Dose$Level), function (LL,ini_par,t){

    #load data into cores

    source("human_pbpk.R")

    # Create dataframe of "events"that describe the dosing, which informs the

    # ODE function, and needs to have columns "var" = the state_variable that needs

    # to be changed,"time"= when the changes occurs,"value"=the value being changed

    # to,& "method"= how the new value interacts with the previous state variable

    # value. See ?deSolve::lsodes and ?deSolve::events.

    

    # combine or replace "base" parameters with case specific human parameters, 

    # carring out any calcuated paramters which are function of other specific case parameters 

    ini_pars <- initial_params_fun(params=ini_par)

    # STATE####

    # Subject specific UPDATES to the initial value of state variables

    st<-state_fun(st=state,ini_p=ini_pars)

    

    eventDat<-rbind(data.frame(var="ODOSEOXON",time=LL$time,

                               value=LL$ODOSEOXON ,	 

                               method="add",stringsAsFactors = FALSE),  # ("replace", "add", "multiply")

                    data.frame(var="ASTOMO",time=LL$time,

                               value=LL$ODOSEOXON ,	 

                               method="add",stringsAsFactors = FALSE))

    

    # DERIVATIVE ####

    # RUN MODEL 

    modelOutput<- ode(y = st, times = t,  #method = "lsodes",

                      func = Human_Model, parms = ini_pars,

                      events = list(data = eventDat[order(eventDat$time),]))

    result <- within(as.data.frame(modelOutput),{Level<-LL$Level[[1]]})

    return(result)

  },ini_par=params,t=times)

  stopCluster(c1)

  timestamp()

  ModelOutput<-do.call(rbind,modelOutput)##make big dataframe for evaluation

  

  #~~~END MODEL ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~####

  

  return(ModelOutput)

  

}



PODcost <- function(test_dose){

  

  test_result <- minRBCCEO(test_dose*1000)

  test_error <- (test_result - 90.0)

  

  print(sprintf("%f  %f",test_dose,test_result))

  

  return(test_error*test_error)

}



AEDcost <- function(test_dose){

  

  test_result <- avgCBLO(test_dose*1000)

  test_error <- (test_result - ac_50)

  

  print(sprintf("%f  %f",test_dose,test_result))

  

  return(test_error*test_error)

}



# get the dose that reproduces the AC50 in blood concentration or 10% brain AChE inhibition

final_dose <- optim(par = 3.3, PODcost, method = "Brent",lower = 1, upper = 10, control = list(reltol = 1e-3))   # POD limits



# finally run the model for this concentration

ModelOutput <- just_run_model(final_dose$par*1000)

final_dose$par

min(ModelOutput$RBCCE)


rm(list = ls()) # Clear workspace



#set the working directory to the location of these scripts

#setwd(dirname(rstudioapi::getActiveDocumentContext()$path))



#Environment####

library(dplyr)

library(tidyr)

library(parallel)

# number of cores availabe on current machine

tot_cores<-detectCores(all.tests = FALSE, logical = TRUE)  

cores<-tot_cores-1 # leave one core for other tasks 



ac_50 <<- -999             # enter the AC50 value here; units = umol/L

Ndays = 2                        # number of days to simulate

target_chem = "parent"            # oxon or parent compound

body_weight = 67.3                 # body weight in kg

subject_age = 13

scenario_number = 1

route = "food"



source("human_pbpk.R") # Loads model and base parameters

source("malathion_human_parameters.R") # male and female specific parameters



# Intial_parameters####

sex = 1						 # 0=male, 1= Female

params<-c(params[!names(params)%in%names(human_parameters[[sex+1]])],

          human_parameters[[sex+1]])



# set case-specific parameters

params[["TSTART"]]<-0.0         # START SIMULATION (HR)

params[["TSTOP"]]=48      			# Simulation duration = 2 days

params[["AGE0"]]=subject_age

params[["BWSW"]] = 1   	 				# Switch for age (set =0) or set (set =1) if bwt provided

params[["BWST"]]= body_weight   	 			# kg

params[["FA"]]=1



# returns the average blood concentration of parent compound

# based on the daily dose of "dose" ug/kg/day

avgCBL <- function(dose){

  

  # TIMING COMMANDS ####

  MAXT=0.1       #maximum time step

  times<-seq(params[["TSTART"]],params[["TSTOP"]],by=MAXT)#

  

  # max number of points to write out to file

  POINTS_max<-10000  

  # if the more than 10000 timesteps, select evently spaced 10000 of them for reporting

  report_points<-if(length(times)<=POINTS_max) times else 

    times[seq(1,length(times),by=round(length(times)/POINTS_max))]

  table(report_points%in%times)#check all report values are in times.

  

  

  # Dosing ####

  

  # once daily oral exposure for food

  if (route=="food"){

    if (Ndays < 100) {

      A <- c(dose)

      B <- c(0)

      C <- c("time","doral")

      

      DORAL <- data.frame(B,A)

      colnames(DORAL) <- C

    } else {

      A <- rep(dose,Ndays+1)

      B <- seq(0,Ndays*24,by=24)

      C <- c("time","doral")

      

      DORAL <- data.frame(B,A)

      colnames(DORAL) <- C

    }

  }

  # dosing for water exposure

  if (route=="water"){

    if (Ndays < 100) {

      # 6x daily for age <= 12

      if (subject_age<=12){

        A <- rep(dose/6.0,6)

        B <- seq(0,20,by=4)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

      # 4x daily for age > 12

      else {

        A <- rep(dose/4.0,4)

        B <- seq(0,18,by=6)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

    } else {

      # 6x daily for age <= 12

      if (subject_age<=12){

        A <- rep(dose/6.0,Ndays*6+1)

        B <- seq(0,Ndays*24,by=4)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

      # 4x daily for age > 12

      else {

        A <- rep(dose/4.0,Ndays*4+1)

        B <- seq(0,Ndays*24,by=6)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

    }

  }

  

  

  All_Dose<-DORAL%>%

    mutate(ODOSE=doral*(params[["BWST"]]/params[["MWPAR"]])

           *params[["FA"]], # DIM dose conversion (ug/kg to umol)

           Level=paste(doral[1],"ug/kg",sep="_"))

  

  #~~~~APPLY MODEL~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~#### 

  # Do parallel for speed

  c1<-makeCluster(min(cores,n_distinct(All_Dose$Level))) # cluster for parallel 

  timestamp()

  modelOutput<-parLapply(c1,split(All_Dose,All_Dose$Level), function (LL,ini_par,t){

    #load data into cores

    source("human_pbpk.R")

    # Create dataframe of "events"that describe the dosing, which informs the

    # ODE function, and needs to have columns "var" = the state_variable that needs

    # to be changed,"time"= when the changes occurs,"value"=the value being changed

    # to,& "method"= how the new value interacts with the previous state variable

    # value. See ?deSolve::lsodes and ?deSolve::events.

    

    # combine or replace "base" parameters with case specific human parameters, 

    # carring out any calcuated paramters which are function of other specific case parameters 

    ini_pars <- initial_params_fun(params=ini_par)

    # STATE####

    # Subject specific UPDATES to the initial value of state variables

    st<-state_fun(st=state,ini_p=ini_pars)

    

    eventDat<-rbind(data.frame(var="ODOSE",time=LL$time,

                               value=LL$ODOSE ,	 

                               method="add",stringsAsFactors = FALSE),  # ("replace", "add", "multiply")

                    data.frame(var="ASTOM",time=LL$time,

                               value=LL$ODOSE ,	 

                               method="add",stringsAsFactors = FALSE))

    

    # DERIVATIVE ####

    # RUN MODEL 

    modelOutput<- ode(y = st, times = t,  #method = "lsodes",

                      func = Human_Model, parms = ini_pars,

                      events = list(data = eventDat[order(eventDat$time),]))

    result <- within(as.data.frame(modelOutput),{Level<-LL$Level[[1]]})

    return(result)

  },ini_par=params,t=times)

  stopCluster(c1)

  timestamp()

  ModelOutput<-do.call(rbind,modelOutput)##make big dataframe for evaluation



  

  return(mean(tail(ModelOutput$CBL,240)))

  

}



# returns the average blood concentration of oxon

# based on the daily dose of "dose" ug/kg/day

avgCBLO <- function(dose){

  

  # TIMING COMMANDS ####

  MAXT=0.1       #maximum time step

  times<-seq(params[["TSTART"]],params[["TSTOP"]],by=MAXT)#

  

  # max number of points to write out to file

  POINTS_max<-10000  

  # if the more than 10000 timesteps, select evently spaced 10000 of them for reporting

  report_points<-if(length(times)<=POINTS_max) times else 

    times[seq(1,length(times),by=round(length(times)/POINTS_max))]

  table(report_points%in%times)#check all report values are in times.

  

  

  # Dosing ####

  

  # once daily oral exposure for food

  if (route=="food"){

    if (Ndays < 100) {

      A <- c(dose)

      B <- c(0)

      C <- c("time","doral")

      

      DORAL <- data.frame(B,A)

      colnames(DORAL) <- C

    } else {

      A <- rep(dose,Ndays+1)

      B <- seq(0,Ndays*24,by=24)

      C <- c("time","doral")

      

      DORAL <- data.frame(B,A)

      colnames(DORAL) <- C

    }

  }

  # dosing for water exposure

  if (route=="water"){

    if (Ndays < 100) {

      # 6x daily for age <= 12

      if (subject_age<=12){

        A <- rep(dose/6.0,6)

        B <- seq(0,20,by=4)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

      # 4x daily for age > 12

      else {

        A <- rep(dose/4.0,4)

        B <- seq(0,18,by=6)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

    } else {

      # 6x daily for age <= 12

      if (subject_age<=12){

        A <- rep(dose/6.0,Ndays*6+1)

        B <- seq(0,Ndays*24,by=4)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

      # 4x daily for age > 12

      else {

        A <- rep(dose/4.0,Ndays*4+1)

        B <- seq(0,Ndays*24,by=6)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

    }

  }

  

  All_Dose<-DORAL%>%

    mutate(ODOSE=doral*(params[["BWST"]]/params[["MWPAR"]])

           *params[["FA"]], # DIM dose conversion (ug/kg to umol)

           Level=paste(doral[1],"ug/kg",sep="_"))

  

  #~~~~APPLY MODEL~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~#### 

  # Do parallel for speed

  c1<-makeCluster(min(cores,n_distinct(All_Dose$Level))) # cluster for parallel 

  timestamp()

  modelOutput<-parLapply(c1,split(All_Dose,All_Dose$Level), function (LL,ini_par,t){

    #load data into cores

    source("human_pbpk.R")

    # Create dataframe of "events"that describe the dosing, which informs the

    # ODE function, and needs to have columns "var" = the state_variable that needs

    # to be changed,"time"= when the changes occurs,"value"=the value being changed

    # to,& "method"= how the new value interacts with the previous state variable

    # value. See ?deSolve::lsodes and ?deSolve::events.

    

    # combine or replace "base" parameters with case specific human parameters, 

    # carring out any calcuated paramters which are function of other specific case parameters 

    ini_pars <- initial_params_fun(params=ini_par)

    # STATE####

    # Subject specific UPDATES to the initial value of state variables

    st<-state_fun(st=state,ini_p=ini_pars)

    

    eventDat<-rbind(data.frame(var="ODOSE",time=LL$time,

                               value=LL$ODOSE ,	 

                               method="add",stringsAsFactors = FALSE),  # ("replace", "add", "multiply")

                    data.frame(var="ASTOM",time=LL$time,

                               value=LL$ODOSE ,	 

                               method="add",stringsAsFactors = FALSE))

    

    # DERIVATIVE ####

    # RUN MODEL 

    modelOutput<- ode(y = st, times = t,  #method = "lsodes",

                      func = Human_Model, parms = ini_pars,

                      events = list(data = eventDat[order(eventDat$time),]))

    result <- within(as.data.frame(modelOutput),{Level<-LL$Level[[1]]})

    return(result)

  },ini_par=params,t=times)

  stopCluster(c1)

  timestamp()

  ModelOutput<-do.call(rbind,modelOutput)##make big dataframe for evaluation



  #~~~END MODEL ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~####

  

  return(mean(tail(ModelOutput$CBLO,240)))

  

}

minRBCCE <- function(dose){

  

  # TIMING COMMANDS ####

  MAXT=0.1       #maximum time step

  times<-seq(params[["TSTART"]],params[["TSTOP"]],by=MAXT)#

  

  # max number of points to write out to file

  POINTS_max<-10000  

  # if the more than 10000 timesteps, select evently spaced 10000 of them for reporting

  report_points<-if(length(times)<=POINTS_max) times else 

    times[seq(1,length(times),by=round(length(times)/POINTS_max))]

  table(report_points%in%times)#check all report values are in times.

  

  

  # Dosing ####

  

  # once daily oral exposure for food

  if (route=="food"){

    if (Ndays < 100) {

      A <- c(dose)

      B <- c(0)

      C <- c("time","doral")

      

      DORAL <- data.frame(B,A)

      colnames(DORAL) <- C

    } else {

      A <- rep(dose,Ndays+1)

      B <- seq(0,Ndays*24,by=24)

      C <- c("time","doral")

      

      DORAL <- data.frame(B,A)

      colnames(DORAL) <- C

    }

  }

  # dosing for water exposure

  if (route=="water"){

    if (Ndays < 100) {

      # 6x daily for age <= 12

      if (subject_age<=12){

        A <- rep(dose/6.0,6)

        B <- seq(0,20,by=4)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

      # 4x daily for age > 12

      else {

        A <- rep(dose/4.0,4)

        B <- seq(0,18,by=6)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

    } else {

      # 6x daily for age <= 12

      if (subject_age<=12){

        A <- rep(dose/6.0,Ndays*6+1)

        B <- seq(0,Ndays*24,by=4)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

      # 4x daily for age > 12

      else {

        A <- rep(dose/4.0,Ndays*4+1)

        B <- seq(0,Ndays*24,by=6)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

    }

  }

  

  All_Dose<-DORAL%>%

    mutate(ODOSE=doral*(params[["BWST"]]/params[["MWPAR"]])

           *params[["FA"]], # DIM dose conversion (ug/kg to umol)

           Level=paste(doral[1],"ug/kg",sep="_"))

  

  #~~~~APPLY MODEL~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~#### 

  # Do parallel for speed

  c1<-makeCluster(min(cores,n_distinct(All_Dose$Level))) # cluster for parallel 

  timestamp()

  modelOutput<-parLapply(c1,split(All_Dose,All_Dose$Level), function (LL,ini_par,t){

    #load data into cores

    source("human_pbpk.R")

    # Create dataframe of "events"that describe the dosing, which informs the

    # ODE function, and needs to have columns "var" = the state_variable that needs

    # to be changed,"time"= when the changes occurs,"value"=the value being changed

    # to,& "method"= how the new value interacts with the previous state variable

    # value. See ?deSolve::lsodes and ?deSolve::events.

    

    # combine or replace "base" parameters with case specific human parameters, 

    # carring out any calcuated paramters which are function of other specific case parameters 

    ini_pars <- initial_params_fun(params=ini_par)

    # STATE####

    # Subject specific UPDATES to the initial value of state variables

    st<-state_fun(st=state,ini_p=ini_pars)

    

    eventDat<-rbind(data.frame(var="ODOSE",time=LL$time,

                               value=LL$ODOSE ,	 

                               method="add",stringsAsFactors = FALSE),  # ("replace", "add", "multiply")

                    data.frame(var="ASTOM",time=LL$time,

                               value=LL$ODOSE ,	 

                               method="add",stringsAsFactors = FALSE))

    

    # DERIVATIVE ####

    # RUN MODEL 

    modelOutput<- ode(y = st, times = t,  #method = "lsodes",

                      func = Human_Model, parms = ini_pars,

                      events = list(data = eventDat[order(eventDat$time),]))

    result <- within(as.data.frame(modelOutput),{Level<-LL$Level[[1]]})

    return(result)

  },ini_par=params,t=times)

  stopCluster(c1)

  timestamp()

  ModelOutput<-do.call(rbind,modelOutput)##make big dataframe for evaluation

  

  #~~~END MODEL ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~####

  

  return(min(ModelOutput$RBCCE))

  

}



just_run_model <- function(dose){

  

  # TIMING COMMANDS ####

  MAXT=0.1       #maximum time step

  times<-seq(params[["TSTART"]],params[["TSTOP"]],by=MAXT)#

  

  # max number of points to write out to file

  POINTS_max<-10000  

  # if the more than 10000 timesteps, select evently spaced 10000 of them for reporting

  report_points<-if(length(times)<=POINTS_max) times else 

    times[seq(1,length(times),by=round(length(times)/POINTS_max))]

  table(report_points%in%times)#check all report values are in times.

  

  

  # Dosing ####

  

  # once daily oral exposure for food

  if (route=="food"){

    if (Ndays < 100) {

      A <- c(dose)

      B <- c(0)

      C <- c("time","doral")

      

      DORAL <- data.frame(B,A)

      colnames(DORAL) <- C

    } else {

      A <- rep(dose,Ndays+1)

      B <- seq(0,Ndays*24,by=24)

      C <- c("time","doral")

      

      DORAL <- data.frame(B,A)

      colnames(DORAL) <- C

    }

  }

  # dosing for water exposure

  if (route=="water"){

    if (Ndays < 100) {

      # 6x daily for age <= 12

      if (subject_age<=12){

        A <- rep(dose/6.0,6)

        B <- seq(0,20,by=4)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

      # 4x daily for age > 12

      else {

        A <- rep(dose/4.0,4)

        B <- seq(0,18,by=6)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

    } else {

      # 6x daily for age <= 12

      if (subject_age<=12){

        A <- rep(dose/6.0,Ndays*6+1)

        B <- seq(0,Ndays*24,by=4)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

      # 4x daily for age > 12

      else {

        A <- rep(dose/4.0,Ndays*4+1)

        B <- seq(0,Ndays*24,by=6)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

    }

  }

  

  All_Dose<-DORAL%>%

    mutate(ODOSE=doral*(params[["BWST"]]/params[["MWPAR"]])

           *params[["FA"]], # DIM dose conversion (ug/kg to umol)

           Level=paste(doral[1],"ug/kg",sep="_"))

  

  #~~~~APPLY MODEL~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~#### 

  # Do parallel for speed

  c1<-makeCluster(min(cores,n_distinct(All_Dose$Level))) # cluster for parallel 

  timestamp()

  modelOutput<-parLapply(c1,split(All_Dose,All_Dose$Level), function (LL,ini_par,t){

    #load data into cores

    source("human_pbpk.R")

    # Create dataframe of "events"that describe the dosing, which informs the

    # ODE function, and needs to have columns "var" = the state_variable that needs

    # to be changed,"time"= when the changes occurs,"value"=the value being changed

    # to,& "method"= how the new value interacts with the previous state variable

    # value. See ?deSolve::lsodes and ?deSolve::events.

    

    # combine or replace "base" parameters with case specific human parameters, 

    # carring out any calcuated paramters which are function of other specific case parameters 

    ini_pars <- initial_params_fun(params=ini_par)

    # STATE####

    # Subject specific UPDATES to the initial value of state variables

    st<-state_fun(st=state,ini_p=ini_pars)

    

    eventDat<-rbind(data.frame(var="ODOSE",time=LL$time,

                               value=LL$ODOSE ,	 

                               method="add",stringsAsFactors = FALSE),  # ("replace", "add", "multiply")

                    data.frame(var="ASTOM",time=LL$time,

                               value=LL$ODOSE ,	 

                               method="add",stringsAsFactors = FALSE))

    

    # DERIVATIVE ####

    # RUN MODEL 

    modelOutput<- ode(y = st, times = t,  #method = "lsodes",

                      func = Human_Model, parms = ini_pars,

                      events = list(data = eventDat[order(eventDat$time),]))

    result <- within(as.data.frame(modelOutput),{Level<-LL$Level[[1]]})

    return(result)

  },ini_par=params,t=times)

  stopCluster(c1)

  timestamp()

  ModelOutput<-do.call(rbind,modelOutput)##make big dataframe for evaluation

  

  #~~~END MODEL ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~####

  

  return(ModelOutput)

  

}



PODcost <- function(test_dose){

  

  test_result <- minRBCCE(test_dose*1000)

  test_error <- (test_result - 90.0)

  

  print(sprintf("%f  %f",test_dose,test_result))

  

  return(test_error*test_error)

}



AEDcost <- function(test_dose){

  

  test_result <- avgCBL(test_dose*1000)

  test_error <- (test_result - ac_50)

  

  print(sprintf("%f  %f",test_dose,test_result))

  

  return(test_error*test_error)

}



# get the dose that reproduces the AC50 in blood concentration or 10% brain AChE inhibition

final_dose <- optim(par = 23.5, PODcost, method = "Brent",lower = 1, upper = 100, control = list(reltol = 1e-3))   # POD limits



# finally run the model for this concentration

ModelOutput <- just_run_model(final_dose$par*1000)

final_dose$par

min(ModelOutput$RBCCE)


rm(list = ls()) # Clear workspace



#set the working directory to the location of these scripts

#setwd(dirname(rstudioapi::getActiveDocumentContext()$path))



#Environment####

library(dplyr)

library(tidyr)

library(parallel)

# number of cores availabe on current machine

tot_cores<-detectCores(all.tests = FALSE, logical = TRUE)  

cores<-tot_cores-1 # leave one core for other tasks 



ac_50 <<- -999             # enter the AC50 value here; units = umol/L

Ndays = 2                        # number of days to simulate

target_chem = "oxon"            # oxon or parent compound

body_weight = 81.5                 # body weight in kg

subject_age = 20

scenario_number = 1

route = "food"



source("human_pbpk.R") # Loads model and base parameters

source("malathion_human_parameters.R") # male and female specific parameters



# Intial_parameters####

sex = 1						 # 0=male, 1= Female

params<-c(params[!names(params)%in%names(human_parameters[[sex+1]])],

          human_parameters[[sex+1]])



# set case-specific parameters

params[["TSTART"]]<-0.0         # START SIMULATION (HR)

params[["TSTOP"]]=48      			# Simulation duration = 2 days

params[["AGE0"]]=subject_age

params[["BWSW"]] = 1   	 				# Switch for age (set =0) or set (set =1) if bwt provided

params[["BWST"]]= body_weight   	 			# kg

params[["FA"]]=1



# returns the average blood concentration of oxon

# based on the daily dose of "dose" ug/kg/day

avgCBLO <- function(dose){

  

  # TIMING COMMANDS ####

  MAXT=0.1       #maximum time step

  times<-seq(params[["TSTART"]],params[["TSTOP"]],by=MAXT)#

  

  # max number of points to write out to file

  POINTS_max<-10000  

  # if the more than 10000 timesteps, select evently spaced 10000 of them for reporting

  report_points<-if(length(times)<=POINTS_max) times else 

    times[seq(1,length(times),by=round(length(times)/POINTS_max))]

  table(report_points%in%times)#check all report values are in times.

  

  

  # Dosing ####

  

  # once daily oral exposure for food

  if (route=="food"){

    if (Ndays < 100) {

      A <- c(dose)

      B <- c(0)

      C <- c("time","doral")

      

      DORAL <- data.frame(B,A)

      colnames(DORAL) <- C

    } else {

      A <- rep(dose,Ndays+1)

      B <- seq(0,Ndays*24,by=24)

      C <- c("time","doral")

      

      DORAL <- data.frame(B,A)

      colnames(DORAL) <- C

    }

  }

  # dosing for water exposure

  if (route=="water"){

    if (Ndays < 100) {

      # 6x daily for age <= 12

      if (subject_age<=12){

        A <- rep(dose/6.0,6)

        B <- seq(0,20,by=4)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

      # 4x daily for age > 12

      else {

        A <- rep(dose/4.0,4)

        B <- seq(0,18,by=6)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

    } else {

      # 6x daily for age <= 12

      if (subject_age<=12){

        A <- rep(dose/6.0,Ndays*6+1)

        B <- seq(0,Ndays*24,by=4)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

      # 4x daily for age > 12

      else {

        A <- rep(dose/4.0,Ndays*4+1)

        B <- seq(0,Ndays*24,by=6)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

    }

  }

  

  All_Dose<-DORAL%>%

    mutate(ODOSEOXON=doral*(params[["BWST"]]/params[["MWOXON"]])

           *params[["FA"]], # DIM dose conversion (ug/kg to umol)

           Level=paste(doral[1],"ug/kg",sep="_"))

  

  #~~~~APPLY MODEL~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~#### 

  # Do parallel for speed

  c1<-makeCluster(min(cores,n_distinct(All_Dose$Level))) # cluster for parallel 

  timestamp()

  modelOutput<-parLapply(c1,split(All_Dose,All_Dose$Level), function (LL,ini_par,t){

    #load data into cores

    source("human_pbpk.R")

    # Create dataframe of "events"that describe the dosing, which informs the

    # ODE function, and needs to have columns "var" = the state_variable that needs

    # to be changed,"time"= when the changes occurs,"value"=the value being changed

    # to,& "method"= how the new value interacts with the previous state variable

    # value. See ?deSolve::lsodes and ?deSolve::events.

    

    # combine or replace "base" parameters with case specific human parameters, 

    # carring out any calcuated paramters which are function of other specific case parameters 

    ini_pars <- initial_params_fun(params=ini_par)

    # STATE####

    # Subject specific UPDATES to the initial value of state variables

    st<-state_fun(st=state,ini_p=ini_pars)

    

    eventDat<-rbind(data.frame(var="ODOSEOXON",time=LL$time,

                               value=LL$ODOSEOXON ,	 

                               method="add",stringsAsFactors = FALSE),  # ("replace", "add", "multiply")

                    data.frame(var="ASTOMO",time=LL$time,

                               value=LL$ODOSEOXON ,	 

                               method="add",stringsAsFactors = FALSE))

    

    # DERIVATIVE ####

    # RUN MODEL 

    modelOutput<- ode(y = st, times = t,  #method = "lsodes",

                      func = Human_Model, parms = ini_pars,

                      events = list(data = eventDat[order(eventDat$time),]))

    result <- within(as.data.frame(modelOutput),{Level<-LL$Level[[1]]})

    return(result)

  },ini_par=params,t=times)

  stopCluster(c1)

  timestamp()

  ModelOutput<-do.call(rbind,modelOutput)##make big dataframe for evaluation



  #~~~END MODEL ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~####

  

  return(mean(tail(ModelOutput$CBLO,240)))

  

}



minRBCCEO <- function(dose){

  

  # TIMING COMMANDS ####

  MAXT=0.1       #maximum time step

  times<-seq(params[["TSTART"]],params[["TSTOP"]],by=MAXT)#

  

  # max number of points to write out to file

  POINTS_max<-10000  

  # if the more than 10000 timesteps, select evently spaced 10000 of them for reporting

  report_points<-if(length(times)<=POINTS_max) times else 

    times[seq(1,length(times),by=round(length(times)/POINTS_max))]

  table(report_points%in%times)#check all report values are in times.

  

  

  # Dosing ####

  

  # once daily oral exposure for food

  if (route=="food"){

    if (Ndays < 100) {

      A <- c(dose)

      B <- c(0)

      C <- c("time","doral")

      

      DORAL <- data.frame(B,A)

      colnames(DORAL) <- C

    } else {

      A <- rep(dose,Ndays+1)

      B <- seq(0,Ndays*24,by=24)

      C <- c("time","doral")

      

      DORAL <- data.frame(B,A)

      colnames(DORAL) <- C

    }

  }

  # dosing for water exposure

  if (route=="water"){

    if (Ndays < 100) {

      # 6x daily for age <= 12

      if (subject_age<=12){

        A <- rep(dose/6.0,6)

        B <- seq(0,20,by=4)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

      # 4x daily for age > 12

      else {

        A <- rep(dose/4.0,4)

        B <- seq(0,18,by=6)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

    } else {

      # 6x daily for age <= 12

      if (subject_age<=12){

        A <- rep(dose/6.0,Ndays*6+1)

        B <- seq(0,Ndays*24,by=4)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

      # 4x daily for age > 12

      else {

        A <- rep(dose/4.0,Ndays*4+1)

        B <- seq(0,Ndays*24,by=6)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

    }

  }

  

  All_Dose<-DORAL%>%

    mutate(ODOSEOXON=doral*(params[["BWST"]]/params[["MWOXON"]])

           *params[["FA"]], # DIM dose conversion (ug/kg to umol)

           Level=paste(doral[1],"ug/kg",sep="_"))

  

  #~~~~APPLY MODEL~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~#### 

  # Do parallel for speed

  c1<-makeCluster(min(cores,n_distinct(All_Dose$Level))) # cluster for parallel 

  timestamp()

  modelOutput<-parLapply(c1,split(All_Dose,All_Dose$Level), function (LL,ini_par,t){

    #load data into cores

    source("human_pbpk.R")

    # Create dataframe of "events"that describe the dosing, which informs the

    # ODE function, and needs to have columns "var" = the state_variable that needs

    # to be changed,"time"= when the changes occurs,"value"=the value being changed

    # to,& "method"= how the new value interacts with the previous state variable

    # value. See ?deSolve::lsodes and ?deSolve::events.

    

    # combine or replace "base" parameters with case specific human parameters, 

    # carring out any calcuated paramters which are function of other specific case parameters 

    ini_pars <- initial_params_fun(params=ini_par)

    # STATE####

    # Subject specific UPDATES to the initial value of state variables

    st<-state_fun(st=state,ini_p=ini_pars)

    

    eventDat<-rbind(data.frame(var="ODOSEOXON",time=LL$time,

                               value=LL$ODOSEOXON ,	 

                               method="add",stringsAsFactors = FALSE),  # ("replace", "add", "multiply")

                    data.frame(var="ASTOMO",time=LL$time,

                               value=LL$ODOSEOXON ,	 

                               method="add",stringsAsFactors = FALSE))

    

    # DERIVATIVE ####

    # RUN MODEL 

    modelOutput<- ode(y = st, times = t,  #method = "lsodes",

                      func = Human_Model, parms = ini_pars,

                      events = list(data = eventDat[order(eventDat$time),]))

    result <- within(as.data.frame(modelOutput),{Level<-LL$Level[[1]]})

    return(result)

  },ini_par=params,t=times)

  stopCluster(c1)

  timestamp()

  ModelOutput<-do.call(rbind,modelOutput)##make big dataframe for evaluation

  

  #~~~END MODEL ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~####

  

  return(min(ModelOutput$RBCCE))

  

}



just_run_model <- function(dose){

  

  # TIMING COMMANDS ####

  MAXT=0.1       #maximum time step

  times<-seq(params[["TSTART"]],params[["TSTOP"]],by=MAXT)#

  

  # max number of points to write out to file

  POINTS_max<-10000  

  # if the more than 10000 timesteps, select evently spaced 10000 of them for reporting

  report_points<-if(length(times)<=POINTS_max) times else 

    times[seq(1,length(times),by=round(length(times)/POINTS_max))]

  table(report_points%in%times)#check all report values are in times.

  

  

  # Dosing ####

  

  # once daily oral exposure for food

  if (route=="food"){

    if (Ndays < 100) {

      A <- c(dose)

      B <- c(0)

      C <- c("time","doral")

      

      DORAL <- data.frame(B,A)

      colnames(DORAL) <- C

    } else {

      A <- rep(dose,Ndays+1)

      B <- seq(0,Ndays*24,by=24)

      C <- c("time","doral")

      

      DORAL <- data.frame(B,A)

      colnames(DORAL) <- C

    }

  }

  # dosing for water exposure

  if (route=="water"){

    if (Ndays < 100) {

      # 6x daily for age <= 12

      if (subject_age<=12){

        A <- rep(dose/6.0,6)

        B <- seq(0,20,by=4)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

      # 4x daily for age > 12

      else {

        A <- rep(dose/4.0,4)

        B <- seq(0,18,by=6)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

    } else {

      # 6x daily for age <= 12

      if (subject_age<=12){

        A <- rep(dose/6.0,Ndays*6+1)

        B <- seq(0,Ndays*24,by=4)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

      # 4x daily for age > 12

      else {

        A <- rep(dose/4.0,Ndays*4+1)

        B <- seq(0,Ndays*24,by=6)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

    }

  }

  

  All_Dose<-DORAL%>%

    mutate(ODOSEOXON=doral*(params[["BWST"]]/params[["MWOXON"]])

           *params[["FA"]], # DIM dose conversion (ug/kg to umol)

           Level=paste(doral[1],"ug/kg",sep="_"))

  

  #~~~~APPLY MODEL~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~#### 

  # Do parallel for speed

  c1<-makeCluster(min(cores,n_distinct(All_Dose$Level))) # cluster for parallel 

  timestamp()

  modelOutput<-parLapply(c1,split(All_Dose,All_Dose$Level), function (LL,ini_par,t){

    #load data into cores

    source("human_pbpk.R")

    # Create dataframe of "events"that describe the dosing, which informs the

    # ODE function, and needs to have columns "var" = the state_variable that needs

    # to be changed,"time"= when the changes occurs,"value"=the value being changed

    # to,& "method"= how the new value interacts with the previous state variable

    # value. See ?deSolve::lsodes and ?deSolve::events.

    

    # combine or replace "base" parameters with case specific human parameters, 

    # carring out any calcuated paramters which are function of other specific case parameters 

    ini_pars <- initial_params_fun(params=ini_par)

    # STATE####

    # Subject specific UPDATES to the initial value of state variables

    st<-state_fun(st=state,ini_p=ini_pars)

    

    eventDat<-rbind(data.frame(var="ODOSEOXON",time=LL$time,

                               value=LL$ODOSEOXON ,	 

                               method="add",stringsAsFactors = FALSE),  # ("replace", "add", "multiply")

                    data.frame(var="ASTOMO",time=LL$time,

                               value=LL$ODOSEOXON ,	 

                               method="add",stringsAsFactors = FALSE))

    

    # DERIVATIVE ####

    # RUN MODEL 

    modelOutput<- ode(y = st, times = t,  #method = "lsodes",

                      func = Human_Model, parms = ini_pars,

                      events = list(data = eventDat[order(eventDat$time),]))

    result <- within(as.data.frame(modelOutput),{Level<-LL$Level[[1]]})

    return(result)

  },ini_par=params,t=times)

  stopCluster(c1)

  timestamp()

  ModelOutput<-do.call(rbind,modelOutput)##make big dataframe for evaluation

  

  #~~~END MODEL ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~####

  

  return(ModelOutput)

  

}



PODcost <- function(test_dose){

  

  test_result <- minRBCCEO(test_dose*1000)

  test_error <- (test_result - 90.0)

  

  print(sprintf("%f  %f",test_dose,test_result))

  

  return(test_error*test_error)

}



AEDcost <- function(test_dose){

  

  test_result <- avgCBLO(test_dose*1000)

  test_error <- (test_result - ac_50)

  

  print(sprintf("%f  %f",test_dose,test_result))

  

  return(test_error*test_error)

}



# get the dose that reproduces the AC50 in blood concentration or 10% brain AChE inhibition



final_dose <- optim(par = 3.2, PODcost, method = "Brent",lower = 1, upper = 10, control = list(reltol = 1e-3))   # POD limits



# finally run the model for this concentration

ModelOutput <- just_run_model(final_dose$par*1000)



final_dose$par

min(ModelOutput$RBCCE)


rm(list = ls()) # Clear workspace



#set the working directory to the location of these scripts

#setwd(dirname(rstudioapi::getActiveDocumentContext()$path))



#Environment####

library(dplyr)

library(tidyr)

library(parallel)

# number of cores availabe on current machine

tot_cores<-detectCores(all.tests = FALSE, logical = TRUE)  

cores<-tot_cores-1 # leave one core for other tasks 



ac_50 <<- -999             # enter the AC50 value here; units = umol/L

Ndays = 2                        # number of days to simulate

target_chem = "parent"            # oxon or parent compound

body_weight = 81.5                 # body weight in kg

subject_age = 20

scenario_number = 1

route = "food"



source("human_pbpk.R") # Loads model and base parameters

source("malathion_human_parameters.R") # male and female specific parameters



# Intial_parameters####

sex = 1						 # 0=male, 1= Female

params<-c(params[!names(params)%in%names(human_parameters[[sex+1]])],

          human_parameters[[sex+1]])



# set case-specific parameters

params[["TSTART"]]<-0.0         # START SIMULATION (HR)

params[["TSTOP"]]=48      			# Simulation duration = 2 days

params[["AGE0"]]=subject_age

params[["BWSW"]] = 1   	 				# Switch for age (set =0) or set (set =1) if bwt provided

params[["BWST"]]= body_weight   	 			# kg

params[["FA"]]=1



# returns the average blood concentration of parent compound

# based on the daily dose of "dose" ug/kg/day

avgCBL <- function(dose){

  

  # TIMING COMMANDS ####

  MAXT=0.1       #maximum time step

  times<-seq(params[["TSTART"]],params[["TSTOP"]],by=MAXT)#

  

  # max number of points to write out to file

  POINTS_max<-10000  

  # if the more than 10000 timesteps, select evently spaced 10000 of them for reporting

  report_points<-if(length(times)<=POINTS_max) times else 

    times[seq(1,length(times),by=round(length(times)/POINTS_max))]

  table(report_points%in%times)#check all report values are in times.

  

  

  # Dosing ####

  

  # once daily oral exposure for food

  if (route=="food"){

    if (Ndays < 100) {

      A <- c(dose)

      B <- c(0)

      C <- c("time","doral")

      

      DORAL <- data.frame(B,A)

      colnames(DORAL) <- C

    } else {

      A <- rep(dose,Ndays+1)

      B <- seq(0,Ndays*24,by=24)

      C <- c("time","doral")

      

      DORAL <- data.frame(B,A)

      colnames(DORAL) <- C

    }

  }

  # dosing for water exposure

  if (route=="water"){

    if (Ndays < 100) {

      # 6x daily for age <= 12

      if (subject_age<=12){

        A <- rep(dose/6.0,6)

        B <- seq(0,20,by=4)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

      # 4x daily for age > 12

      else {

        A <- rep(dose/4.0,4)

        B <- seq(0,18,by=6)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

    } else {

      # 6x daily for age <= 12

      if (subject_age<=12){

        A <- rep(dose/6.0,Ndays*6+1)

        B <- seq(0,Ndays*24,by=4)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

      # 4x daily for age > 12

      else {

        A <- rep(dose/4.0,Ndays*4+1)

        B <- seq(0,Ndays*24,by=6)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

    }

  }

  

  

  All_Dose<-DORAL%>%

    mutate(ODOSE=doral*(params[["BWST"]]/params[["MWPAR"]])

           *params[["FA"]], # DIM dose conversion (ug/kg to umol)

           Level=paste(doral[1],"ug/kg",sep="_"))

  

  #~~~~APPLY MODEL~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~#### 

  # Do parallel for speed

  c1<-makeCluster(min(cores,n_distinct(All_Dose$Level))) # cluster for parallel 

  timestamp()

  modelOutput<-parLapply(c1,split(All_Dose,All_Dose$Level), function (LL,ini_par,t){

    #load data into cores

    source("human_pbpk.R")

    # Create dataframe of "events"that describe the dosing, which informs the

    # ODE function, and needs to have columns "var" = the state_variable that needs

    # to be changed,"time"= when the changes occurs,"value"=the value being changed

    # to,& "method"= how the new value interacts with the previous state variable

    # value. See ?deSolve::lsodes and ?deSolve::events.

    

    # combine or replace "base" parameters with case specific human parameters, 

    # carring out any calcuated paramters which are function of other specific case parameters 

    ini_pars <- initial_params_fun(params=ini_par)

    # STATE####

    # Subject specific UPDATES to the initial value of state variables

    st<-state_fun(st=state,ini_p=ini_pars)

    

    eventDat<-rbind(data.frame(var="ODOSE",time=LL$time,

                               value=LL$ODOSE ,	 

                               method="add",stringsAsFactors = FALSE),  # ("replace", "add", "multiply")

                    data.frame(var="ASTOM",time=LL$time,

                               value=LL$ODOSE ,	 

                               method="add",stringsAsFactors = FALSE))

    

    # DERIVATIVE ####

    # RUN MODEL 

    modelOutput<- ode(y = st, times = t,  #method = "lsodes",

                      func = Human_Model, parms = ini_pars,

                      events = list(data = eventDat[order(eventDat$time),]))

    result <- within(as.data.frame(modelOutput),{Level<-LL$Level[[1]]})

    return(result)

  },ini_par=params,t=times)

  stopCluster(c1)

  timestamp()

  ModelOutput<-do.call(rbind,modelOutput)##make big dataframe for evaluation



  

  return(mean(tail(ModelOutput$CBL,240)))

  

}



# returns the average blood concentration of oxon

# based on the daily dose of "dose" ug/kg/day

avgCBLO <- function(dose){

  

  # TIMING COMMANDS ####

  MAXT=0.1       #maximum time step

  times<-seq(params[["TSTART"]],params[["TSTOP"]],by=MAXT)#

  

  # max number of points to write out to file

  POINTS_max<-10000  

  # if the more than 10000 timesteps, select evently spaced 10000 of them for reporting

  report_points<-if(length(times)<=POINTS_max) times else 

    times[seq(1,length(times),by=round(length(times)/POINTS_max))]

  table(report_points%in%times)#check all report values are in times.

  

  

  # Dosing ####

  

  # once daily oral exposure for food

  if (route=="food"){

    if (Ndays < 100) {

      A <- c(dose)

      B <- c(0)

      C <- c("time","doral")

      

      DORAL <- data.frame(B,A)

      colnames(DORAL) <- C

    } else {

      A <- rep(dose,Ndays+1)

      B <- seq(0,Ndays*24,by=24)

      C <- c("time","doral")

      

      DORAL <- data.frame(B,A)

      colnames(DORAL) <- C

    }

  }

  # dosing for water exposure

  if (route=="water"){

    if (Ndays < 100) {

      # 6x daily for age <= 12

      if (subject_age<=12){

        A <- rep(dose/6.0,6)

        B <- seq(0,20,by=4)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

      # 4x daily for age > 12

      else {

        A <- rep(dose/4.0,4)

        B <- seq(0,18,by=6)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

    } else {

      # 6x daily for age <= 12

      if (subject_age<=12){

        A <- rep(dose/6.0,Ndays*6+1)

        B <- seq(0,Ndays*24,by=4)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

      # 4x daily for age > 12

      else {

        A <- rep(dose/4.0,Ndays*4+1)

        B <- seq(0,Ndays*24,by=6)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

    }

  }

  

  All_Dose<-DORAL%>%

    mutate(ODOSE=doral*(params[["BWST"]]/params[["MWPAR"]])

           *params[["FA"]], # DIM dose conversion (ug/kg to umol)

           Level=paste(doral[1],"ug/kg",sep="_"))

  

  #~~~~APPLY MODEL~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~#### 

  # Do parallel for speed

  c1<-makeCluster(min(cores,n_distinct(All_Dose$Level))) # cluster for parallel 

  timestamp()

  modelOutput<-parLapply(c1,split(All_Dose,All_Dose$Level), function (LL,ini_par,t){

    #load data into cores

    source("human_pbpk.R")

    # Create dataframe of "events"that describe the dosing, which informs the

    # ODE function, and needs to have columns "var" = the state_variable that needs

    # to be changed,"time"= when the changes occurs,"value"=the value being changed

    # to,& "method"= how the new value interacts with the previous state variable

    # value. See ?deSolve::lsodes and ?deSolve::events.

    

    # combine or replace "base" parameters with case specific human parameters, 

    # carring out any calcuated paramters which are function of other specific case parameters 

    ini_pars <- initial_params_fun(params=ini_par)

    # STATE####

    # Subject specific UPDATES to the initial value of state variables

    st<-state_fun(st=state,ini_p=ini_pars)

    

    eventDat<-rbind(data.frame(var="ODOSE",time=LL$time,

                               value=LL$ODOSE ,	 

                               method="add",stringsAsFactors = FALSE),  # ("replace", "add", "multiply")

                    data.frame(var="ASTOM",time=LL$time,

                               value=LL$ODOSE ,	 

                               method="add",stringsAsFactors = FALSE))

    

    # DERIVATIVE ####

    # RUN MODEL 

    modelOutput<- ode(y = st, times = t,  #method = "lsodes",

                      func = Human_Model, parms = ini_pars,

                      events = list(data = eventDat[order(eventDat$time),]))

    result <- within(as.data.frame(modelOutput),{Level<-LL$Level[[1]]})

    return(result)

  },ini_par=params,t=times)

  stopCluster(c1)

  timestamp()

  ModelOutput<-do.call(rbind,modelOutput)##make big dataframe for evaluation



  #~~~END MODEL ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~####

  

  return(mean(tail(ModelOutput$CBLO,240)))

  

}

minRBCCE <- function(dose){

  

  # TIMING COMMANDS ####

  MAXT=0.1       #maximum time step

  times<-seq(params[["TSTART"]],params[["TSTOP"]],by=MAXT)#

  

  # max number of points to write out to file

  POINTS_max<-10000  

  # if the more than 10000 timesteps, select evently spaced 10000 of them for reporting

  report_points<-if(length(times)<=POINTS_max) times else 

    times[seq(1,length(times),by=round(length(times)/POINTS_max))]

  table(report_points%in%times)#check all report values are in times.

  

  

  # Dosing ####

  

  # once daily oral exposure for food

  if (route=="food"){

    if (Ndays < 100) {

      A <- c(dose)

      B <- c(0)

      C <- c("time","doral")

      

      DORAL <- data.frame(B,A)

      colnames(DORAL) <- C

    } else {

      A <- rep(dose,Ndays+1)

      B <- seq(0,Ndays*24,by=24)

      C <- c("time","doral")

      

      DORAL <- data.frame(B,A)

      colnames(DORAL) <- C

    }

  }

  # dosing for water exposure

  if (route=="water"){

    if (Ndays < 100) {

      # 6x daily for age <= 12

      if (subject_age<=12){

        A <- rep(dose/6.0,6)

        B <- seq(0,20,by=4)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

      # 4x daily for age > 12

      else {

        A <- rep(dose/4.0,4)

        B <- seq(0,18,by=6)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

    } else {

      # 6x daily for age <= 12

      if (subject_age<=12){

        A <- rep(dose/6.0,Ndays*6+1)

        B <- seq(0,Ndays*24,by=4)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

      # 4x daily for age > 12

      else {

        A <- rep(dose/4.0,Ndays*4+1)

        B <- seq(0,Ndays*24,by=6)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

    }

  }

  

  All_Dose<-DORAL%>%

    mutate(ODOSE=doral*(params[["BWST"]]/params[["MWPAR"]])

           *params[["FA"]], # DIM dose conversion (ug/kg to umol)

           Level=paste(doral[1],"ug/kg",sep="_"))

  

  #~~~~APPLY MODEL~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~#### 

  # Do parallel for speed

  c1<-makeCluster(min(cores,n_distinct(All_Dose$Level))) # cluster for parallel 

  timestamp()

  modelOutput<-parLapply(c1,split(All_Dose,All_Dose$Level), function (LL,ini_par,t){

    #load data into cores

    source("human_pbpk.R")

    # Create dataframe of "events"that describe the dosing, which informs the

    # ODE function, and needs to have columns "var" = the state_variable that needs

    # to be changed,"time"= when the changes occurs,"value"=the value being changed

    # to,& "method"= how the new value interacts with the previous state variable

    # value. See ?deSolve::lsodes and ?deSolve::events.

    

    # combine or replace "base" parameters with case specific human parameters, 

    # carring out any calcuated paramters which are function of other specific case parameters 

    ini_pars <- initial_params_fun(params=ini_par)

    # STATE####

    # Subject specific UPDATES to the initial value of state variables

    st<-state_fun(st=state,ini_p=ini_pars)

    

    eventDat<-rbind(data.frame(var="ODOSE",time=LL$time,

                               value=LL$ODOSE ,	 

                               method="add",stringsAsFactors = FALSE),  # ("replace", "add", "multiply")

                    data.frame(var="ASTOM",time=LL$time,

                               value=LL$ODOSE ,	 

                               method="add",stringsAsFactors = FALSE))

    

    # DERIVATIVE ####

    # RUN MODEL 

    modelOutput<- ode(y = st, times = t,  #method = "lsodes",

                      func = Human_Model, parms = ini_pars,

                      events = list(data = eventDat[order(eventDat$time),]))

    result <- within(as.data.frame(modelOutput),{Level<-LL$Level[[1]]})

    return(result)

  },ini_par=params,t=times)

  stopCluster(c1)

  timestamp()

  ModelOutput<-do.call(rbind,modelOutput)##make big dataframe for evaluation

  

  #~~~END MODEL ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~####

  

  return(min(ModelOutput$RBCCE))

  

}





just_run_model <- function(dose){

  

  # TIMING COMMANDS ####

  MAXT=0.1       #maximum time step

  times<-seq(params[["TSTART"]],params[["TSTOP"]],by=MAXT)#

  

  # max number of points to write out to file

  POINTS_max<-10000  

  # if the more than 10000 timesteps, select evently spaced 10000 of them for reporting

  report_points<-if(length(times)<=POINTS_max) times else 

    times[seq(1,length(times),by=round(length(times)/POINTS_max))]

  table(report_points%in%times)#check all report values are in times.

  

  

  # Dosing ####

  

  # once daily oral exposure for food

  if (route=="food"){

    if (Ndays < 100) {

      A <- c(dose)

      B <- c(0)

      C <- c("time","doral")

      

      DORAL <- data.frame(B,A)

      colnames(DORAL) <- C

    } else {

      A <- rep(dose,Ndays+1)

      B <- seq(0,Ndays*24,by=24)

      C <- c("time","doral")

      

      DORAL <- data.frame(B,A)

      colnames(DORAL) <- C

    }

  }

  # dosing for water exposure

  if (route=="water"){

    if (Ndays < 100) {

      # 6x daily for age <= 12

      if (subject_age<=12){

        A <- rep(dose/6.0,6)

        B <- seq(0,20,by=4)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

      # 4x daily for age > 12

      else {

        A <- rep(dose/4.0,4)

        B <- seq(0,18,by=6)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

    } else {

      # 6x daily for age <= 12

      if (subject_age<=12){

        A <- rep(dose/6.0,Ndays*6+1)

        B <- seq(0,Ndays*24,by=4)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

      # 4x daily for age > 12

      else {

        A <- rep(dose/4.0,Ndays*4+1)

        B <- seq(0,Ndays*24,by=6)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

    }

  }

  

  All_Dose<-DORAL%>%

    mutate(ODOSE=doral*(params[["BWST"]]/params[["MWPAR"]])

           *params[["FA"]], # DIM dose conversion (ug/kg to umol)

           Level=paste(doral[1],"ug/kg",sep="_"))

  

  #~~~~APPLY MODEL~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~#### 

  # Do parallel for speed

  c1<-makeCluster(min(cores,n_distinct(All_Dose$Level))) # cluster for parallel 

  timestamp()

  modelOutput<-parLapply(c1,split(All_Dose,All_Dose$Level), function (LL,ini_par,t){

    #load data into cores

    source("human_pbpk.R")

    # Create dataframe of "events"that describe the dosing, which informs the

    # ODE function, and needs to have columns "var" = the state_variable that needs

    # to be changed,"time"= when the changes occurs,"value"=the value being changed

    # to,& "method"= how the new value interacts with the previous state variable

    # value. See ?deSolve::lsodes and ?deSolve::events.

    

    # combine or replace "base" parameters with case specific human parameters, 

    # carring out any calcuated paramters which are function of other specific case parameters 

    ini_pars <- initial_params_fun(params=ini_par)

    # STATE####

    # Subject specific UPDATES to the initial value of state variables

    st<-state_fun(st=state,ini_p=ini_pars)

    

    eventDat<-rbind(data.frame(var="ODOSE",time=LL$time,

                               value=LL$ODOSE ,	 

                               method="add",stringsAsFactors = FALSE),  # ("replace", "add", "multiply")

                    data.frame(var="ASTOM",time=LL$time,

                               value=LL$ODOSE ,	 

                               method="add",stringsAsFactors = FALSE))

    

    # DERIVATIVE ####

    # RUN MODEL 

    modelOutput<- ode(y = st, times = t,  #method = "lsodes",

                      func = Human_Model, parms = ini_pars,

                      events = list(data = eventDat[order(eventDat$time),]))

    result <- within(as.data.frame(modelOutput),{Level<-LL$Level[[1]]})

    return(result)

  },ini_par=params,t=times)

  stopCluster(c1)

  timestamp()

  ModelOutput<-do.call(rbind,modelOutput)##make big dataframe for evaluation

  

  #~~~END MODEL ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~####

  

  return(ModelOutput)

  

}



PODcost <- function(test_dose){

  

  test_result <- minRBCCE(test_dose*1000)

  test_error <- (test_result - 90.0)

  

  print(sprintf("%f  %f",test_dose,test_result))

  

  return(test_error*test_error)

}



AEDcost <- function(test_dose){

  

  test_result <- avgCBL(test_dose*1000)

  test_error <- (test_result - ac_50)

  

  print(sprintf("%f  %f",test_dose,test_result))

  

  return(test_error*test_error)

}



# get the dose that reproduces the AC50 in blood concentration or 10% brain AChE inhibition



final_dose <- optim(par = 92.9, PODcost, method = "Brent",lower = 90, upper = 95, control = list(reltol = 1e-3))   # POD limits



# finally run the model for this concentration

ModelOutput <- just_run_model(final_dose$par*1000)



final_dose$par

min(ModelOutput$RBCCE)


rm(list = ls()) # Clear workspace



#set the working directory to the location of these scripts

#setwd(dirname(rstudioapi::getActiveDocumentContext()$path))



#Environment####

library(dplyr)

library(tidyr)

library(parallel)

# number of cores availabe on current machine

tot_cores<-detectCores(all.tests = FALSE, logical = TRUE)  

cores<-tot_cores-1 # leave one core for other tasks 



ac_50 <<- -999             # enter the AC50 value here; units = umol/L

Ndays = 2                        # number of days to simulate

target_chem = "oxon"            # oxon or parent compound

body_weight = 81.2                 # body weight in kg

subject_age = 50

scenario_number = 1

route = "food"



source("human_pbpk.R") # Loads model and base parameters

source("malathion_human_parameters.R") # male and female specific parameters



# Intial_parameters####

sex = 1						 # 0=male, 1= Female

params<-c(params[!names(params)%in%names(human_parameters[[sex+1]])],

          human_parameters[[sex+1]])



# set case-specific parameters

params[["TSTART"]]<-0.0         # START SIMULATION (HR)

params[["TSTOP"]]=48      			# Simulation duration = 2 days

params[["AGE0"]]=subject_age

params[["BWSW"]] = 1   	 				# Switch for age (set =0) or set (set =1) if bwt provided

params[["BWST"]]= body_weight   	 			# kg

params[["FA"]]=1



# returns the average blood concentration of oxon

# based on the daily dose of "dose" ug/kg/day

avgCBLO <- function(dose){

  

  # TIMING COMMANDS ####

  MAXT=0.1       #maximum time step

  times<-seq(params[["TSTART"]],params[["TSTOP"]],by=MAXT)#

  

  # max number of points to write out to file

  POINTS_max<-10000  

  # if the more than 10000 timesteps, select evently spaced 10000 of them for reporting

  report_points<-if(length(times)<=POINTS_max) times else 

    times[seq(1,length(times),by=round(length(times)/POINTS_max))]

  table(report_points%in%times)#check all report values are in times.

  

  

  # Dosing ####

  

  # once daily oral exposure for food

  if (route=="food"){

    if (Ndays < 100) {

      A <- c(dose)

      B <- c(0)

      C <- c("time","doral")

      

      DORAL <- data.frame(B,A)

      colnames(DORAL) <- C

    } else {

      A <- rep(dose,Ndays+1)

      B <- seq(0,Ndays*24,by=24)

      C <- c("time","doral")

      

      DORAL <- data.frame(B,A)

      colnames(DORAL) <- C

    }

  }

  # dosing for water exposure

  if (route=="water"){

    if (Ndays < 100) {

      # 6x daily for age <= 12

      if (subject_age<=12){

        A <- rep(dose/6.0,6)

        B <- seq(0,20,by=4)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

      # 4x daily for age > 12

      else {

        A <- rep(dose/4.0,4)

        B <- seq(0,18,by=6)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

    } else {

      # 6x daily for age <= 12

      if (subject_age<=12){

        A <- rep(dose/6.0,Ndays*6+1)

        B <- seq(0,Ndays*24,by=4)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

      # 4x daily for age > 12

      else {

        A <- rep(dose/4.0,Ndays*4+1)

        B <- seq(0,Ndays*24,by=6)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

    }

  }

  

  All_Dose<-DORAL%>%

    mutate(ODOSEOXON=doral*(params[["BWST"]]/params[["MWOXON"]])

           *params[["FA"]], # DIM dose conversion (ug/kg to umol)

           Level=paste(doral[1],"ug/kg",sep="_"))

  

  #~~~~APPLY MODEL~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~#### 

  # Do parallel for speed

  c1<-makeCluster(min(cores,n_distinct(All_Dose$Level))) # cluster for parallel 

  timestamp()

  modelOutput<-parLapply(c1,split(All_Dose,All_Dose$Level), function (LL,ini_par,t){

    #load data into cores

    source("human_pbpk.R")

    # Create dataframe of "events"that describe the dosing, which informs the

    # ODE function, and needs to have columns "var" = the state_variable that needs

    # to be changed,"time"= when the changes occurs,"value"=the value being changed

    # to,& "method"= how the new value interacts with the previous state variable

    # value. See ?deSolve::lsodes and ?deSolve::events.

    

    # combine or replace "base" parameters with case specific human parameters, 

    # carring out any calcuated paramters which are function of other specific case parameters 

    ini_pars <- initial_params_fun(params=ini_par)

    # STATE####

    # Subject specific UPDATES to the initial value of state variables

    st<-state_fun(st=state,ini_p=ini_pars)

    

    eventDat<-rbind(data.frame(var="ODOSEOXON",time=LL$time,

                               value=LL$ODOSEOXON ,	 

                               method="add",stringsAsFactors = FALSE),  # ("replace", "add", "multiply")

                    data.frame(var="ASTOMO",time=LL$time,

                               value=LL$ODOSEOXON ,	 

                               method="add",stringsAsFactors = FALSE))

    

    # DERIVATIVE ####

    # RUN MODEL 

    modelOutput<- ode(y = st, times = t,  #method = "lsodes",

                      func = Human_Model, parms = ini_pars,

                      events = list(data = eventDat[order(eventDat$time),]))

    result <- within(as.data.frame(modelOutput),{Level<-LL$Level[[1]]})

    return(result)

  },ini_par=params,t=times)

  stopCluster(c1)

  timestamp()

  ModelOutput<-do.call(rbind,modelOutput)##make big dataframe for evaluation



  #~~~END MODEL ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~####

  

  return(mean(tail(ModelOutput$CBLO,240)))

  

}



minRBCCEO <- function(dose){

  

  # TIMING COMMANDS ####

  MAXT=0.1       #maximum time step

  times<-seq(params[["TSTART"]],params[["TSTOP"]],by=MAXT)#

  

  # max number of points to write out to file

  POINTS_max<-10000  

  # if the more than 10000 timesteps, select evently spaced 10000 of them for reporting

  report_points<-if(length(times)<=POINTS_max) times else 

    times[seq(1,length(times),by=round(length(times)/POINTS_max))]

  table(report_points%in%times)#check all report values are in times.

  

  

  # Dosing ####

  

  # once daily oral exposure for food

  if (route=="food"){

    if (Ndays < 100) {

      A <- c(dose)

      B <- c(0)

      C <- c("time","doral")

      

      DORAL <- data.frame(B,A)

      colnames(DORAL) <- C

    } else {

      A <- rep(dose,Ndays+1)

      B <- seq(0,Ndays*24,by=24)

      C <- c("time","doral")

      

      DORAL <- data.frame(B,A)

      colnames(DORAL) <- C

    }

  }

  # dosing for water exposure

  if (route=="water"){

    if (Ndays < 100) {

      # 6x daily for age <= 12

      if (subject_age<=12){

        A <- rep(dose/6.0,6)

        B <- seq(0,20,by=4)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

      # 4x daily for age > 12

      else {

        A <- rep(dose/4.0,4)

        B <- seq(0,18,by=6)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

    } else {

      # 6x daily for age <= 12

      if (subject_age<=12){

        A <- rep(dose/6.0,Ndays*6+1)

        B <- seq(0,Ndays*24,by=4)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

      # 4x daily for age > 12

      else {

        A <- rep(dose/4.0,Ndays*4+1)

        B <- seq(0,Ndays*24,by=6)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

    }

  }

  

  All_Dose<-DORAL%>%

    mutate(ODOSEOXON=doral*(params[["BWST"]]/params[["MWOXON"]])

           *params[["FA"]], # DIM dose conversion (ug/kg to umol)

           Level=paste(doral[1],"ug/kg",sep="_"))

  

  #~~~~APPLY MODEL~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~#### 

  # Do parallel for speed

  c1<-makeCluster(min(cores,n_distinct(All_Dose$Level))) # cluster for parallel 

  timestamp()

  modelOutput<-parLapply(c1,split(All_Dose,All_Dose$Level), function (LL,ini_par,t){

    #load data into cores

    source("human_pbpk.R")

    # Create dataframe of "events"that describe the dosing, which informs the

    # ODE function, and needs to have columns "var" = the state_variable that needs

    # to be changed,"time"= when the changes occurs,"value"=the value being changed

    # to,& "method"= how the new value interacts with the previous state variable

    # value. See ?deSolve::lsodes and ?deSolve::events.

    

    # combine or replace "base" parameters with case specific human parameters, 

    # carring out any calcuated paramters which are function of other specific case parameters 

    ini_pars <- initial_params_fun(params=ini_par)

    # STATE####

    # Subject specific UPDATES to the initial value of state variables

    st<-state_fun(st=state,ini_p=ini_pars)

    

    eventDat<-rbind(data.frame(var="ODOSEOXON",time=LL$time,

                               value=LL$ODOSEOXON ,	 

                               method="add",stringsAsFactors = FALSE),  # ("replace", "add", "multiply")

                    data.frame(var="ASTOMO",time=LL$time,

                               value=LL$ODOSEOXON ,	 

                               method="add",stringsAsFactors = FALSE))

    

    # DERIVATIVE ####

    # RUN MODEL 

    modelOutput<- ode(y = st, times = t,  #method = "lsodes",

                      func = Human_Model, parms = ini_pars,

                      events = list(data = eventDat[order(eventDat$time),]))

    result <- within(as.data.frame(modelOutput),{Level<-LL$Level[[1]]})

    return(result)

  },ini_par=params,t=times)

  stopCluster(c1)

  timestamp()

  ModelOutput<-do.call(rbind,modelOutput)##make big dataframe for evaluation

  

  #~~~END MODEL ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~####

  

  return(min(ModelOutput$RBCCE))

  

}



just_run_model <- function(dose){

  

  # TIMING COMMANDS ####

  MAXT=0.1       #maximum time step

  times<-seq(params[["TSTART"]],params[["TSTOP"]],by=MAXT)#

  

  # max number of points to write out to file

  POINTS_max<-10000  

  # if the more than 10000 timesteps, select evently spaced 10000 of them for reporting

  report_points<-if(length(times)<=POINTS_max) times else 

    times[seq(1,length(times),by=round(length(times)/POINTS_max))]

  table(report_points%in%times)#check all report values are in times.

  

  

  # Dosing ####

  

  # once daily oral exposure for food

  if (route=="food"){

    if (Ndays < 100) {

      A <- c(dose)

      B <- c(0)

      C <- c("time","doral")

      

      DORAL <- data.frame(B,A)

      colnames(DORAL) <- C

    } else {

      A <- rep(dose,Ndays+1)

      B <- seq(0,Ndays*24,by=24)

      C <- c("time","doral")

      

      DORAL <- data.frame(B,A)

      colnames(DORAL) <- C

    }

  }

  # dosing for water exposure

  if (route=="water"){

    if (Ndays < 100) {

      # 6x daily for age <= 12

      if (subject_age<=12){

        A <- rep(dose/6.0,6)

        B <- seq(0,20,by=4)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

      # 4x daily for age > 12

      else {

        A <- rep(dose/4.0,4)

        B <- seq(0,18,by=6)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

    } else {

      # 6x daily for age <= 12

      if (subject_age<=12){

        A <- rep(dose/6.0,Ndays*6+1)

        B <- seq(0,Ndays*24,by=4)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

      # 4x daily for age > 12

      else {

        A <- rep(dose/4.0,Ndays*4+1)

        B <- seq(0,Ndays*24,by=6)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

    }

  }

  

  All_Dose<-DORAL%>%

    mutate(ODOSEOXON=doral*(params[["BWST"]]/params[["MWOXON"]])

           *params[["FA"]], # DIM dose conversion (ug/kg to umol)

           Level=paste(doral[1],"ug/kg",sep="_"))

  

  #~~~~APPLY MODEL~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~#### 

  # Do parallel for speed

  c1<-makeCluster(min(cores,n_distinct(All_Dose$Level))) # cluster for parallel 

  timestamp()

  modelOutput<-parLapply(c1,split(All_Dose,All_Dose$Level), function (LL,ini_par,t){

    #load data into cores

    source("human_pbpk.R")

    # Create dataframe of "events"that describe the dosing, which informs the

    # ODE function, and needs to have columns "var" = the state_variable that needs

    # to be changed,"time"= when the changes occurs,"value"=the value being changed

    # to,& "method"= how the new value interacts with the previous state variable

    # value. See ?deSolve::lsodes and ?deSolve::events.

    

    # combine or replace "base" parameters with case specific human parameters, 

    # carring out any calcuated paramters which are function of other specific case parameters 

    ini_pars <- initial_params_fun(params=ini_par)

    # STATE####

    # Subject specific UPDATES to the initial value of state variables

    st<-state_fun(st=state,ini_p=ini_pars)

    

    eventDat<-rbind(data.frame(var="ODOSEOXON",time=LL$time,

                               value=LL$ODOSEOXON ,	 

                               method="add",stringsAsFactors = FALSE),  # ("replace", "add", "multiply")

                    data.frame(var="ASTOMO",time=LL$time,

                               value=LL$ODOSEOXON ,	 

                               method="add",stringsAsFactors = FALSE))

    

    # DERIVATIVE ####

    # RUN MODEL 

    modelOutput<- ode(y = st, times = t,  #method = "lsodes",

                      func = Human_Model, parms = ini_pars,

                      events = list(data = eventDat[order(eventDat$time),]))

    result <- within(as.data.frame(modelOutput),{Level<-LL$Level[[1]]})

    return(result)

  },ini_par=params,t=times)

  stopCluster(c1)

  timestamp()

  ModelOutput<-do.call(rbind,modelOutput)##make big dataframe for evaluation

  

  #~~~END MODEL ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~####

  

  return(ModelOutput)

  

}



PODcost <- function(test_dose){

  

  test_result <- minRBCCEO(test_dose*1000)

  test_error <- (test_result - 90.0)

  

  print(sprintf("%f  %f",test_dose,test_result))

  

  return(test_error*test_error)

}



AEDcost <- function(test_dose){

  

  test_result <- avgCBLO(test_dose*1000)

  test_error <- (test_result - ac_50)

  

  print(sprintf("%f  %f",test_dose,test_result))

  

  return(test_error*test_error)

}



# get the dose that reproduces the AC50 in blood concentration or 10% brain AChE inhibition



final_dose <- optim(par = 3.2, PODcost, method = "Brent",lower = 1, upper = 10, control = list(reltol = 1e-3))   # POD limits



# finally run the model for this concentration

ModelOutput <- just_run_model(final_dose$par*1000)



final_dose$par

min(ModelOutput$RBCCE)


rm(list = ls()) # Clear workspace



#set the working directory to the location of these scripts

#setwd(dirname(rstudioapi::getActiveDocumentContext()$path))



#Environment####

library(dplyr)

library(tidyr)

library(parallel)

# number of cores availabe on current machine

tot_cores<-detectCores(all.tests = FALSE, logical = TRUE)  

cores<-tot_cores-1 # leave one core for other tasks 



ac_50 <<- -999             # enter the AC50 value here; units = umol/L

Ndays = 2                        # number of days to simulate

target_chem = "parent"            # oxon or parent compound

body_weight = 81.2                 # body weight in kg

subject_age = 50

scenario_number = 1

route = "food"



source("human_pbpk.R") # Loads model and base parameters

source("malathion_human_parameters.R") # male and female specific parameters



# Intial_parameters####

sex = 1						 # 0=male, 1= Female

params<-c(params[!names(params)%in%names(human_parameters[[sex+1]])],

          human_parameters[[sex+1]])



# set case-specific parameters

params[["TSTART"]]<-0.0         # START SIMULATION (HR)

params[["TSTOP"]]=48      			# Simulation duration = 2 days

params[["AGE0"]]=subject_age

params[["BWSW"]] = 1   	 				# Switch for age (set =0) or set (set =1) if bwt provided

params[["BWST"]]= body_weight   	 			# kg

params[["FA"]]=1



# returns the average blood concentration of parent compound

# based on the daily dose of "dose" ug/kg/day

avgCBL <- function(dose){

  

  # TIMING COMMANDS ####

  MAXT=0.1       #maximum time step

  times<-seq(params[["TSTART"]],params[["TSTOP"]],by=MAXT)#

  

  # max number of points to write out to file

  POINTS_max<-10000  

  # if the more than 10000 timesteps, select evently spaced 10000 of them for reporting

  report_points<-if(length(times)<=POINTS_max) times else 

    times[seq(1,length(times),by=round(length(times)/POINTS_max))]

  table(report_points%in%times)#check all report values are in times.

  

  

  # Dosing ####

  

  # once daily oral exposure for food

  if (route=="food"){

    if (Ndays < 100) {

      A <- c(dose)

      B <- c(0)

      C <- c("time","doral")

      

      DORAL <- data.frame(B,A)

      colnames(DORAL) <- C

    } else {

      A <- rep(dose,Ndays+1)

      B <- seq(0,Ndays*24,by=24)

      C <- c("time","doral")

      

      DORAL <- data.frame(B,A)

      colnames(DORAL) <- C

    }

  }

  # dosing for water exposure

  if (route=="water"){

    if (Ndays < 100) {

      # 6x daily for age <= 12

      if (subject_age<=12){

        A <- rep(dose/6.0,6)

        B <- seq(0,20,by=4)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

      # 4x daily for age > 12

      else {

        A <- rep(dose/4.0,4)

        B <- seq(0,18,by=6)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

    } else {

      # 6x daily for age <= 12

      if (subject_age<=12){

        A <- rep(dose/6.0,Ndays*6+1)

        B <- seq(0,Ndays*24,by=4)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

      # 4x daily for age > 12

      else {

        A <- rep(dose/4.0,Ndays*4+1)

        B <- seq(0,Ndays*24,by=6)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

    }

  }

  

  

  All_Dose<-DORAL%>%

    mutate(ODOSE=doral*(params[["BWST"]]/params[["MWPAR"]])

           *params[["FA"]], # DIM dose conversion (ug/kg to umol)

           Level=paste(doral[1],"ug/kg",sep="_"))

  

  #~~~~APPLY MODEL~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~#### 

  # Do parallel for speed

  c1<-makeCluster(min(cores,n_distinct(All_Dose$Level))) # cluster for parallel 

  timestamp()

  modelOutput<-parLapply(c1,split(All_Dose,All_Dose$Level), function (LL,ini_par,t){

    #load data into cores

    source("human_pbpk.R")

    # Create dataframe of "events"that describe the dosing, which informs the

    # ODE function, and needs to have columns "var" = the state_variable that needs

    # to be changed,"time"= when the changes occurs,"value"=the value being changed

    # to,& "method"= how the new value interacts with the previous state variable

    # value. See ?deSolve::lsodes and ?deSolve::events.

    

    # combine or replace "base" parameters with case specific human parameters, 

    # carring out any calcuated paramters which are function of other specific case parameters 

    ini_pars <- initial_params_fun(params=ini_par)

    # STATE####

    # Subject specific UPDATES to the initial value of state variables

    st<-state_fun(st=state,ini_p=ini_pars)

    

    eventDat<-rbind(data.frame(var="ODOSE",time=LL$time,

                               value=LL$ODOSE ,	 

                               method="add",stringsAsFactors = FALSE),  # ("replace", "add", "multiply")

                    data.frame(var="ASTOM",time=LL$time,

                               value=LL$ODOSE ,	 

                               method="add",stringsAsFactors = FALSE))

    

    # DERIVATIVE ####

    # RUN MODEL 

    modelOutput<- ode(y = st, times = t,  #method = "lsodes",

                      func = Human_Model, parms = ini_pars,

                      events = list(data = eventDat[order(eventDat$time),]))

    result <- within(as.data.frame(modelOutput),{Level<-LL$Level[[1]]})

    return(result)

  },ini_par=params,t=times)

  stopCluster(c1)

  timestamp()

  ModelOutput<-do.call(rbind,modelOutput)##make big dataframe for evaluation



  

  return(mean(tail(ModelOutput$CBL,240)))

  

}



# returns the average blood concentration of oxon

# based on the daily dose of "dose" ug/kg/day

avgCBLO <- function(dose){

  

  # TIMING COMMANDS ####

  MAXT=0.1       #maximum time step

  times<-seq(params[["TSTART"]],params[["TSTOP"]],by=MAXT)#

  

  # max number of points to write out to file

  POINTS_max<-10000  

  # if the more than 10000 timesteps, select evently spaced 10000 of them for reporting

  report_points<-if(length(times)<=POINTS_max) times else 

    times[seq(1,length(times),by=round(length(times)/POINTS_max))]

  table(report_points%in%times)#check all report values are in times.

  

  

  # Dosing ####

  

  # once daily oral exposure for food

  if (route=="food"){

    if (Ndays < 100) {

      A <- c(dose)

      B <- c(0)

      C <- c("time","doral")

      

      DORAL <- data.frame(B,A)

      colnames(DORAL) <- C

    } else {

      A <- rep(dose,Ndays+1)

      B <- seq(0,Ndays*24,by=24)

      C <- c("time","doral")

      

      DORAL <- data.frame(B,A)

      colnames(DORAL) <- C

    }

  }

  # dosing for water exposure

  if (route=="water"){

    if (Ndays < 100) {

      # 6x daily for age <= 12

      if (subject_age<=12){

        A <- rep(dose/6.0,6)

        B <- seq(0,20,by=4)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

      # 4x daily for age > 12

      else {

        A <- rep(dose/4.0,4)

        B <- seq(0,18,by=6)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

    } else {

      # 6x daily for age <= 12

      if (subject_age<=12){

        A <- rep(dose/6.0,Ndays*6+1)

        B <- seq(0,Ndays*24,by=4)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

      # 4x daily for age > 12

      else {

        A <- rep(dose/4.0,Ndays*4+1)

        B <- seq(0,Ndays*24,by=6)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

    }

  }

  

  All_Dose<-DORAL%>%

    mutate(ODOSE=doral*(params[["BWST"]]/params[["MWPAR"]])

           *params[["FA"]], # DIM dose conversion (ug/kg to umol)

           Level=paste(doral[1],"ug/kg",sep="_"))

  

  #~~~~APPLY MODEL~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~#### 

  # Do parallel for speed

  c1<-makeCluster(min(cores,n_distinct(All_Dose$Level))) # cluster for parallel 

  timestamp()

  modelOutput<-parLapply(c1,split(All_Dose,All_Dose$Level), function (LL,ini_par,t){

    #load data into cores

    source("human_pbpk.R")

    # Create dataframe of "events"that describe the dosing, which informs the

    # ODE function, and needs to have columns "var" = the state_variable that needs

    # to be changed,"time"= when the changes occurs,"value"=the value being changed

    # to,& "method"= how the new value interacts with the previous state variable

    # value. See ?deSolve::lsodes and ?deSolve::events.

    

    # combine or replace "base" parameters with case specific human parameters, 

    # carring out any calcuated paramters which are function of other specific case parameters 

    ini_pars <- initial_params_fun(params=ini_par)

    # STATE####

    # Subject specific UPDATES to the initial value of state variables

    st<-state_fun(st=state,ini_p=ini_pars)

    

    eventDat<-rbind(data.frame(var="ODOSE",time=LL$time,

                               value=LL$ODOSE ,	 

                               method="add",stringsAsFactors = FALSE),  # ("replace", "add", "multiply")

                    data.frame(var="ASTOM",time=LL$time,

                               value=LL$ODOSE ,	 

                               method="add",stringsAsFactors = FALSE))

    

    # DERIVATIVE ####

    # RUN MODEL 

    modelOutput<- ode(y = st, times = t,  #method = "lsodes",

                      func = Human_Model, parms = ini_pars,

                      events = list(data = eventDat[order(eventDat$time),]))

    result <- within(as.data.frame(modelOutput),{Level<-LL$Level[[1]]})

    return(result)

  },ini_par=params,t=times)

  stopCluster(c1)

  timestamp()

  ModelOutput<-do.call(rbind,modelOutput)##make big dataframe for evaluation



  #~~~END MODEL ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~####

  

  return(mean(tail(ModelOutput$CBLO,240)))

  

}

minRBCCE <- function(dose){

  

  # TIMING COMMANDS ####

  MAXT=0.1       #maximum time step

  times<-seq(params[["TSTART"]],params[["TSTOP"]],by=MAXT)#

  

  # max number of points to write out to file

  POINTS_max<-10000  

  # if the more than 10000 timesteps, select evently spaced 10000 of them for reporting

  report_points<-if(length(times)<=POINTS_max) times else 

    times[seq(1,length(times),by=round(length(times)/POINTS_max))]

  table(report_points%in%times)#check all report values are in times.

  

  

  # Dosing ####

  

  # once daily oral exposure for food

  if (route=="food"){

    if (Ndays < 100) {

      A <- c(dose)

      B <- c(0)

      C <- c("time","doral")

      

      DORAL <- data.frame(B,A)

      colnames(DORAL) <- C

    } else {

      A <- rep(dose,Ndays+1)

      B <- seq(0,Ndays*24,by=24)

      C <- c("time","doral")

      

      DORAL <- data.frame(B,A)

      colnames(DORAL) <- C

    }

  }

  # dosing for water exposure

  if (route=="water"){

    if (Ndays < 100) {

      # 6x daily for age <= 12

      if (subject_age<=12){

        A <- rep(dose/6.0,6)

        B <- seq(0,20,by=4)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

      # 4x daily for age > 12

      else {

        A <- rep(dose/4.0,4)

        B <- seq(0,18,by=6)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

    } else {

      # 6x daily for age <= 12

      if (subject_age<=12){

        A <- rep(dose/6.0,Ndays*6+1)

        B <- seq(0,Ndays*24,by=4)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

      # 4x daily for age > 12

      else {

        A <- rep(dose/4.0,Ndays*4+1)

        B <- seq(0,Ndays*24,by=6)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

    }

  }

  

  All_Dose<-DORAL%>%

    mutate(ODOSE=doral*(params[["BWST"]]/params[["MWPAR"]])

           *params[["FA"]], # DIM dose conversion (ug/kg to umol)

           Level=paste(doral[1],"ug/kg",sep="_"))

  

  #~~~~APPLY MODEL~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~#### 

  # Do parallel for speed

  c1<-makeCluster(min(cores,n_distinct(All_Dose$Level))) # cluster for parallel 

  timestamp()

  modelOutput<-parLapply(c1,split(All_Dose,All_Dose$Level), function (LL,ini_par,t){

    #load data into cores

    source("human_pbpk.R")

    # Create dataframe of "events"that describe the dosing, which informs the

    # ODE function, and needs to have columns "var" = the state_variable that needs

    # to be changed,"time"= when the changes occurs,"value"=the value being changed

    # to,& "method"= how the new value interacts with the previous state variable

    # value. See ?deSolve::lsodes and ?deSolve::events.

    

    # combine or replace "base" parameters with case specific human parameters, 

    # carring out any calcuated paramters which are function of other specific case parameters 

    ini_pars <- initial_params_fun(params=ini_par)

    # STATE####

    # Subject specific UPDATES to the initial value of state variables

    st<-state_fun(st=state,ini_p=ini_pars)

    

    eventDat<-rbind(data.frame(var="ODOSE",time=LL$time,

                               value=LL$ODOSE ,	 

                               method="add",stringsAsFactors = FALSE),  # ("replace", "add", "multiply")

                    data.frame(var="ASTOM",time=LL$time,

                               value=LL$ODOSE ,	 

                               method="add",stringsAsFactors = FALSE))

    

    # DERIVATIVE ####

    # RUN MODEL 

    modelOutput<- ode(y = st, times = t,  #method = "lsodes",

                      func = Human_Model, parms = ini_pars,

                      events = list(data = eventDat[order(eventDat$time),]))

    result <- within(as.data.frame(modelOutput),{Level<-LL$Level[[1]]})

    return(result)

  },ini_par=params,t=times)

  stopCluster(c1)

  timestamp()

  ModelOutput<-do.call(rbind,modelOutput)##make big dataframe for evaluation

  

  #~~~END MODEL ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~####

  

  return(min(ModelOutput$RBCCE))

  

}





just_run_model <- function(dose){

  

  # TIMING COMMANDS ####

  MAXT=0.1       #maximum time step

  times<-seq(params[["TSTART"]],params[["TSTOP"]],by=MAXT)#

  

  # max number of points to write out to file

  POINTS_max<-10000  

  # if the more than 10000 timesteps, select evently spaced 10000 of them for reporting

  report_points<-if(length(times)<=POINTS_max) times else 

    times[seq(1,length(times),by=round(length(times)/POINTS_max))]

  table(report_points%in%times)#check all report values are in times.

  

  

  # Dosing ####

  

  # once daily oral exposure for food

  if (route=="food"){

    if (Ndays < 100) {

      A <- c(dose)

      B <- c(0)

      C <- c("time","doral")

      

      DORAL <- data.frame(B,A)

      colnames(DORAL) <- C

    } else {

      A <- rep(dose,Ndays+1)

      B <- seq(0,Ndays*24,by=24)

      C <- c("time","doral")

      

      DORAL <- data.frame(B,A)

      colnames(DORAL) <- C

    }

  }

  # dosing for water exposure

  if (route=="water"){

    if (Ndays < 100) {

      # 6x daily for age <= 12

      if (subject_age<=12){

        A <- rep(dose/6.0,6)

        B <- seq(0,20,by=4)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

      # 4x daily for age > 12

      else {

        A <- rep(dose/4.0,4)

        B <- seq(0,18,by=6)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

    } else {

      # 6x daily for age <= 12

      if (subject_age<=12){

        A <- rep(dose/6.0,Ndays*6+1)

        B <- seq(0,Ndays*24,by=4)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

      # 4x daily for age > 12

      else {

        A <- rep(dose/4.0,Ndays*4+1)

        B <- seq(0,Ndays*24,by=6)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

    }

  }

  

  All_Dose<-DORAL%>%

    mutate(ODOSE=doral*(params[["BWST"]]/params[["MWPAR"]])

           *params[["FA"]], # DIM dose conversion (ug/kg to umol)

           Level=paste(doral[1],"ug/kg",sep="_"))

  

  #~~~~APPLY MODEL~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~#### 

  # Do parallel for speed

  c1<-makeCluster(min(cores,n_distinct(All_Dose$Level))) # cluster for parallel 

  timestamp()

  modelOutput<-parLapply(c1,split(All_Dose,All_Dose$Level), function (LL,ini_par,t){

    #load data into cores

    source("human_pbpk.R")

    # Create dataframe of "events"that describe the dosing, which informs the

    # ODE function, and needs to have columns "var" = the state_variable that needs

    # to be changed,"time"= when the changes occurs,"value"=the value being changed

    # to,& "method"= how the new value interacts with the previous state variable

    # value. See ?deSolve::lsodes and ?deSolve::events.

    

    # combine or replace "base" parameters with case specific human parameters, 

    # carring out any calcuated paramters which are function of other specific case parameters 

    ini_pars <- initial_params_fun(params=ini_par)

    # STATE####

    # Subject specific UPDATES to the initial value of state variables

    st<-state_fun(st=state,ini_p=ini_pars)

    

    eventDat<-rbind(data.frame(var="ODOSE",time=LL$time,

                               value=LL$ODOSE ,	 

                               method="add",stringsAsFactors = FALSE),  # ("replace", "add", "multiply")

                    data.frame(var="ASTOM",time=LL$time,

                               value=LL$ODOSE ,	 

                               method="add",stringsAsFactors = FALSE))

    

    # DERIVATIVE ####

    # RUN MODEL 

    modelOutput<- ode(y = st, times = t,  #method = "lsodes",

                      func = Human_Model, parms = ini_pars,

                      events = list(data = eventDat[order(eventDat$time),]))

    result <- within(as.data.frame(modelOutput),{Level<-LL$Level[[1]]})

    return(result)

  },ini_par=params,t=times)

  stopCluster(c1)

  timestamp()

  ModelOutput<-do.call(rbind,modelOutput)##make big dataframe for evaluation

  

  #~~~END MODEL ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~####

  

  return(ModelOutput)

  

}



PODcost <- function(test_dose){

  

  test_result <- minRBCCE(test_dose*1000)

  test_error <- (test_result - 90.0)

  

  print(sprintf("%f  %f",test_dose,test_result))

  

  return(test_error*test_error)

}



AEDcost <- function(test_dose){

  

  test_result <- avgCBL(test_dose*1000)

  test_error <- (test_result - ac_50)

  

  print(sprintf("%f  %f",test_dose,test_result))

  

  return(test_error*test_error)

}



# get the dose that reproduces the AC50 in blood concentration or 10% brain AChE inhibition



final_dose <- optim(par = 92.9, PODcost, method = "Brent",lower = 90, upper = 95, control = list(reltol = 1e-3))   # POD limits



# finally run the model for this concentration

ModelOutput <- just_run_model(final_dose$par*1000)



final_dose$par

min(ModelOutput$RBCCE)


rm(list = ls()) # Clear workspace



#set the working directory to the location of these scripts

#setwd(dirname(rstudioapi::getActiveDocumentContext()$path))



#Environment####

library(dplyr)

library(tidyr)

library(parallel)

# number of cores availabe on current machine

tot_cores<-detectCores(all.tests = FALSE, logical = TRUE)  

cores<-tot_cores-1 # leave one core for other tasks 



ac_50 <<- -999             # enter the AC50 value here; units = umol/L

Ndays = 2                        # number of days to simulate

target_chem = "oxon"            # oxon or parent compound

body_weight = 72.9                 # body weight in kg

subject_age = 13

scenario_number = 1

route = "food"



source("human_pbpk.R") # Loads model and base parameters

source("malathion_human_parameters.R") # male and female specific parameters



# Intial_parameters####

sex = 1						 # 0=male, 1= Female

params<-c(params[!names(params)%in%names(human_parameters[[sex+1]])],

          human_parameters[[sex+1]])



# set case-specific parameters

params[["TSTART"]]<-0.0         # START SIMULATION (HR)

params[["TSTOP"]]=48      			# Simulation duration = 2 days

params[["AGE0"]]=subject_age

params[["BWSW"]] = 1   	 				# Switch for age (set =0) or set (set =1) if bwt provided

params[["BWST"]]= body_weight   	 			# kg

params[["FA"]]=1



# returns the average blood concentration of oxon

# based on the daily dose of "dose" ug/kg/day

avgCBLO <- function(dose){

  

  # TIMING COMMANDS ####

  MAXT=0.1       #maximum time step

  times<-seq(params[["TSTART"]],params[["TSTOP"]],by=MAXT)#

  

  # max number of points to write out to file

  POINTS_max<-10000  

  # if the more than 10000 timesteps, select evently spaced 10000 of them for reporting

  report_points<-if(length(times)<=POINTS_max) times else 

    times[seq(1,length(times),by=round(length(times)/POINTS_max))]

  table(report_points%in%times)#check all report values are in times.

  

  

  # Dosing ####

  

  # once daily oral exposure for food

  if (route=="food"){

    if (Ndays < 100) {

      A <- c(dose)

      B <- c(0)

      C <- c("time","doral")

      

      DORAL <- data.frame(B,A)

      colnames(DORAL) <- C

    } else {

      A <- rep(dose,Ndays+1)

      B <- seq(0,Ndays*24,by=24)

      C <- c("time","doral")

      

      DORAL <- data.frame(B,A)

      colnames(DORAL) <- C

    }

  }

  # dosing for water exposure

  if (route=="water"){

    if (Ndays < 100) {

      # 6x daily for age <= 12

      if (subject_age<=12){

        A <- rep(dose/6.0,6)

        B <- seq(0,20,by=4)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

      # 4x daily for age > 12

      else {

        A <- rep(dose/4.0,4)

        B <- seq(0,18,by=6)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

    } else {

      # 6x daily for age <= 12

      if (subject_age<=12){

        A <- rep(dose/6.0,Ndays*6+1)

        B <- seq(0,Ndays*24,by=4)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

      # 4x daily for age > 12

      else {

        A <- rep(dose/4.0,Ndays*4+1)

        B <- seq(0,Ndays*24,by=6)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

    }

  }

  

  All_Dose<-DORAL%>%

    mutate(ODOSEOXON=doral*(params[["BWST"]]/params[["MWOXON"]])

           *params[["FA"]], # DIM dose conversion (ug/kg to umol)

           Level=paste(doral[1],"ug/kg",sep="_"))

  

  #~~~~APPLY MODEL~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~#### 

  # Do parallel for speed

  c1<-makeCluster(min(cores,n_distinct(All_Dose$Level))) # cluster for parallel 

  timestamp()

  modelOutput<-parLapply(c1,split(All_Dose,All_Dose$Level), function (LL,ini_par,t){

    #load data into cores

    source("human_pbpk.R")

    # Create dataframe of "events"that describe the dosing, which informs the

    # ODE function, and needs to have columns "var" = the state_variable that needs

    # to be changed,"time"= when the changes occurs,"value"=the value being changed

    # to,& "method"= how the new value interacts with the previous state variable

    # value. See ?deSolve::lsodes and ?deSolve::events.

    

    # combine or replace "base" parameters with case specific human parameters, 

    # carring out any calcuated paramters which are function of other specific case parameters 

    ini_pars <- initial_params_fun(params=ini_par)

    # STATE####

    # Subject specific UPDATES to the initial value of state variables

    st<-state_fun(st=state,ini_p=ini_pars)

    

    eventDat<-rbind(data.frame(var="ODOSEOXON",time=LL$time,

                               value=LL$ODOSEOXON ,	 

                               method="add",stringsAsFactors = FALSE),  # ("replace", "add", "multiply")

                    data.frame(var="ASTOMO",time=LL$time,

                               value=LL$ODOSEOXON ,	 

                               method="add",stringsAsFactors = FALSE))

    

    # DERIVATIVE ####

    # RUN MODEL 

    modelOutput<- ode(y = st, times = t,  #method = "lsodes",

                      func = Human_Model, parms = ini_pars,

                      events = list(data = eventDat[order(eventDat$time),]))

    result <- within(as.data.frame(modelOutput),{Level<-LL$Level[[1]]})

    return(result)

  },ini_par=params,t=times)

  stopCluster(c1)

  timestamp()

  ModelOutput<-do.call(rbind,modelOutput)##make big dataframe for evaluation



  #~~~END MODEL ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~####

  

  return(mean(tail(ModelOutput$CBLO,240)))

  

}



minRBCCEO <- function(dose){

  

  # TIMING COMMANDS ####

  MAXT=0.1       #maximum time step

  times<-seq(params[["TSTART"]],params[["TSTOP"]],by=MAXT)#

  

  # max number of points to write out to file

  POINTS_max<-10000  

  # if the more than 10000 timesteps, select evently spaced 10000 of them for reporting

  report_points<-if(length(times)<=POINTS_max) times else 

    times[seq(1,length(times),by=round(length(times)/POINTS_max))]

  table(report_points%in%times)#check all report values are in times.

  

  

  # Dosing ####

  

  # once daily oral exposure for food

  if (route=="food"){

    if (Ndays < 100) {

      A <- c(dose)

      B <- c(0)

      C <- c("time","doral")

      

      DORAL <- data.frame(B,A)

      colnames(DORAL) <- C

    } else {

      A <- rep(dose,Ndays+1)

      B <- seq(0,Ndays*24,by=24)

      C <- c("time","doral")

      

      DORAL <- data.frame(B,A)

      colnames(DORAL) <- C

    }

  }

  # dosing for water exposure

  if (route=="water"){

    if (Ndays < 100) {

      # 6x daily for age <= 12

      if (subject_age<=12){

        A <- rep(dose/6.0,6)

        B <- seq(0,20,by=4)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

      # 4x daily for age > 12

      else {

        A <- rep(dose/4.0,4)

        B <- seq(0,18,by=6)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

    } else {

      # 6x daily for age <= 12

      if (subject_age<=12){

        A <- rep(dose/6.0,Ndays*6+1)

        B <- seq(0,Ndays*24,by=4)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

      # 4x daily for age > 12

      else {

        A <- rep(dose/4.0,Ndays*4+1)

        B <- seq(0,Ndays*24,by=6)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

    }

  }

  

  All_Dose<-DORAL%>%

    mutate(ODOSEOXON=doral*(params[["BWST"]]/params[["MWOXON"]])

           *params[["FA"]], # DIM dose conversion (ug/kg to umol)

           Level=paste(doral[1],"ug/kg",sep="_"))

  

  #~~~~APPLY MODEL~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~#### 

  # Do parallel for speed

  c1<-makeCluster(min(cores,n_distinct(All_Dose$Level))) # cluster for parallel 

  timestamp()

  modelOutput<-parLapply(c1,split(All_Dose,All_Dose$Level), function (LL,ini_par,t){

    #load data into cores

    source("human_pbpk.R")

    # Create dataframe of "events"that describe the dosing, which informs the

    # ODE function, and needs to have columns "var" = the state_variable that needs

    # to be changed,"time"= when the changes occurs,"value"=the value being changed

    # to,& "method"= how the new value interacts with the previous state variable

    # value. See ?deSolve::lsodes and ?deSolve::events.

    

    # combine or replace "base" parameters with case specific human parameters, 

    # carring out any calcuated paramters which are function of other specific case parameters 

    ini_pars <- initial_params_fun(params=ini_par)

    # STATE####

    # Subject specific UPDATES to the initial value of state variables

    st<-state_fun(st=state,ini_p=ini_pars)

    

    eventDat<-rbind(data.frame(var="ODOSEOXON",time=LL$time,

                               value=LL$ODOSEOXON ,	 

                               method="add",stringsAsFactors = FALSE),  # ("replace", "add", "multiply")

                    data.frame(var="ASTOMO",time=LL$time,

                               value=LL$ODOSEOXON ,	 

                               method="add",stringsAsFactors = FALSE))

    

    # DERIVATIVE ####

    # RUN MODEL 

    modelOutput<- ode(y = st, times = t,  #method = "lsodes",

                      func = Human_Model, parms = ini_pars,

                      events = list(data = eventDat[order(eventDat$time),]))

    result <- within(as.data.frame(modelOutput),{Level<-LL$Level[[1]]})

    return(result)

  },ini_par=params,t=times)

  stopCluster(c1)

  timestamp()

  ModelOutput<-do.call(rbind,modelOutput)##make big dataframe for evaluation

  

  #~~~END MODEL ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~####

  

  return(min(ModelOutput$RBCCE))

  

}



just_run_model <- function(dose){

  

  # TIMING COMMANDS ####

  MAXT=0.1       #maximum time step

  times<-seq(params[["TSTART"]],params[["TSTOP"]],by=MAXT)#

  

  # max number of points to write out to file

  POINTS_max<-10000  

  # if the more than 10000 timesteps, select evently spaced 10000 of them for reporting

  report_points<-if(length(times)<=POINTS_max) times else 

    times[seq(1,length(times),by=round(length(times)/POINTS_max))]

  table(report_points%in%times)#check all report values are in times.

  

  

  # Dosing ####

  

  # once daily oral exposure for food

  if (route=="food"){

    if (Ndays < 100) {

      A <- c(dose)

      B <- c(0)

      C <- c("time","doral")

      

      DORAL <- data.frame(B,A)

      colnames(DORAL) <- C

    } else {

      A <- rep(dose,Ndays+1)

      B <- seq(0,Ndays*24,by=24)

      C <- c("time","doral")

      

      DORAL <- data.frame(B,A)

      colnames(DORAL) <- C

    }

  }

  # dosing for water exposure

  if (route=="water"){

    if (Ndays < 100) {

      # 6x daily for age <= 12

      if (subject_age<=12){

        A <- rep(dose/6.0,6)

        B <- seq(0,20,by=4)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

      # 4x daily for age > 12

      else {

        A <- rep(dose/4.0,4)

        B <- seq(0,18,by=6)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

    } else {

      # 6x daily for age <= 12

      if (subject_age<=12){

        A <- rep(dose/6.0,Ndays*6+1)

        B <- seq(0,Ndays*24,by=4)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

      # 4x daily for age > 12

      else {

        A <- rep(dose/4.0,Ndays*4+1)

        B <- seq(0,Ndays*24,by=6)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

    }

  }

  

  All_Dose<-DORAL%>%

    mutate(ODOSEOXON=doral*(params[["BWST"]]/params[["MWOXON"]])

           *params[["FA"]], # DIM dose conversion (ug/kg to umol)

           Level=paste(doral[1],"ug/kg",sep="_"))

  

  #~~~~APPLY MODEL~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~#### 

  # Do parallel for speed

  c1<-makeCluster(min(cores,n_distinct(All_Dose$Level))) # cluster for parallel 

  timestamp()

  modelOutput<-parLapply(c1,split(All_Dose,All_Dose$Level), function (LL,ini_par,t){

    #load data into cores

    source("human_pbpk.R")

    # Create dataframe of "events"that describe the dosing, which informs the

    # ODE function, and needs to have columns "var" = the state_variable that needs

    # to be changed,"time"= when the changes occurs,"value"=the value being changed

    # to,& "method"= how the new value interacts with the previous state variable

    # value. See ?deSolve::lsodes and ?deSolve::events.

    

    # combine or replace "base" parameters with case specific human parameters, 

    # carring out any calcuated paramters which are function of other specific case parameters 

    ini_pars <- initial_params_fun(params=ini_par)

    # STATE####

    # Subject specific UPDATES to the initial value of state variables

    st<-state_fun(st=state,ini_p=ini_pars)

    

    eventDat<-rbind(data.frame(var="ODOSEOXON",time=LL$time,

                               value=LL$ODOSEOXON ,	 

                               method="add",stringsAsFactors = FALSE),  # ("replace", "add", "multiply")

                    data.frame(var="ASTOMO",time=LL$time,

                               value=LL$ODOSEOXON ,	 

                               method="add",stringsAsFactors = FALSE))

    

    # DERIVATIVE ####

    # RUN MODEL 

    modelOutput<- ode(y = st, times = t,  #method = "lsodes",

                      func = Human_Model, parms = ini_pars,

                      events = list(data = eventDat[order(eventDat$time),]))

    result <- within(as.data.frame(modelOutput),{Level<-LL$Level[[1]]})

    return(result)

  },ini_par=params,t=times)

  stopCluster(c1)

  timestamp()

  ModelOutput<-do.call(rbind,modelOutput)##make big dataframe for evaluation

  

  #~~~END MODEL ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~####

  

  return(ModelOutput)

  

}



PODcost <- function(test_dose){

  

  test_result <- minRBCCEO(test_dose*1000)

  test_error <- (test_result - 90.0)

  

  print(sprintf("%f  %f",test_dose,test_result))

  

  return(test_error*test_error)

}



AEDcost <- function(test_dose){

  

  test_result <- avgCBLO(test_dose*1000)

  test_error <- (test_result - ac_50)

  

  print(sprintf("%f  %f",test_dose,test_result))

  

  return(test_error*test_error)

}



# get the dose that reproduces the AC50 in blood concentration or 10% brain AChE inhibition

final_dose <- optim(par = 3.4, PODcost, method = "Brent",lower = 1, upper = 10, control = list(reltol = 1e-3))   # POD limits



# finally run the model for this concentration

ModelOutput <- just_run_model(final_dose$par*1000)



final_dose$par

min(ModelOutput$RBCCE)




rm(list = ls()) # Clear workspace



#set the working directory to the location of these scripts

#setwd(dirname(rstudioapi::getActiveDocumentContext()$path))



#Environment####

library(dplyr)

library(tidyr)

library(parallel)

# number of cores availabe on current machine

tot_cores<-detectCores(all.tests = FALSE, logical = TRUE)  

cores<-tot_cores-1 # leave one core for other tasks 



ac_50 <<- -999             # enter the AC50 value here; units = umol/L

Ndays = 2                        # number of days to simulate

target_chem = "parent"            # oxon or parent compound

body_weight = 72.9                 # body weight in kg

subject_age = 13

scenario_number = 1

route = "food"



source("human_pbpk.R") # Loads model and base parameters

source("malathion_human_parameters.R") # male and female specific parameters



# Intial_parameters####

sex = 1						 # 0=male, 1= Female

params<-c(params[!names(params)%in%names(human_parameters[[sex+1]])],

          human_parameters[[sex+1]])



# set case-specific parameters

params[["TSTART"]]<-0.0         # START SIMULATION (HR)

params[["TSTOP"]]=48      			# Simulation duration = 2 days

params[["AGE0"]]=subject_age

params[["BWSW"]] = 1   	 				# Switch for age (set =0) or set (set =1) if bwt provided

params[["BWST"]]= body_weight   	 			# kg

params[["FA"]]=1



# returns the average blood concentration of parent compound

# based on the daily dose of "dose" ug/kg/day

avgCBL <- function(dose){

  

  # TIMING COMMANDS ####

  MAXT=0.1       #maximum time step

  times<-seq(params[["TSTART"]],params[["TSTOP"]],by=MAXT)#

  

  # max number of points to write out to file

  POINTS_max<-10000  

  # if the more than 10000 timesteps, select evently spaced 10000 of them for reporting

  report_points<-if(length(times)<=POINTS_max) times else 

    times[seq(1,length(times),by=round(length(times)/POINTS_max))]

  table(report_points%in%times)#check all report values are in times.

  

  

  # Dosing ####

  

  # once daily oral exposure for food

  if (route=="food"){

    if (Ndays < 100) {

      A <- c(dose)

      B <- c(0)

      C <- c("time","doral")

      

      DORAL <- data.frame(B,A)

      colnames(DORAL) <- C

    } else {

      A <- rep(dose,Ndays+1)

      B <- seq(0,Ndays*24,by=24)

      C <- c("time","doral")

      

      DORAL <- data.frame(B,A)

      colnames(DORAL) <- C

    }

  }

  # dosing for water exposure

  if (route=="water"){

    if (Ndays < 100) {

      # 6x daily for age <= 12

      if (subject_age<=12){

        A <- rep(dose/6.0,6)

        B <- seq(0,20,by=4)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

      # 4x daily for age > 12

      else {

        A <- rep(dose/4.0,4)

        B <- seq(0,18,by=6)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

    } else {

      # 6x daily for age <= 12

      if (subject_age<=12){

        A <- rep(dose/6.0,Ndays*6+1)

        B <- seq(0,Ndays*24,by=4)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

      # 4x daily for age > 12

      else {

        A <- rep(dose/4.0,Ndays*4+1)

        B <- seq(0,Ndays*24,by=6)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

    }

  }

  

  

  All_Dose<-DORAL%>%

    mutate(ODOSE=doral*(params[["BWST"]]/params[["MWPAR"]])

           *params[["FA"]], # DIM dose conversion (ug/kg to umol)

           Level=paste(doral[1],"ug/kg",sep="_"))

  

  #~~~~APPLY MODEL~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~#### 

  # Do parallel for speed

  c1<-makeCluster(min(cores,n_distinct(All_Dose$Level))) # cluster for parallel 

  timestamp()

  modelOutput<-parLapply(c1,split(All_Dose,All_Dose$Level), function (LL,ini_par,t){

    #load data into cores

    source("human_pbpk.R")

    # Create dataframe of "events"that describe the dosing, which informs the

    # ODE function, and needs to have columns "var" = the state_variable that needs

    # to be changed,"time"= when the changes occurs,"value"=the value being changed

    # to,& "method"= how the new value interacts with the previous state variable

    # value. See ?deSolve::lsodes and ?deSolve::events.

    

    # combine or replace "base" parameters with case specific human parameters, 

    # carring out any calcuated paramters which are function of other specific case parameters 

    ini_pars <- initial_params_fun(params=ini_par)

    # STATE####

    # Subject specific UPDATES to the initial value of state variables

    st<-state_fun(st=state,ini_p=ini_pars)

    

    eventDat<-rbind(data.frame(var="ODOSE",time=LL$time,

                               value=LL$ODOSE ,	 

                               method="add",stringsAsFactors = FALSE),  # ("replace", "add", "multiply")

                    data.frame(var="ASTOM",time=LL$time,

                               value=LL$ODOSE ,	 

                               method="add",stringsAsFactors = FALSE))

    

    # DERIVATIVE ####

    # RUN MODEL 

    modelOutput<- ode(y = st, times = t,  #method = "lsodes",

                      func = Human_Model, parms = ini_pars,

                      events = list(data = eventDat[order(eventDat$time),]))

    result <- within(as.data.frame(modelOutput),{Level<-LL$Level[[1]]})

    return(result)

  },ini_par=params,t=times)

  stopCluster(c1)

  timestamp()

  ModelOutput<-do.call(rbind,modelOutput)##make big dataframe for evaluation



  

  return(mean(tail(ModelOutput$CBL,240)))

  

}



# returns the average blood concentration of oxon

# based on the daily dose of "dose" ug/kg/day

avgCBLO <- function(dose){

  

  # TIMING COMMANDS ####

  MAXT=0.1       #maximum time step

  times<-seq(params[["TSTART"]],params[["TSTOP"]],by=MAXT)#

  

  # max number of points to write out to file

  POINTS_max<-10000  

  # if the more than 10000 timesteps, select evently spaced 10000 of them for reporting

  report_points<-if(length(times)<=POINTS_max) times else 

    times[seq(1,length(times),by=round(length(times)/POINTS_max))]

  table(report_points%in%times)#check all report values are in times.

  

  

  # Dosing ####

  

  # once daily oral exposure for food

  if (route=="food"){

    if (Ndays < 100) {

      A <- c(dose)

      B <- c(0)

      C <- c("time","doral")

      

      DORAL <- data.frame(B,A)

      colnames(DORAL) <- C

    } else {

      A <- rep(dose,Ndays+1)

      B <- seq(0,Ndays*24,by=24)

      C <- c("time","doral")

      

      DORAL <- data.frame(B,A)

      colnames(DORAL) <- C

    }

  }

  # dosing for water exposure

  if (route=="water"){

    if (Ndays < 100) {

      # 6x daily for age <= 12

      if (subject_age<=12){

        A <- rep(dose/6.0,6)

        B <- seq(0,20,by=4)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

      # 4x daily for age > 12

      else {

        A <- rep(dose/4.0,4)

        B <- seq(0,18,by=6)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

    } else {

      # 6x daily for age <= 12

      if (subject_age<=12){

        A <- rep(dose/6.0,Ndays*6+1)

        B <- seq(0,Ndays*24,by=4)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

      # 4x daily for age > 12

      else {

        A <- rep(dose/4.0,Ndays*4+1)

        B <- seq(0,Ndays*24,by=6)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

    }

  }

  

  All_Dose<-DORAL%>%

    mutate(ODOSE=doral*(params[["BWST"]]/params[["MWPAR"]])

           *params[["FA"]], # DIM dose conversion (ug/kg to umol)

           Level=paste(doral[1],"ug/kg",sep="_"))

  

  #~~~~APPLY MODEL~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~#### 

  # Do parallel for speed

  c1<-makeCluster(min(cores,n_distinct(All_Dose$Level))) # cluster for parallel 

  timestamp()

  modelOutput<-parLapply(c1,split(All_Dose,All_Dose$Level), function (LL,ini_par,t){

    #load data into cores

    source("human_pbpk.R")

    # Create dataframe of "events"that describe the dosing, which informs the

    # ODE function, and needs to have columns "var" = the state_variable that needs

    # to be changed,"time"= when the changes occurs,"value"=the value being changed

    # to,& "method"= how the new value interacts with the previous state variable

    # value. See ?deSolve::lsodes and ?deSolve::events.

    

    # combine or replace "base" parameters with case specific human parameters, 

    # carring out any calcuated paramters which are function of other specific case parameters 

    ini_pars <- initial_params_fun(params=ini_par)

    # STATE####

    # Subject specific UPDATES to the initial value of state variables

    st<-state_fun(st=state,ini_p=ini_pars)

    

    eventDat<-rbind(data.frame(var="ODOSE",time=LL$time,

                               value=LL$ODOSE ,	 

                               method="add",stringsAsFactors = FALSE),  # ("replace", "add", "multiply")

                    data.frame(var="ASTOM",time=LL$time,

                               value=LL$ODOSE ,	 

                               method="add",stringsAsFactors = FALSE))

    

    # DERIVATIVE ####

    # RUN MODEL 

    modelOutput<- ode(y = st, times = t,  #method = "lsodes",

                      func = Human_Model, parms = ini_pars,

                      events = list(data = eventDat[order(eventDat$time),]))

    result <- within(as.data.frame(modelOutput),{Level<-LL$Level[[1]]})

    return(result)

  },ini_par=params,t=times)

  stopCluster(c1)

  timestamp()

  ModelOutput<-do.call(rbind,modelOutput)##make big dataframe for evaluation



  #~~~END MODEL ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~####

  

  return(mean(tail(ModelOutput$CBLO,240)))

  

}

minRBCCE <- function(dose){

  

  # TIMING COMMANDS ####

  MAXT=0.1       #maximum time step

  times<-seq(params[["TSTART"]],params[["TSTOP"]],by=MAXT)#

  

  # max number of points to write out to file

  POINTS_max<-10000  

  # if the more than 10000 timesteps, select evently spaced 10000 of them for reporting

  report_points<-if(length(times)<=POINTS_max) times else 

    times[seq(1,length(times),by=round(length(times)/POINTS_max))]

  table(report_points%in%times)#check all report values are in times.

  

  

  # Dosing ####

  

  # once daily oral exposure for food

  if (route=="food"){

    if (Ndays < 100) {

      A <- c(dose)

      B <- c(0)

      C <- c("time","doral")

      

      DORAL <- data.frame(B,A)

      colnames(DORAL) <- C

    } else {

      A <- rep(dose,Ndays+1)

      B <- seq(0,Ndays*24,by=24)

      C <- c("time","doral")

      

      DORAL <- data.frame(B,A)

      colnames(DORAL) <- C

    }

  }

  # dosing for water exposure

  if (route=="water"){

    if (Ndays < 100) {

      # 6x daily for age <= 12

      if (subject_age<=12){

        A <- rep(dose/6.0,6)

        B <- seq(0,20,by=4)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

      # 4x daily for age > 12

      else {

        A <- rep(dose/4.0,4)

        B <- seq(0,18,by=6)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

    } else {

      # 6x daily for age <= 12

      if (subject_age<=12){

        A <- rep(dose/6.0,Ndays*6+1)

        B <- seq(0,Ndays*24,by=4)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

      # 4x daily for age > 12

      else {

        A <- rep(dose/4.0,Ndays*4+1)

        B <- seq(0,Ndays*24,by=6)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

    }

  }

  

  All_Dose<-DORAL%>%

    mutate(ODOSE=doral*(params[["BWST"]]/params[["MWPAR"]])

           *params[["FA"]], # DIM dose conversion (ug/kg to umol)

           Level=paste(doral[1],"ug/kg",sep="_"))

  

  #~~~~APPLY MODEL~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~#### 

  # Do parallel for speed

  c1<-makeCluster(min(cores,n_distinct(All_Dose$Level))) # cluster for parallel 

  timestamp()

  modelOutput<-parLapply(c1,split(All_Dose,All_Dose$Level), function (LL,ini_par,t){

    #load data into cores

    source("human_pbpk.R")

    # Create dataframe of "events"that describe the dosing, which informs the

    # ODE function, and needs to have columns "var" = the state_variable that needs

    # to be changed,"time"= when the changes occurs,"value"=the value being changed

    # to,& "method"= how the new value interacts with the previous state variable

    # value. See ?deSolve::lsodes and ?deSolve::events.

    

    # combine or replace "base" parameters with case specific human parameters, 

    # carring out any calcuated paramters which are function of other specific case parameters 

    ini_pars <- initial_params_fun(params=ini_par)

    # STATE####

    # Subject specific UPDATES to the initial value of state variables

    st<-state_fun(st=state,ini_p=ini_pars)

    

    eventDat<-rbind(data.frame(var="ODOSE",time=LL$time,

                               value=LL$ODOSE ,	 

                               method="add",stringsAsFactors = FALSE),  # ("replace", "add", "multiply")

                    data.frame(var="ASTOM",time=LL$time,

                               value=LL$ODOSE ,	 

                               method="add",stringsAsFactors = FALSE))

    

    # DERIVATIVE ####

    # RUN MODEL 

    modelOutput<- ode(y = st, times = t,  #method = "lsodes",

                      func = Human_Model, parms = ini_pars,

                      events = list(data = eventDat[order(eventDat$time),]))

    result <- within(as.data.frame(modelOutput),{Level<-LL$Level[[1]]})

    return(result)

  },ini_par=params,t=times)

  stopCluster(c1)

  timestamp()

  ModelOutput<-do.call(rbind,modelOutput)##make big dataframe for evaluation

  

  #~~~END MODEL ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~####

  

  return(min(ModelOutput$RBCCE))

  

}



just_run_model <- function(dose){

  

  # TIMING COMMANDS ####

  MAXT=0.1       #maximum time step

  times<-seq(params[["TSTART"]],params[["TSTOP"]],by=MAXT)#

  

  # max number of points to write out to file

  POINTS_max<-10000  

  # if the more than 10000 timesteps, select evently spaced 10000 of them for reporting

  report_points<-if(length(times)<=POINTS_max) times else 

    times[seq(1,length(times),by=round(length(times)/POINTS_max))]

  table(report_points%in%times)#check all report values are in times.

  

  

  # Dosing ####

  

  # once daily oral exposure for food

  if (route=="food"){

    if (Ndays < 100) {

      A <- c(dose)

      B <- c(0)

      C <- c("time","doral")

      

      DORAL <- data.frame(B,A)

      colnames(DORAL) <- C

    } else {

      A <- rep(dose,Ndays+1)

      B <- seq(0,Ndays*24,by=24)

      C <- c("time","doral")

      

      DORAL <- data.frame(B,A)

      colnames(DORAL) <- C

    }

  }

  # dosing for water exposure

  if (route=="water"){

    if (Ndays < 100) {

      # 6x daily for age <= 12

      if (subject_age<=12){

        A <- rep(dose/6.0,6)

        B <- seq(0,20,by=4)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

      # 4x daily for age > 12

      else {

        A <- rep(dose/4.0,4)

        B <- seq(0,18,by=6)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

    } else {

      # 6x daily for age <= 12

      if (subject_age<=12){

        A <- rep(dose/6.0,Ndays*6+1)

        B <- seq(0,Ndays*24,by=4)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

      # 4x daily for age > 12

      else {

        A <- rep(dose/4.0,Ndays*4+1)

        B <- seq(0,Ndays*24,by=6)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

    }

  }

  

  All_Dose<-DORAL%>%

    mutate(ODOSE=doral*(params[["BWST"]]/params[["MWPAR"]])

           *params[["FA"]], # DIM dose conversion (ug/kg to umol)

           Level=paste(doral[1],"ug/kg",sep="_"))

  

  #~~~~APPLY MODEL~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~#### 

  # Do parallel for speed

  c1<-makeCluster(min(cores,n_distinct(All_Dose$Level))) # cluster for parallel 

  timestamp()

  modelOutput<-parLapply(c1,split(All_Dose,All_Dose$Level), function (LL,ini_par,t){

    #load data into cores

    source("human_pbpk.R")

    # Create dataframe of "events"that describe the dosing, which informs the

    # ODE function, and needs to have columns "var" = the state_variable that needs

    # to be changed,"time"= when the changes occurs,"value"=the value being changed

    # to,& "method"= how the new value interacts with the previous state variable

    # value. See ?deSolve::lsodes and ?deSolve::events.

    

    # combine or replace "base" parameters with case specific human parameters, 

    # carring out any calcuated paramters which are function of other specific case parameters 

    ini_pars <- initial_params_fun(params=ini_par)

    # STATE####

    # Subject specific UPDATES to the initial value of state variables

    st<-state_fun(st=state,ini_p=ini_pars)

    

    eventDat<-rbind(data.frame(var="ODOSE",time=LL$time,

                               value=LL$ODOSE ,	 

                               method="add",stringsAsFactors = FALSE),  # ("replace", "add", "multiply")

                    data.frame(var="ASTOM",time=LL$time,

                               value=LL$ODOSE ,	 

                               method="add",stringsAsFactors = FALSE))

    

    # DERIVATIVE ####

    # RUN MODEL 

    modelOutput<- ode(y = st, times = t,  #method = "lsodes",

                      func = Human_Model, parms = ini_pars,

                      events = list(data = eventDat[order(eventDat$time),]))

    result <- within(as.data.frame(modelOutput),{Level<-LL$Level[[1]]})

    return(result)

  },ini_par=params,t=times)

  stopCluster(c1)

  timestamp()

  ModelOutput<-do.call(rbind,modelOutput)##make big dataframe for evaluation

  

  #~~~END MODEL ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~####

  

  return(ModelOutput)

  

}



PODcost <- function(test_dose){

  

  test_result <- minRBCCE(test_dose*1000)

  test_error <- (test_result - 90.0)

  

  print(sprintf("%f  %f",test_dose,test_result))

  

  return(test_error*test_error)

}



AEDcost <- function(test_dose){

  

  test_result <- avgCBL(test_dose*1000)

  test_error <- (test_result - ac_50)

  

  print(sprintf("%f  %f",test_dose,test_result))

  

  return(test_error*test_error)

}



# get the dose that reproduces the AC50 in blood concentration or 10% brain AChE inhibition

final_dose <- optim(par = 24.4, PODcost, method = "Brent",lower = 1, upper = 100, control = list(reltol = 1e-3))   # POD limits



# finally run the model for this concentration

ModelOutput <- just_run_model(final_dose$par*1000)



final_dose$par

min(ModelOutput$RBCCE)




rm(list = ls()) # Clear workspace



#set the working directory to the location of these scripts

#setwd(dirname(rstudioapi::getActiveDocumentContext()$path))



#Environment####

library(dplyr)

library(tidyr)

library(parallel)

# number of cores availabe on current machine

tot_cores<-detectCores(all.tests = FALSE, logical = TRUE)  

cores<-tot_cores-1 # leave one core for other tasks 



ac_50 <<- -999             # enter the AC50 value here; units = umol/L

Ndays = 123                        # number of days to simulate

target_chem = "oxon"            # oxon or parent compound

body_weight = 4.8                 # body weight in kg

subject_age = 0

scenario_number = 1

route = "food"



source("human_pbpk.R") # Loads model and base parameters

source("malathion_human_parameters.R") # male and female specific parameters



# Intial_parameters####

sex = 1						 # 0=male, 1= Female

params<-c(params[!names(params)%in%names(human_parameters[[sex+1]])],

          human_parameters[[sex+1]])



# set case-specific parameters

params[["TSTART"]]<-0.0         # START SIMULATION (HR)

params[["TSTOP"]]=Ndays*24      			# Simulation duration = 2 days

params[["AGE0"]]=subject_age

params[["BWSW"]] = 1   	 				# Switch for age (set =0) or set (set =1) if bwt provided

params[["BWST"]]= body_weight   	 			# kg

params[["FA"]]=1



# returns the average blood concentration of oxon

# based on the daily dose of "dose" ug/kg/day

avgCBLO <- function(dose){

  

  # TIMING COMMANDS ####

  MAXT=0.1       #maximum time step

  times<-seq(params[["TSTART"]],params[["TSTOP"]],by=MAXT)#

  

  # max number of points to write out to file

  POINTS_max<-10000  

  # if the more than 10000 timesteps, select evently spaced 10000 of them for reporting

  report_points<-if(length(times)<=POINTS_max) times else 

    times[seq(1,length(times),by=round(length(times)/POINTS_max))]

  table(report_points%in%times)#check all report values are in times.

  

  

  # Dosing ####



  # once daily oral exposure for food

  if (route=="food"){

    if (Ndays < 100) {

      A <- c(dose)

      B <- c(0)

      C <- c("time","doral")

      

      DORAL <- data.frame(B,A)

      colnames(DORAL) <- C

    } else {

      A <- rep(dose,Ndays+1)

      B <- seq(0,Ndays*24,by=24)

      C <- c("time","doral")

      

      DORAL <- data.frame(B,A)

      colnames(DORAL) <- C

    }

  }

  # dosing for water exposure

  if (route=="water"){

    if (Ndays < 100) {

      # 6x daily for age <= 12

      if (subject_age<=12){

        A <- rep(dose/6.0,6)

        B <- seq(0,20,by=4)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

      # 4x daily for age > 12

      else {

        A <- rep(dose/4.0,4)

        B <- seq(0,18,by=6)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

    } else {

      # 6x daily for age <= 12

      if (subject_age<=12){

        A <- rep(dose/6.0,Ndays*6+1)

        B <- seq(0,Ndays*24,by=4)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

      # 4x daily for age > 12

      else {

        A <- rep(dose/4.0,Ndays*4+1)

        B <- seq(0,Ndays*24,by=6)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

    }

  }

  

  All_Dose<-DORAL%>%

    mutate(ODOSEOXON=doral*(params[["BWST"]]/params[["MWOXON"]])

           *params[["FA"]], # DIM dose conversion (ug/kg to umol)

           Level=paste(doral[1],"ug/kg",sep="_"))

  

  #~~~~APPLY MODEL~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~#### 

  # Do parallel for speed

  c1<-makeCluster(min(cores,n_distinct(All_Dose$Level))) # cluster for parallel 

  timestamp()

  modelOutput<-parLapply(c1,split(All_Dose,All_Dose$Level), function (LL,ini_par,t){

    #load data into cores

    source("human_pbpk.R")

    # Create dataframe of "events"that describe the dosing, which informs the

    # ODE function, and needs to have columns "var" = the state_variable that needs

    # to be changed,"time"= when the changes occurs,"value"=the value being changed

    # to,& "method"= how the new value interacts with the previous state variable

    # value. See ?deSolve::lsodes and ?deSolve::events.

    

    # combine or replace "base" parameters with case specific human parameters, 

    # carring out any calcuated paramters which are function of other specific case parameters 

    ini_pars <- initial_params_fun(params=ini_par)

    # STATE####

    # Subject specific UPDATES to the initial value of state variables

    st<-state_fun(st=state,ini_p=ini_pars)

    

    eventDat<-rbind(data.frame(var="ODOSEOXON",time=LL$time,

                               value=LL$ODOSEOXON ,	 

                               method="add",stringsAsFactors = FALSE),  # ("replace", "add", "multiply")

                    data.frame(var="ASTOMO",time=LL$time,

                               value=LL$ODOSEOXON ,	 

                               method="add",stringsAsFactors = FALSE))

    

    # DERIVATIVE ####

    # RUN MODEL 

    modelOutput<- ode(y = st, times = t,  #method = "lsodes",

                      func = Human_Model, parms = ini_pars,

                      events = list(data = eventDat[order(eventDat$time),]))

    result <- within(as.data.frame(modelOutput),{Level<-LL$Level[[1]]})

    return(result)

  },ini_par=params,t=times)

  stopCluster(c1)

  timestamp()

  ModelOutput<-do.call(rbind,modelOutput)##make big dataframe for evaluation



  #~~~END MODEL ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~####

  

  return(mean(tail(ModelOutput$CBLO,240)))

  

}



minRBCCEO <- function(dose){

  

  # TIMING COMMANDS ####

  MAXT=0.1       #maximum time step

  times<-seq(params[["TSTART"]],params[["TSTOP"]],by=MAXT)#

  

  # max number of points to write out to file

  POINTS_max<-10000  

  # if the more than 10000 timesteps, select evently spaced 10000 of them for reporting

  report_points<-if(length(times)<=POINTS_max) times else 

    times[seq(1,length(times),by=round(length(times)/POINTS_max))]

  table(report_points%in%times)#check all report values are in times.

  

  

  # Dosing ####

  

  # once daily oral exposure for food

  if (route=="food"){

    if (Ndays < 100) {

      A <- c(dose)

      B <- c(0)

      C <- c("time","doral")

      

      DORAL <- data.frame(B,A)

      colnames(DORAL) <- C

    } else {

      A <- rep(dose,Ndays+1)

      B <- seq(0,Ndays*24,by=24)

      C <- c("time","doral")

      

      DORAL <- data.frame(B,A)

      colnames(DORAL) <- C

    }

  }

  # dosing for water exposure

  if (route=="water"){

    if (Ndays < 100) {

      # 6x daily for age <= 12

      if (subject_age<=12){

        A <- rep(dose/6.0,6)

        B <- seq(0,20,by=4)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

      # 4x daily for age > 12

      else {

        A <- rep(dose/4.0,4)

        B <- seq(0,18,by=6)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

    } else {

      # 6x daily for age <= 12

      if (subject_age<=12){

        A <- rep(dose/6.0,Ndays*6+1)

        B <- seq(0,Ndays*24,by=4)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

      # 4x daily for age > 12

      else {

        A <- rep(dose/4.0,Ndays*4+1)

        B <- seq(0,Ndays*24,by=6)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

    }

  }

  

  All_Dose<-DORAL%>%

    mutate(ODOSEOXON=doral*(params[["BWST"]]/params[["MWOXON"]])

           *params[["FA"]], # DIM dose conversion (ug/kg to umol)

           Level=paste(doral[1],"ug/kg",sep="_"))

  

  #~~~~APPLY MODEL~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~#### 

  # Do parallel for speed

  c1<-makeCluster(min(cores,n_distinct(All_Dose$Level))) # cluster for parallel 

  timestamp()

  modelOutput<-parLapply(c1,split(All_Dose,All_Dose$Level), function (LL,ini_par,t){

    #load data into cores

    source("human_pbpk.R")

    # Create dataframe of "events"that describe the dosing, which informs the

    # ODE function, and needs to have columns "var" = the state_variable that needs

    # to be changed,"time"= when the changes occurs,"value"=the value being changed

    # to,& "method"= how the new value interacts with the previous state variable

    # value. See ?deSolve::lsodes and ?deSolve::events.

    

    # combine or replace "base" parameters with case specific human parameters, 

    # carring out any calcuated paramters which are function of other specific case parameters 

    ini_pars <- initial_params_fun(params=ini_par)

    # STATE####

    # Subject specific UPDATES to the initial value of state variables

    st<-state_fun(st=state,ini_p=ini_pars)

    

    eventDat<-rbind(data.frame(var="ODOSEOXON",time=LL$time,

                               value=LL$ODOSEOXON ,	 

                               method="add",stringsAsFactors = FALSE),  # ("replace", "add", "multiply")

                    data.frame(var="ASTOMO",time=LL$time,

                               value=LL$ODOSEOXON ,	 

                               method="add",stringsAsFactors = FALSE))

    

    # DERIVATIVE ####

    # RUN MODEL 

    modelOutput<- ode(y = st, times = t,  #method = "lsodes",

                      func = Human_Model, parms = ini_pars,

                      events = list(data = eventDat[order(eventDat$time),]))

    result <- within(as.data.frame(modelOutput),{Level<-LL$Level[[1]]})

    return(result)

  },ini_par=params,t=times)

  stopCluster(c1)

  timestamp()

  ModelOutput<-do.call(rbind,modelOutput)##make big dataframe for evaluation

  

  #~~~END MODEL ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~####

  

  return(min(ModelOutput$RBCCE))

  

}



just_run_model <- function(dose){

  

  # TIMING COMMANDS ####

  MAXT=0.1       #maximum time step

  times<-seq(params[["TSTART"]],params[["TSTOP"]],by=MAXT)#

  

  # max number of points to write out to file

  POINTS_max<-10000  

  # if the more than 10000 timesteps, select evently spaced 10000 of them for reporting

  report_points<-if(length(times)<=POINTS_max) times else 

    times[seq(1,length(times),by=round(length(times)/POINTS_max))]

  table(report_points%in%times)#check all report values are in times.

  

  

  # Dosing ####



  # once daily oral exposure for food

  if (route=="food"){

    if (Ndays < 100) {

      A <- c(dose)

      B <- c(0)

      C <- c("time","doral")

      

      DORAL <- data.frame(B,A)

      colnames(DORAL) <- C

    } else {

      A <- rep(dose,Ndays+1)

      B <- seq(0,Ndays*24,by=24)

      C <- c("time","doral")

      

      DORAL <- data.frame(B,A)

      colnames(DORAL) <- C

    }

  }

  # dosing for water exposure

  if (route=="water"){

    if (Ndays < 100) {

      # 6x daily for age <= 12

      if (subject_age<=12){

        A <- rep(dose/6.0,6)

        B <- seq(0,20,by=4)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

      # 4x daily for age > 12

      else {

        A <- rep(dose/4.0,4)

        B <- seq(0,18,by=6)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

    } else {

      # 6x daily for age <= 12

      if (subject_age<=12){

        A <- rep(dose/6.0,Ndays*6+1)

        B <- seq(0,Ndays*24,by=4)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

      # 4x daily for age > 12

      else {

        A <- rep(dose/4.0,Ndays*4+1)

        B <- seq(0,Ndays*24,by=6)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

    }

  }

  

  All_Dose<-DORAL%>%

    mutate(ODOSEOXON=doral*(params[["BWST"]]/params[["MWOXON"]])

           *params[["FA"]], # DIM dose conversion (ug/kg to umol)

           Level=paste(doral[1],"ug/kg",sep="_"))

  

  #~~~~APPLY MODEL~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~#### 

  # Do parallel for speed

  c1<-makeCluster(min(cores,n_distinct(All_Dose$Level))) # cluster for parallel 

  timestamp()

  modelOutput<-parLapply(c1,split(All_Dose,All_Dose$Level), function (LL,ini_par,t){

    #load data into cores

    source("human_pbpk.R")

    # Create dataframe of "events"that describe the dosing, which informs the

    # ODE function, and needs to have columns "var" = the state_variable that needs

    # to be changed,"time"= when the changes occurs,"value"=the value being changed

    # to,& "method"= how the new value interacts with the previous state variable

    # value. See ?deSolve::lsodes and ?deSolve::events.

    

    # combine or replace "base" parameters with case specific human parameters, 

    # carring out any calcuated paramters which are function of other specific case parameters 

    ini_pars <- initial_params_fun(params=ini_par)

    # STATE####

    # Subject specific UPDATES to the initial value of state variables

    st<-state_fun(st=state,ini_p=ini_pars)

    

    eventDat<-rbind(data.frame(var="ODOSEOXON",time=LL$time,

                               value=LL$ODOSEOXON ,	 

                               method="add",stringsAsFactors = FALSE),  # ("replace", "add", "multiply")

                    data.frame(var="ASTOMO",time=LL$time,

                               value=LL$ODOSEOXON ,	 

                               method="add",stringsAsFactors = FALSE))

    

    # DERIVATIVE ####

    # RUN MODEL 

    modelOutput<- ode(y = st, times = t,  #method = "lsodes",

                      func = Human_Model, parms = ini_pars,

                      events = list(data = eventDat[order(eventDat$time),]))

    result <- within(as.data.frame(modelOutput),{Level<-LL$Level[[1]]})

    return(result)

  },ini_par=params,t=times)

  stopCluster(c1)

  timestamp()

  ModelOutput<-do.call(rbind,modelOutput)##make big dataframe for evaluation



  #~~~END MODEL ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~####

  

  return(ModelOutput)

  

}



PODcost <- function(test_dose){

  

  test_result <- minRBCCEO(test_dose*1000)

  test_error <- (test_result - 90.0)

  

  print(sprintf("%f  %f",test_dose,test_result))

  

  return(test_error*test_error)

}



AEDcost <- function(test_dose){

  

  test_result <- avgCBLO(test_dose*1000)

  test_error <- (test_result - ac_50)

  

  print(sprintf("%f  %f",test_dose,test_result))

  

  return(test_error*test_error)

}



# get the dose that reproduces the AC50 in blood concentration or 10% brain AChE inhibition

final_dose <- optim(par = 1.5, PODcost, method = "Brent",lower = 0.1, upper = 10, control = list(reltol = 1e-3))   # POD limits



# finally run the model for this concentration

ModelOutput <- just_run_model(final_dose$par*1000)

final_dose$par

min(ModelOutput$RBCCE)






rm(list = ls()) # Clear workspace



#set the working directory to the location of these scripts

#setwd(dirname(rstudioapi::getActiveDocumentContext()$path))



#Environment####

library(dplyr)

library(tidyr)

library(parallel)

# number of cores availabe on current machine

tot_cores<-detectCores(all.tests = FALSE, logical = TRUE)  

cores<-tot_cores-1 # leave one core for other tasks 



ac_50 <<- -999             # enter the AC50 value here; units = umol/L

Ndays = 123                        # number of days to simulate

target_chem = "parent"            # oxon or parent compound

body_weight = 4.8                 # body weight in kg

subject_age = 0

scenario_number = 1

route = "food"



source("human_pbpk.R") # Loads model and base parameters

source("malathion_human_parameters.R") # male and female specific parameters



# Intial_parameters####

sex = 1						 # 0=male, 1= Female

params<-c(params[!names(params)%in%names(human_parameters[[sex+1]])],

          human_parameters[[sex+1]])



# set case-specific parameters

params[["TSTART"]]<-0.0         # START SIMULATION (HR)

params[["TSTOP"]]=Ndays*24      			# Simulation duration = 2 days

params[["AGE0"]]=subject_age

params[["BWSW"]] = 1   	 				# Switch for age (set =0) or set (set =1) if bwt provided

params[["BWST"]]= body_weight   	 			# kg

params[["FA"]]=1



# returns the average blood concentration of parent compound

# based on the daily dose of "dose" ug/kg/day

avgCBL <- function(dose){

  

  # TIMING COMMANDS ####

  MAXT=0.1       #maximum time step

  times<-seq(params[["TSTART"]],params[["TSTOP"]],by=MAXT)#

  

  # max number of points to write out to file

  POINTS_max<-10000  

  # if the more than 10000 timesteps, select evently spaced 10000 of them for reporting

  report_points<-if(length(times)<=POINTS_max) times else 

    times[seq(1,length(times),by=round(length(times)/POINTS_max))]

  table(report_points%in%times)#check all report values are in times.

  

  

  # Dosing ####

  

  # once daily oral exposure for food

  if (route=="food"){

    if (Ndays < 100) {

      A <- c(dose)

      B <- c(0)

      C <- c("time","doral")

      

      DORAL <- data.frame(B,A)

      colnames(DORAL) <- C

    } else {

      A <- rep(dose,Ndays+1)

      B <- seq(0,Ndays*24,by=24)

      C <- c("time","doral")

      

      DORAL <- data.frame(B,A)

      colnames(DORAL) <- C

    }

  }

  # dosing for water exposure

  if (route=="water"){

    if (Ndays < 100) {

      # 6x daily for age <= 12

      if (subject_age<=12){

        A <- rep(dose/6.0,6)

        B <- seq(0,20,by=4)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

      # 4x daily for age > 12

      else {

        A <- rep(dose/4.0,4)

        B <- seq(0,18,by=6)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

    } else {

      # 6x daily for age <= 12

      if (subject_age<=12){

        A <- rep(dose/6.0,Ndays*6+1)

        B <- seq(0,Ndays*24,by=4)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

      # 4x daily for age > 12

      else {

        A <- rep(dose/4.0,Ndays*4+1)

        B <- seq(0,Ndays*24,by=6)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

    }

  }

  

  

  All_Dose<-DORAL%>%

    mutate(ODOSE=doral*(params[["BWST"]]/params[["MWPAR"]])

           *params[["FA"]], # DIM dose conversion (ug/kg to umol)

           Level=paste(doral[1],"ug/kg",sep="_"))

  

  #~~~~APPLY MODEL~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~#### 

  # Do parallel for speed

  c1<-makeCluster(min(cores,n_distinct(All_Dose$Level))) # cluster for parallel 

  timestamp()

  modelOutput<-parLapply(c1,split(All_Dose,All_Dose$Level), function (LL,ini_par,t){

    #load data into cores

    source("human_pbpk.R")

    # Create dataframe of "events"that describe the dosing, which informs the

    # ODE function, and needs to have columns "var" = the state_variable that needs

    # to be changed,"time"= when the changes occurs,"value"=the value being changed

    # to,& "method"= how the new value interacts with the previous state variable

    # value. See ?deSolve::lsodes and ?deSolve::events.

    

    # combine or replace "base" parameters with case specific human parameters, 

    # carring out any calcuated paramters which are function of other specific case parameters 

    ini_pars <- initial_params_fun(params=ini_par)

    # STATE####

    # Subject specific UPDATES to the initial value of state variables

    st<-state_fun(st=state,ini_p=ini_pars)

    

    eventDat<-rbind(data.frame(var="ODOSE",time=LL$time,

                               value=LL$ODOSE ,	 

                               method="add",stringsAsFactors = FALSE),  # ("replace", "add", "multiply")

                    data.frame(var="ASTOM",time=LL$time,

                               value=LL$ODOSE ,	 

                               method="add",stringsAsFactors = FALSE))

    

    # DERIVATIVE ####

    # RUN MODEL 

    modelOutput<- ode(y = st, times = t,  #method = "lsodes",

                      func = Human_Model, parms = ini_pars,

                      events = list(data = eventDat[order(eventDat$time),]))

    result <- within(as.data.frame(modelOutput),{Level<-LL$Level[[1]]})

    return(result)

  },ini_par=params,t=times)

  stopCluster(c1)

  timestamp()

  ModelOutput<-do.call(rbind,modelOutput)##make big dataframe for evaluation



  

  return(mean(tail(ModelOutput$CBL,240)))

  

}



# returns the average blood concentration of oxon

# based on the daily dose of "dose" ug/kg/day

avgCBLO <- function(dose){

  

  # TIMING COMMANDS ####

  MAXT=0.1       #maximum time step

  times<-seq(params[["TSTART"]],params[["TSTOP"]],by=MAXT)#

  

  # max number of points to write out to file

  POINTS_max<-10000  

  # if the more than 10000 timesteps, select evently spaced 10000 of them for reporting

  report_points<-if(length(times)<=POINTS_max) times else 

    times[seq(1,length(times),by=round(length(times)/POINTS_max))]

  table(report_points%in%times)#check all report values are in times.

  

  

  # once daily oral exposure for food

  if (route=="food"){

    if (Ndays < 100) {

      A <- c(dose)

      B <- c(0)

      C <- c("time","doral")

      

      DORAL <- data.frame(B,A)

      colnames(DORAL) <- C

    } else {

      A <- rep(dose,Ndays+1)

      B <- seq(0,Ndays*24,by=24)

      C <- c("time","doral")

      

      DORAL <- data.frame(B,A)

      colnames(DORAL) <- C

    }

  }

  # dosing for water exposure

  if (route=="water"){

    if (Ndays < 100) {

      # 6x daily for age <= 12

      if (subject_age<=12){

        A <- rep(dose/6.0,6)

        B <- seq(0,20,by=4)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

      # 4x daily for age > 12

      else {

        A <- rep(dose/4.0,4)

        B <- seq(0,18,by=6)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

    } else {

      # 6x daily for age <= 12

      if (subject_age<=12){

        A <- rep(dose/6.0,Ndays*6+1)

        B <- seq(0,Ndays*24,by=4)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

      # 4x daily for age > 12

      else {

        A <- rep(dose/4.0,Ndays*4+1)

        B <- seq(0,Ndays*24,by=6)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

    }

  }

  

  All_Dose<-DORAL%>%

    mutate(ODOSE=doral*(params[["BWST"]]/params[["MWPAR"]])

           *params[["FA"]], # DIM dose conversion (ug/kg to umol)

           Level=paste(doral[1],"ug/kg",sep="_"))

  

  #~~~~APPLY MODEL~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~#### 

  # Do parallel for speed

  c1<-makeCluster(min(cores,n_distinct(All_Dose$Level))) # cluster for parallel 

  timestamp()

  modelOutput<-parLapply(c1,split(All_Dose,All_Dose$Level), function (LL,ini_par,t){

    #load data into cores

    source("human_pbpk.R")

    # Create dataframe of "events"that describe the dosing, which informs the

    # ODE function, and needs to have columns "var" = the state_variable that needs

    # to be changed,"time"= when the changes occurs,"value"=the value being changed

    # to,& "method"= how the new value interacts with the previous state variable

    # value. See ?deSolve::lsodes and ?deSolve::events.

    

    # combine or replace "base" parameters with case specific human parameters, 

    # carring out any calcuated paramters which are function of other specific case parameters 

    ini_pars <- initial_params_fun(params=ini_par)

    # STATE####

    # Subject specific UPDATES to the initial value of state variables

    st<-state_fun(st=state,ini_p=ini_pars)

    

    eventDat<-rbind(data.frame(var="ODOSE",time=LL$time,

                               value=LL$ODOSE ,	 

                               method="add",stringsAsFactors = FALSE),  # ("replace", "add", "multiply")

                    data.frame(var="ASTOM",time=LL$time,

                               value=LL$ODOSE ,	 

                               method="add",stringsAsFactors = FALSE))

    

    # DERIVATIVE ####

    # RUN MODEL 

    modelOutput<- ode(y = st, times = t,  #method = "lsodes",

                      func = Human_Model, parms = ini_pars,

                      events = list(data = eventDat[order(eventDat$time),]))

    result <- within(as.data.frame(modelOutput),{Level<-LL$Level[[1]]})

    return(result)

  },ini_par=params,t=times)

  stopCluster(c1)

  timestamp()

  ModelOutput<-do.call(rbind,modelOutput)##make big dataframe for evaluation



  #~~~END MODEL ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~####

  

  return(mean(tail(ModelOutput$CBLO,240)))

  

}



# returns the average blood concentration of oxon

# based on the daily dose of "dose" ug/kg/day

minRBCCE <- function(dose){

  

  # TIMING COMMANDS ####

  MAXT=0.1       #maximum time step

  times<-seq(params[["TSTART"]],params[["TSTOP"]],by=MAXT)#

  

  # max number of points to write out to file

  POINTS_max<-10000  

  # if the more than 10000 timesteps, select evently spaced 10000 of them for reporting

  report_points<-if(length(times)<=POINTS_max) times else 

    times[seq(1,length(times),by=round(length(times)/POINTS_max))]

  table(report_points%in%times)#check all report values are in times.

  

  

  # Dosing ####

  

  # once daily oral exposure for food

  if (route=="food"){

    if (Ndays < 100) {

      A <- c(dose)

      B <- c(0)

      C <- c("time","doral")

      

      DORAL <- data.frame(B,A)

      colnames(DORAL) <- C

    } else {

      A <- rep(dose,Ndays+1)

      B <- seq(0,Ndays*24,by=24)

      C <- c("time","doral")

      

      DORAL <- data.frame(B,A)

      colnames(DORAL) <- C

    }

  }

  # dosing for water exposure

  if (route=="water"){

    if (Ndays < 100) {

      # 6x daily for age <= 12

      if (subject_age<=12){

        A <- rep(dose/6.0,6)

        B <- seq(0,20,by=4)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

      # 4x daily for age > 12

      else {

        A <- rep(dose/4.0,4)

        B <- seq(0,18,by=6)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

    } else {

      # 6x daily for age <= 12

      if (subject_age<=12){

        A <- rep(dose/6.0,Ndays*6+1)

        B <- seq(0,Ndays*24,by=4)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

      # 4x daily for age > 12

      else {

        A <- rep(dose/4.0,Ndays*4+1)

        B <- seq(0,Ndays*24,by=6)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

    }

  }

  

  All_Dose<-DORAL%>%

    mutate(ODOSE=doral*(params[["BWST"]]/params[["MWPAR"]])

           *params[["FA"]], # DIM dose conversion (ug/kg to umol)

           Level=paste(doral[1],"ug/kg",sep="_"))

  

  #~~~~APPLY MODEL~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~#### 

  # Do parallel for speed

  c1<-makeCluster(min(cores,n_distinct(All_Dose$Level))) # cluster for parallel 

  timestamp()

  modelOutput<-parLapply(c1,split(All_Dose,All_Dose$Level), function (LL,ini_par,t){

    #load data into cores

    source("human_pbpk.R")

    # Create dataframe of "events"that describe the dosing, which informs the

    # ODE function, and needs to have columns "var" = the state_variable that needs

    # to be changed,"time"= when the changes occurs,"value"=the value being changed

    # to,& "method"= how the new value interacts with the previous state variable

    # value. See ?deSolve::lsodes and ?deSolve::events.

    

    # combine or replace "base" parameters with case specific human parameters, 

    # carring out any calcuated paramters which are function of other specific case parameters 

    ini_pars <- initial_params_fun(params=ini_par)

    # STATE####

    # Subject specific UPDATES to the initial value of state variables

    st<-state_fun(st=state,ini_p=ini_pars)

    

    eventDat<-rbind(data.frame(var="ODOSE",time=LL$time,

                               value=LL$ODOSE ,	 

                               method="add",stringsAsFactors = FALSE),  # ("replace", "add", "multiply")

                    data.frame(var="ASTOM",time=LL$time,

                               value=LL$ODOSE ,	 

                               method="add",stringsAsFactors = FALSE))

    

    # DERIVATIVE ####

    # RUN MODEL 

    modelOutput<- ode(y = st, times = t,  #method = "lsodes",

                      func = Human_Model, parms = ini_pars,

                      events = list(data = eventDat[order(eventDat$time),]))

    result <- within(as.data.frame(modelOutput),{Level<-LL$Level[[1]]})

    return(result)

  },ini_par=params,t=times)

  stopCluster(c1)

  timestamp()

  ModelOutput<-do.call(rbind,modelOutput)##make big dataframe for evaluation

  

  #~~~END MODEL ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~####

  

  return(min(ModelOutput$RBCCE))

  

}



just_run_model <- function(dose){

  

  # TIMING COMMANDS ####

  MAXT=0.1       #maximum time step

  times<-seq(params[["TSTART"]],params[["TSTOP"]],by=MAXT)#

  

  # max number of points to write out to file

  POINTS_max<-10000  

  # if the more than 10000 timesteps, select evently spaced 10000 of them for reporting

  report_points<-if(length(times)<=POINTS_max) times else 

    times[seq(1,length(times),by=round(length(times)/POINTS_max))]

  table(report_points%in%times)#check all report values are in times.

  

  

  # once daily oral exposure for food

  if (route=="food"){

    if (Ndays < 100) {

      A <- c(dose)

      B <- c(0)

      C <- c("time","doral")

      

      DORAL <- data.frame(B,A)

      colnames(DORAL) <- C

    } else {

      A <- rep(dose,Ndays+1)

      B <- seq(0,Ndays*24,by=24)

      C <- c("time","doral")

      

      DORAL <- data.frame(B,A)

      colnames(DORAL) <- C

    }

  }

  # dosing for water exposure

  if (route=="water"){

    if (Ndays < 100) {

      # 6x daily for age <= 12

      if (subject_age<=12){

        A <- rep(dose/6.0,6)

        B <- seq(0,20,by=4)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

      # 4x daily for age > 12

      else {

        A <- rep(dose/4.0,4)

        B <- seq(0,18,by=6)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

    } else {

      # 6x daily for age <= 12

      if (subject_age<=12){

        A <- rep(dose/6.0,Ndays*6+1)

        B <- seq(0,Ndays*24,by=4)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

      # 4x daily for age > 12

      else {

        A <- rep(dose/4.0,Ndays*4+1)

        B <- seq(0,Ndays*24,by=6)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

    }

  }

  

  All_Dose<-DORAL%>%

    mutate(ODOSE=doral*(params[["BWST"]]/params[["MWPAR"]])

           *params[["FA"]], # DIM dose conversion (ug/kg to umol)

           Level=paste(doral[1],"ug/kg",sep="_"))

  

  #~~~~APPLY MODEL~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~#### 

  # Do parallel for speed

  c1<-makeCluster(min(cores,n_distinct(All_Dose$Level))) # cluster for parallel 

  timestamp()

  modelOutput<-parLapply(c1,split(All_Dose,All_Dose$Level), function (LL,ini_par,t){

    #load data into cores

    source("human_pbpk.R")

    # Create dataframe of "events"that describe the dosing, which informs the

    # ODE function, and needs to have columns "var" = the state_variable that needs

    # to be changed,"time"= when the changes occurs,"value"=the value being changed

    # to,& "method"= how the new value interacts with the previous state variable

    # value. See ?deSolve::lsodes and ?deSolve::events.

    

    # combine or replace "base" parameters with case specific human parameters, 

    # carring out any calcuated paramters which are function of other specific case parameters 

    ini_pars <- initial_params_fun(params=ini_par)

    # STATE####

    # Subject specific UPDATES to the initial value of state variables

    st<-state_fun(st=state,ini_p=ini_pars)

    

    eventDat<-rbind(data.frame(var="ODOSE",time=LL$time,

                               value=LL$ODOSE ,	 

                               method="add",stringsAsFactors = FALSE),  # ("replace", "add", "multiply")

                    data.frame(var="ASTOM",time=LL$time,

                               value=LL$ODOSE ,	 

                               method="add",stringsAsFactors = FALSE))

    

    # DERIVATIVE ####

    # RUN MODEL 

    modelOutput<- ode(y = st, times = t,  #method = "lsodes",

                      func = Human_Model, parms = ini_pars,

                      events = list(data = eventDat[order(eventDat$time),]))

    result <- within(as.data.frame(modelOutput),{Level<-LL$Level[[1]]})

    return(result)

  },ini_par=params,t=times)

  stopCluster(c1)

  timestamp()

  ModelOutput<-do.call(rbind,modelOutput)##make big dataframe for evaluation



  #~~~END MODEL ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~####

  

  return(ModelOutput)

  

}



PODcost <- function(test_dose){

  

  test_result <- minRBCCE(test_dose*1000)

  test_error <- (test_result - 90.0)

  

  print(sprintf("%f  %f",test_dose,test_result))

  flush.console()

  return(test_error*test_error)

}



AEDcost <- function(test_dose){

  

  test_result <- avgCBL(test_dose*1000)

  test_error <- (test_result - ac_50)

  

  print(sprintf("%f  %f",test_dose,test_result))

  

  return(test_error*test_error)

}



# get the dose that reproduces the AC50 in blood concentration or 10% brain AChE inhibition

final_dose <- optim(par = 7.2, PODcost, method = "Brent",lower = 0.1, upper = 25, control = list(reltol = 1e-3))   # POD limits



# finally run the model for this concentration

ModelOutput <- just_run_model(final_dose$par*1000)

final_dose$par

min(ModelOutput$RBCCE)
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# Envrionment ####

library(deSolve) # This solve the derivtive. 

if(!file.exists("Output")) dir.create("Output") #create output folder if it doesn't exist.





##Human model code



##PROGRAM parent_lifestage



#Abbreviations: 

  

#PAR--parent

#OXON--oxon

#MCA--metabolite 

#AChE--acetylcholinesterase

#BuChE--butyrlcholinesterase

#CaE--carboxylesterase



#skin compartment/dermal exposure for parent only

#lung compartment/inhalation exposure for parent only



#compartments included for liver, kidney, brain, fat, and lumped for slow and rapidly perfused. 

#exposure routes:  oral, dermal, inhalation (parent); oral (oxon)

#bioactivation (PAR -> OXON) occurs in liver

#inhibition of B-esterases (AChE, BuChE, CaE) described in liver, kidney, brain, plasma, RBCs. 



#detoxification of PAR occurs in liver, kidney, brain, plasma, RBCs (to metabolites; these are modeled as a single compartment). 

#detoxification of oxon by B-esterases is stoichiometric; the oxon-enzyme complex serves as a "trap" for the oxon.

#CaE assumed to undergo reactivation; AChE and BuChE assumed to undergo reactivation/aging.

#catalytic detoxification of oxon in liver, brain, kidney

 



# Constants####

# These are "Base" parameters, that get updated by run-specific parameters where needed

# case-specific constants should be in human parameters file

params<-{c(

 AGE0=0.0,   #INITIAL AGE

 BWSW=0.0, #SWITCH FOR AGE (SET =0) OR SET (SET =1) DETERMINATION OF BW

 BWST=0.0, #SET VALUE OF BW (KG)



# GOMPERTZ EQUATION PARAMETERS

 B1=0.0,

 B2=0.0,

 B3=0.0,

 B4=0.0,

 B5=0.0,

 B6=0.0,

 B7=0.0,

 B8=0.0,

 AGE1=0.0,

 AGE2=0.0,

 AGE3=0.0,

 SEX=0  ,



VBLC=0.0,                 #BLOOD

VBMC=0.0,             # BONE MARROW (IN SLOW)

VPC=0.0,                # PANCREAS (IN RAPID)



# COMPARTMENT VOLUME POLYNOMIAL PARAMETERS

VB0=0.0, VB1=0.0, VB2=0.0, VB3=0.0, VB4=0.0,

 VB5=0.0, VB6=0.0,

 VH0=0.0, VH1=0.0, VH2=0.0, VH3=0.0, VH4=0.0,

 VBL0=0.0, VBL1=0.0, VBL2=0.0,

 VF0=0.0, VF1=0.0, VF2=0.0, VF3=0.0, VF4=0.0,

 VF5=0.0, VF6=0.0,

 VA0=0.0, VA1=0.0, VA2=0.0, VA3=0.0, VA4=0.0,

 VA5=0.0, VA6=0.0,

 VK0=0.0, VK1=0.0,  VK2=0.0,

 VSP0=0.0, VSP1=0.0, VSP2=0.0,

 VL0=0.0, VL1=0.0, VL2=0.0,

 VGI0=0.0, VGI1=0.0, VGI2=0.0, VGI3=0.0,

 VM0=0.0, VM1=0.0, VM2=0.0, VM3=0.0, VM4=0.0,

 VSK0=0.0, VSK1=0.0, VSK2=0.0, VSK3=0.0,

 VSK4=0.0, VSK5=0.0,





# BLOOD FLOW TO EACH COMPARTMENT (L/H/KG) 

QFC=0.0,    #FAT

QHC=0.0,    #LIVER

QSC=0.0,    #SLOWLY PERFUSED

QBRC=0.0,   #BRAIN

QKC=0.0,    #KIDNEY

QRC=0.0,    #RAPIDLY PERFUSED



#PARTITION COEFFICIENTS (TISSUE:BLOOD)

#PARENT

  PparF = 0.0,    #FAT:PLASMA

  PparR = 0.0,    #RICHLY PERFUSED:PLASMA

  PparL = 0.0,    #LIVER:PLASMA

  PparK = 0.0,    #KIDNEY:PLASMA

  PparBR = 0.0,   #BRAIN:PLASMA

  PparS = 0.0 ,   #SLOWLY PERFUSED:PLASMA

  PparLung = 0.0, #LUNG:PLASMA



#OXON

   PoxonF = 0.0,   #FAT:PLASMA

   PoxonR = 0.0,   #RICHLY PERFUSED:PLASMA

   PoxonL = 0.0,   #LIVER:PLASMA

   PoxonK = 0.0,   #KIDNEY:PLASMA

   PoxonBR = 0.0,  #BRAIN:PLASMA

   PoxonS = 0.0,   #SLOWLY PERFUSED:PLASMA



#VOLUMES OF DISTRIBUTION FOR METABOLITE COMPARTMENTS (L)

  V1 = 0.0,      #MCA + DCA 



#CONSTANT HCT=0.0   #HEMATOCRIT



#METABOLISM PARAMETERS

  #MAXIMUM RATES OF METABOLISM (UMOL/HR/KG TISSUE)

  #PARENT DETOXIFICATION 

  VMAXparLC = 0.0 ,     #LIVER

  VMAXparLC_adult = 0.0, #LIVER ADULT

  VMAXparLC_juvenile = 0.0, #LIVER JUVENILE

  VMAXparBRC = 0.0,     #BRAIN

  VmaxparBRC_adult=0.0, #BRAIN ADULT

  VmaxparBRC_juvenile=0.0, #BRAIN JUVENILE

  VMAXparKC = 0.0 ,     #KIDNEY 

  VMAXparKC_adult = 0.0, #KIDNEY ADULT

  VMAXparKC_juvenile = 0.0, #KIDNEY JUVENILE



  #PARENT OXIDATION--PARENT TO OXON

  VMAXparoxonC = 0.0 ,     #LIVER 

  VMAXparoxonC_adult = 0,0, #LIVER ADULT

  VMAXparoxonC_juvenile = 0,0, #LIVER JUVENILE

  

  #OXON DETOX

  VMAXoxonLC = 0.0 ,    #LIVER

  VMAXoxonBRC = 0.0 ,    #BRAIN

  VMAXoxonKC = 0.0,     #KIDNEY



  #AFFINITY CONSTANTS (UMOL/L)

  #PARENT DETOXIFICATION

  KMparL = 0.0,    #LIVER

  KMparBR = 0.0,   #BRAIN

  KMparK = 0.0,    #KIDNEY



  #PARENT OXIDATION--PARENT TO OXON

  KMparoxon = 0.0,  #LIVER



  #OXON DETOX

  KMoxonL = 0.0,        #LIVER

  KMoxonBR = 0.0,        #BRAIN

  KMoxonK = 0.0,        #KIDNEY



  #CLEARANCE RATES

  CRparLC = 0.0,               #clearance rate parent in liver

  CRparKC = 0.0,               #clearance rate parent in kidney

  CRparBRC = 0.0,               #clearance rate parent in brain

  CRparPLC = 0.0,#	           #clearance rate parent in plasma (L/hr/L plasma)	

  CRoxonLC = 0.0,#      #clearance rate oxon in liver

  CRoxonKC = 0.0,              #clearance rate oxon in kidney

  CRoxonBRC = 0,0,              #clearance rate oxon in brain

  CRoxonPLC = 0.0,             #clearance rate oxon in plasma



 #PHARMACODYNAMICS--ESTERASE INHIBITION

  #ENZYME TURNOVER RATES (UMOL HYDROLYSIS/H/UMOL ACTIVE SITES)--NOT CHEMICAL SPECIFIC

  TRCE=0.0,   #ACHE (ALL TISSUES)

  TRBE=0.0,   #BUCHE (ALL TISSUE)

  TRCR=0.0,    #CAE  (ALL TISSUES)



 #ENZYME ACTIVITIES (UMOL/HR/KG TISSUE)--NOT CHEMICAL-SPECIFIC

  #ACHE

  BACHE=0.0,    #BRAIN ACHE

  HACHE=0.0,    #LIVER ACHE

  BLACHE=0.0,   #PLASMA ACHE

  RBCHE=0.0,    #RBC ACHE

  KACHE=0.0,    #KIDNEY ACHE



  #BUCHE

  BBUCE=0.0,    #BRAIN BUCHE

  HBUCE=0.0,    #LIVER BUCHE

  BLBUCE=0.0,   #PLASMA BUCHE

  KBUCE=0.0,    #KIDNEY BUCHE



  #CAE

  BRCE=0.0,     #BRAIN CAE

  HECE=0.0,    #LIVER CAE

  PLOCE=0.0,    #PLASMA CAE

  KECE=0.0,     #KIDNEY CAE

 

  

#CHEMICAL-SPECIFIC PARAMETERS FOR INHIBITION

  #LIVER ACHE RATE CONSTANTS

   KDHCE=0.0, # DEGRADATION OF ESTERASE (/HR)

   KIHCE=0.0, # INHIBITION OF ESTERASE (PER UMOL/L/HR)

   KRHCE=0.0, # REACTIVATION OF ESTERASE (/HR)

   KAHCE=0.0, # AGING OF ESTERASE (/HR)



 #LIVER BUCHE RATE CONSTANTS

   KDHBE=0.0, # DEGRADATION OF ESTERASE (/HR)

   KIHBE=0.0, # INHIBITION OF ESTERASE (PER UMOL/L/HR)

   KRHBE=0.0, # REACTIVATION OF ESTERASE (/HR)

   KAHBE=0.0, # AGING OF ESTERASE (/HR)



 #LIVER CAE RATE CONSTANTS

   KDHCR=0.0, # DEGRADATION OF ESTERASE (/HR)

   KIHCR=0.0, # INHIBITION OF ESTERASE (PER UMOL/L/HR)

   KAHCR=0.0, # AGING OF ESTERASE (/HR)



 #BRAIN ACHE RATE CONSTANTS

  KDBCE=0.0,  # DEGRADATION OF ESTERASE (/HR)

  KIBCE=0.0,  # INHIBITION OF ESTERASE (PER UMOL/L/HR)

  KRBCE=0.0,  # REACTIVATION OF ESTERASE (/HR)

  KABCE=0.0,  # AGING OF ESTERASE (/HR)



 #BRAIN BUCHE RATE CONSTANTS

  KDBBE=0.0,  # DEGRADATION OF ESTERASE (/HR)

  KIBBE=0.0,  # INHIBITION OF ESTERASE (PER UMOL/L/HR)

  KRBBE=0.0,  # REACTIVATION OF ESTERASE (/HR)

  KABBE=0.0,  # AGING OF ESTERASE (/HR)



 #BRAIN CAE RATE CONSTANTS

  KDBCR=0.0,  #DEGRADATION OF ESTERASE (/HR)

  KIBCR=0.0,  #INHIBITION OF ESTERASE (PER UMOL/L/HR)

  KRBCR=0.0,  #REACTIVATION OF ESTERASE (/HR)

  KABCR=0.0,  #AGING OF ESTERASE (/HR)



#KIDNEY ACHE RATE CONSTANTS

 KDKCE=0.0, # DEGRADATION OF ESTERASE (/HR)

 KIKCE=0.0, # INHIBITION OF ESTERASE (PER UMOL/L/HR)

 KRKCE=0.0, # HR-1;REACTIVATION OF ESTERASE

 KAKCE=0.0, # AGING OF ESTERASE (/HR)



#KIDNEY BUCHE RATE CONSTANTS

 KDKBE=0.0, # DEGRADATION OF ESTERASE (/HR)

 KIKBE=0.0, # INHIBITION OF ESTERASE (PER UMOL/L/HR)

 KRKBE=0.0, # REACTIVATION OF ESTERASE (/HR)

 KAKBE=0.0, # AGING OF ESTERASE (/HR)



#KIDNEY CAE RATE CONSTANTS

 KDKCR=0.0, # DEGRADATION OF ESTERASE (/HR)

 KIKCR=0.0, # INHIBITION OF ESTERASE (PER UMOL/L/HR)

 KRKCR=0.0, # REACTIVATION OF ESTERASE (/HR)

 KAKCR=0.0, # AGING OF ESTERASE (/HR)



#PLASMA ACHE RATE CONSTANTS

 KDBLCE=0.0,    # DEGRADATION OF ESTERASE (/HR)

 KIBLCE=0.0,    # INHIBITION OF ESTERASE (PER UMOL/L/HR)

 KRBLCE=0.0,    # REACTIVATION OF ESTERASE (/HR)

 KABLCE=0.0,    # AGING OF ESTERASE (/HR)



#PLASMA BUCHE RATE CONSTANTS

 KDBLBE=0.0,    # DEGRADATION OF ESTERASE (/HR)

 KIBLBE=0.0,    # INHIBITION OF ESTERASE (PER UMOL/L/HR)

 KRBLBE=0.0,    # REACTIVATION OF ESTERASE (/HR)

 KABLBE=0.0,   # AGING OF ESTERASE (/HR)



#PLASMA CAE RATE CONSTANTS

 KDBLCR=0.0,    # DEGRADATION OF ESTERASE (/HR)

 KIBLCR=0.0,    # INHIBITION OF ESTERASE (PER UMOL/L/HR)

 KRBLCR=0.0,    # REACTIVATION OF ESTERASE (/HR)

 KABLCR=0.0,    # AGING OF ESTERASE (/HR)



#RBC ACHE RATE CONSTANTS

 KDRBCE=0.0,   # DEGRADATION OF ESTERASE (/HR)

 KIRBCE=0.0,   # INHIBITION OF ESTERASE (PER UMOL/L/HR)

 KRRBCE=0.0,   # REACTIVATION OF ESTERASE (/HR)

 KARBCE=0.0,    # AGING OF ESTERASE (/HR)



#UPTAKE PARAMETERS

#PARENT

 KAS=0.0,     #TRANSFER STOMACH TO LIVER (/H)

 KSI=0.0,      #TRANSFER STOMACH TO INTESTINE (/H)

 KAI=0.0,      #TRANSFER INTESTINE TO LIVER (/H)

 FA=0.0,       #FRACTIONAL ORAL ABSORPTION

 KMUC=0.0,     #RATE CONSTANT FOR SWALLOWING PART OF AN INHALED DOSE (/H); MUCOCILLARY CLEARANCE

 FRACIN=0.0,   #FRACTION TO DEEP LUNG



#OXON

 KASO=0.0 ,      #TRANSFER STOMACH TO LIVER (/H)

 KSIO=0.0 ,      #TRANSFER STOMACH TO INTESTINE (/H)

 KAIO=0.0 ,      #TRANSFER INTESTINE TO LIVER (/H)

 FAO=0.0 ,       #FRACTIONAL ORAL ABSORPTION



#ELIMINATION RATE CONSTANTS FOR METABOLITE COMPARTMENT (/H)

 KE1=0.0,  #MCA + DCA



#INHALATION PARAMETERS

CI=0, #air concentration (umol/L)

QALV=0, #breathing rate (L/hr)

IZONE=0, #turn inhalation on



#DERMAL PARAMETERS

DERMPERCNT = 0, #percent dermal absorption (percent per hour)

DZONE=0, #turn dermal on





#MOLECULAR WEIGHTS

 MWPAR=0.0, #MOLECULAR WT OF PARENT (G/MOL)

 MWOXON=0.0, #MOLECULAR WT OF OXON (G/MOL)

  

#oral dose for child exposure

  W4 = 21,  #days exposed per year

  D4 = 7,   #days per week exposed

  P4 = 1.5,  #hr per day exposed



#DERMAL EXPOSURE

  YEAR = 364,      #DAYS

  W2 = 21,         #DAYS EXPOSED PER YEAR

  D2 = 5,          #DAYS EXPOSED/WEEK

  P2 = 8,          #HR EXPOSED/DAY



#INHALATION EXPOSURES#

  W3 = 21,      #DAYS EXPOSED PER YEAR

  D3 = 5,       #DAYS EXPOSED PER WEEK

  P3 = 8        #HR EXPOSED PER DAY



)}







# initial_Params_fun####

# calculates initial parameter values from previous defined values

initial_params_fun <-function(params){ within(as.list(params),{

  # Age dependent B4 & B8 for humans (Luecke 2007)

  if((AGE0 >= AGE1) & (AGE0 < AGE2)) {

      B4X<-B4

      B8X<-0

    } else { 

      if ((AGE0 >= AGE3)) {

        B4X<-0

        B8X<-B8

      }else{

          B4X<-0

          B8X<-0}}



  # Initial BWT (kg) (Luecke 2007)

  BWT<-if (AGE0 >= AGE2) {

    B5*exp((B6/B7)*(1-exp(-B7*AGE0)))+B8X*(AGE0-AGE3)

  }else{

    B1*exp((B2/B3)*(1-exp(-B3*AGE0)))+B4X*(AGE0-AGE1)

  }

  BWT<-BWT*(1.-BWSW)+BWST*BWSW   #use calculated or preset body weight depending on BWSW

  # BWT kg to grams for compartment volume calculations

  BWTG=BWT*1000			

  LBWT=BWT*1000



  # Initial Height (HT: fit to CDC growth chart	(human))	

  HT=19.994+(5.5408*BWT)-(0.0671*BWT**2)+0.0003*BWT**3



  # Initial compartment volumes (frac of BWT)(developed by Luecke 2007 & Young 2009; Described in Smith et al., 2013)

  #Brain

  VBRC=VB0+(VB1*LBWT)+(VB2*LBWT**2)+(VB3*LBWT**3)+(VB4*LBWT**4)+(VB5*LBWT**5)+(VB6*LBWT**6)

  #Liver

  VHC=VH0+(VH1*BWTG)+(VH2*BWTG**2)+(VH3*BWTG**3)+(VH4*BWTG**4)	

  #Blood

  VBLC=VBL0+(VBL1*BWTG)+(VBL2*BWTG**2)				

  #Fat

  VFC=VF0+(VF1*BWTG)+(VF2*BWTG**2)+(VF3*BWTG**3)+(VF4*BWTG**4)+(VF5*BWTG**5)+(VF6*BWTG**6)	

  #Adipose

  VAC=VA0+(VA1*BWTG)+(VA2*BWTG**2)+(VA3*BWTG**3)+(VA4*BWTG**4)+(VA5*BWTG**5)+(VA6*BWTG**6)	

  #Kidney

  VKC=VK0+(VK1*BWTG)+(VK2*BWTG**2)				

  #Spleen (in rapidly perfused tissues)

  VSPC=VSP0+(VSP1*BWTG)+(VSP2*BWTG**2) 	

  #Lung (in rapidly perfused tissues)		

  VLC=VL0+(VL1*BWTG)+(VL2*BWTG**2)				

  #GI, both stomach and intestine (in rapidly perfused tissues)

  VGIC=VGI0+(VGI1*BWTG)+(VGI2*BWTG**2)+(VGI3*BWTG**3)		

  #Muscle (in slowly perfused tissues)

  VMC=VM0+(VM1*BWTG)+(VM2*BWTG**2)+(VM3*BWTG**3)+(VM4*BWTG**4)

  #Skin  

  VSKC=VSK0+(VSK1*BWTG)+(VSK2*BWTG**2)+(VSK3*BWTG**3)+(VSK4*BWTG**4)+(VSK5*BWTG**5)



# VRC=VKC+VSPC+VLC+VGIC+VPC			      # Rapid

  VRC=VSPC+VLC+VGIC+VPC			      # Rapid

  VSC=VMC+VSKC+VBMC+(VAC-VFC)				# Slow



  # Compartment volumes (L)

  VBR=VBRC*BWT        #brain

  VH=VHC*BWT          #liver

  VBL=VBLC*BWT        #blood

  VAB=0.46*VBL        #arterial blood

  VF=VFC*BWT          #fat

  VR=VRC*BWT          #rapidly perfused

  VS=VSC*BWT          #slowly perfused

  VL=VLC*BWT           #lung

  VPLAS=VBL*(1-HCT)   #plasma

  VRBC=VBL*HCT        #RBC

  VK=VKC*BWT          #kidney



  # Blood flow to each compartment (L/h)

  QF=QFC*VF     #fat

  QH=QHC*VH     #liver

  QR=QRC*VR     #rapidly perfused

  QS=QSC*VS     #slowly perfused

  QBR=QBRC*VBR  #brain

  QK=QKC*VK     #kidney

  

  

  QC=QF+QH+QR+QS+QBR+QK 	#Total cardiac output (L/h)



#scaling for Vmax for parent detoxification (umol/hr/kg tissue to umol/hr)

  if(AGE0>18) {

    VMAXparLC=VMAXparLC_adult

    KMparL=KMparL_adult

  } else {

    VMAXparLC=VMAXparLC_juvenile

    KMparL=KMparL_juvenile

  }

  VMAXparL = VMAXparLC * VH                    #liver parent detox

  VMAXparBR = VMAXparBRC * VBR                 #brain parent detox

  if(AGE0>18) {

    VMAXparKC=VMAXparKC_adult

    KMparK=KMparK_adult

  } else {

    VMAXparKC=VMAXparKC_juvenile

    KMparK=KMparK_juvenile

  }

  VMAXparK = VMAXparKC * VK                    #kidney parent detox



  #oxidation- parent to oxon

  if(AGE0>18) {

    VMAXparoxonC=VMAXparoxonC_adult

    KMparoxon=KMparoxon_adult

  } else {

    VMAXparoxonC=VMAXparoxonC_juvenile

    KMparoxon=KMparoxon_juvenile

  }

  VMAXparoxon = VMAXparoxonC * VH             #liver parent to oxon



  #oxon detox

  VMAXoxonL = VMAXoxonLC*VH                    #liver oxon detox

  VMAXoxonBR = VMAXoxonBRC*VBR                 #brain oxon detox

  VMAXoxonK = VMAXoxonKC*VK                    #kidney oxon detox



  #clearance rates

  CRparPL = CRparPLC * VBL * (1-HCT)       #plasma parent detox

  CRoxonPL = CRoxonPLC * VBL* (1-HCT)      #plasma oxon detox

  CRparL = CRparLC * VH                    #liver parent detox

  CRoxonL = CRoxonLC * VH                  #liver oxon detox

  CRparK = CRparKC * VK                    #kidney parent detox

  CRoxonK = CRoxonKC * VK                  #kidney oxon detox

  CRparBR = CRparBRC * VBR                 #brain parent detox

  CRoxonBR = CRoxonBRC * VBR                #brain oxon detox

  

  #Enzyme activity (umol/h) in tissues

  #AChE

  SBACH=BACHE*VBR             #brain

  SHACH=HACHE*VH	            #liver

  SBLACH=BLACHE*VBL*(1-HCT)   #plasma

  SRBACH=RBCHE*VBL*HCT        #RBC

  SKACH=KACHE*VK              #kidney



  #BuChE

  SBBUC=BBUCE*VBR             #brain

  SHBUC=HBUCE*VH	            #liver

  SBLBUC=BLBUCE*VBL*(1-HCT)   #plasma

  SKBUC=KBUCE*VK              #kidney



  #CaE

  SBRCE=BRCE*VBR	            #brain

  SHECE=HECE*VH			          #liver

  SPLOCE=PLOCE*VBL*(1-HCT)    #plasma

  SKACE=KECE*VK               #kidney



  #calculation of esterase binding sites (umol)

  #AChE

  IBCE=SBACH/TRCE		#total brain AchE (umol)

  IHCE=SHACH/TRCE		#total liver AchE (umol)

  IBLCE=SBLACH/TRCE	#total plasma AchE (umol)

  IRBCE=SRBACH/TRCE	#total RBC AChE (umol)

  IKCE=SKACH/TRCE		#total kidney AchE (umol)



  #BuChE

  IBBE=SBBUC/TRBE		#total brain BuChE (umol)

  IHBE=SHBUC/TRBE		#total liver BuChE (umol)

  IBLBE=SBLBUC/TRBE	#total plasma BuChE (umol)

  IKBE=SKBUC/TRBE		#total kidney BuChE (umol)



  #CaE

  IBCR=SBRCE/TRCR		#total brain CaE (umol)

  IHCR=SHECE/TRCR		#total liver CaE (umol)

  IBLCR=SPLOCE/TRCR	#total plasma CaE (umol)

  IKCR=SKACE/TRCR		#total kidney CaE (umol)





  #calculation of enzyme synthesis rates in tissues (umol/hr)

  #liver

  KSHCE=IHCE*KDHCE	#AChE

  KSHBE=IHBE*KDHBE	#BuChE

  KSHCR=IHCR*KDHCR	#CaE

  #brain

  KSBCE=IBCE*KDBCE	#AChE

  KSBBE=IBBE*KDBBE	#BuChE

  KSBCR=IBCR*KDBCR	#CaE

  #kidney

  KSKCE=IKCE*KDKCE	#AChE

  KSKBE=IKBE*KDKBE	#BuChE

  KSKCR=IKCR*KDKCR	#CaE

  #plasma

  KSBLCE=IBLCE*KDBLCE	#AChE

  KSBLBE=IBLBE*KDBLBE	#BuChE

  KSBLCR=IBLCR*KDBLCR	#CaE

  #RBC

  KSRBCE=KDRBCE*IRBCE	#AChE



})}#End Initial parameter function





# TIME-dependent functions####

# Age 

AGE_fun<-function(t,age0=AGE0) age0+t/8766		# Human age (Y)

  ## use as "AGE<-AGe_fun()"  



# Body Weight Function

BWT_fun<-function(t,ini_par=initial_params){

  AGE<-AGE_fun(t,age0=ini_par[["AGE0"]])

  if((AGE >= ini_par[["AGE1"]]) & (AGE < ini_par[["AGE2"]])) {

        B4X<-ini_par[["B4"]]

        B8X<-0 

        } else {

          if (AGE >= ini_par[["AGE3"]]) {

              B4X<-0

              B8X<-ini_par[["B8"]]

          } else {

            B4X<-0

            B8X<-0}}

    # BWT (kg) Gompertz (Luecke 2007)

    if(AGE >= ini_par[["AGE2"]]) {					

      BWT=ini_par[["B5"]]*exp((ini_par[["B6"]]/ini_par[["B7"]])*

           (1-exp(-ini_par[["B7"]]*(AGE-ini_par[["AGE2"]]))))+

              B8X*(AGE-ini_par[["AGE3"]])		

      }else{

        BWT=ini_par[["B1"]]*exp((ini_par[["B2"]]/ini_par[["B3"]])*

            (1-exp(-ini_par[["B3"]]*AGE)))+B4X*(AGE-ini_par[["AGE1"]])}

    BWT=BWT*(1.-ini_par[["BWSW"]])+ini_par[["BWST"]]*ini_par[["BWSW"]]

    return(BWT)

}

  

      

# State ####

# state variables:

# IN ASCIX the "INTEG operator marks the variable as a state variable."

# That is in xxx=INTEG(yyyy), yyyy is the state varible, while xxxx is the rate (dervitive)

# The function below as been set up so that dxxx is the dertivitve.

state<-c(

  ODOSE=0,ADOSEM=0,ADOSEO=0,ODOSEO=0,ODOSEPAR=0,ODOSEOXON =0,  # Oral Doses

  DDOSE=0,TDDOSE=0,#dermal dose

  DDOSEO=0,TDDOSEO=0,#dermal dose oxon

  ASTOM =0,# receives Oral dose

  AINTM=0,ALM =0,ALM1 =0,ALM2 =0,AKM =0,AKM2 =0,AFM =0,ASMAL =0,ABRM =0,

  APB =0,ARM =0,

  ASURF=0,# receives Dermal dose 

  ASURFO=0, #receives dermal dose

  ADL=0,#

  ADLO=0,

  ASTOMO =0,AINTO =0,ALO =0,AALOD =0,AHCE=0,ANHCE=0,HOCE=0,AHPCE=0,AHBE=0,

  ANHBE=0,HOBE=0,AHPBE=0,AHCR=0,ANHCR=0,HOCR=0,AHPCR=0,AFO =0,ASO =0,ARO=0,ABRO =0,

  APOB =0,ABCE=0,ANBCE=0,BOCE=0,ABPCE=0,ABBE=0,ANBBE=0,BOBE=0,ABPBE=0,ABCR=0,ANBCR=0,

  BOCR=0,ABPCR=0,AKO =0,AAKOD =0,AKCE=0,ANKCE=0,KOCE=0,AKPCE=0,AKBE=0,ANKBE=0,KOBE=0,

  AKPBE=0,AKCR=0,ANKCR=0,KOCR=0,AKPCR=0,ABLCE=0,ANBLCE=0,BLOCE=0,ABLPCE=0,

  ABLBE=0,ANBLBE=0,BLOBE=0,ABLPBE=0,ABLCR=0,ANBLCR=0,BLOCR=0,ABLPCR=0,ARBCE=0,ANRBCE=0,

  RBCOCE=0,ARBPCE=0,AMCA =0,A1 =0,AMCAEX =0,APL=0,APLO=0,ARBC=0,ARBCO=0,

  APD=0,APOD=0,AEXCO=0,   #dermal

  CI=0, AINH=0,    #inhalation

  CI_OXON=0,AINH_OXON=0

)



state_fun<-function(st=state,ini_p=initial_params){

  # fills in states with initial values

  st[["AHCE"]]<-ini_p$IHCE    

  st[["ANHCE"]]<-ini_p$IHCE 

  st[["AHBE"]]<-ini_p$IHBE  

  st[["ANHBE"]]<-ini_p$IHBE  

  st[["AHCR"]]<-ini_p$IHCR   

  st[["ANHCR"]]<-ini_p$IHCR  

  st[["ABCE"]]<-ini_p$IBCE   

  st[["ANBCE"]]<-ini_p$IBCE  

  st[["ABBE"]]<-ini_p$IBBE   

  st[["ANBBE"]]<-ini_p$IBBE

  st[["ABCR"]]<-ini_p$IBCR  

  st[["ANBCR"]]<-ini_p$IBCR 

  st[["AKCE"]]<-ini_p$IKCE 

  st[["ANKCE"]]<-ini_p$IKCE

  st[["AKBE"]]<-ini_p$IKBE 

  st[["ANKBE"]]<-ini_p$IKBE

  st[["AKCR"]]<-ini_p$IKCR 

  st[["ANKCR"]]<-ini_p$IKCR

  st[["ABLCE"]]<-ini_p$IBLCE

  st[["ANBLCE"]]<-ini_p$IBLCE

  st[["ABLBE"]]<-ini_p$IBLBE 

  st[["ANBLBE"]]<-ini_p$IBLBE

  st[["ABLCR"]]<-ini_p$IBLCR 

  st[["ANBLCR"]]<-ini_p$IBLCR

  st[["ARBCE"]]<-ini_p$IRBCE 

  st[["ANRBCE"]]<-ini_p$IRBCE

  st[["CI"]]<-ini_p$CI

  return(st)

}  





# A function to mimic the "pulse train" determining dose on/off times for events  

pulse<-function(t,p,w){

  #t is the times, p= period, w= width

  rep_len(

  c(rep(1,which(near(w,t))),

    rep(0, if(any(near(p,t))) which(near(p,t))-which(near(w,t)) else 0  )),

  length.out = length(t)

  )

}



  

# Model####

Human_Model <- function(t,state,parameters){

  with(

    as.list(c(state,parameters)),{

# Dynamic ####

    # Depends on time

    # Age dependent B4 & B8 for humans (Luecke 2007)

    AGE<-AGE_fun(t,age0=AGE0)

    if((AGE >= AGE1) & (AGE < AGE2)) {

        B4X<-B4

        B8X<-0 

        } else {

          if (AGE >= AGE3) {

              B4X<-0

              B8X<-B8

          } else {

            B4X<-0

            B8X<-0}}

    # BWT (kg) Gompertz (Luecke 2007)

    if(AGE >= AGE2) {					

      BWT=B5*exp((B6/B7)*(1-exp(-B7*(AGE-AGE2))))+B8X*(AGE-AGE3)		

      }else{

        BWT=B1*exp((B2/B3)*(1-exp(-B3*AGE)))+B4X*(AGE-AGE1)}

    BWT=BWT*(1.-BWSW)+BWST*BWSW

    BWTG=BWT*1000		# BWT kg to grams for compartment volume calculations

    LBWT=BWT*1000

    # Compartment volumes (frac of BWT)

    #brain

    VBRC=VB0+(VB1*LBWT)+(VB2*LBWT**2)+(VB3*LBWT**3)+(VB4*LBWT**4)+(VB5*LBWT**5)+(VB6*LBWT**6)

    #liver

    VHC=VH0+(VH1*BWTG)+(VH2*BWTG**2)+(VH3*BWTG**3)+(VH4*BWTG**4)	

    #blood

    VBLC=VBL0+(VBL1*BWTG)+(VBL2*BWTG**2)				

    #fat--this is lipid content only

    VFC=VF0+(VF1*BWTG)+(VF2*BWTG**2)+(VF3*BWTG**3)+(VF4*BWTG**4)+(VF5*LBWT**5)+(VF6*LBWT**6)	

    #adipose--this is all tissue associated with adipose tissue (connective and lipid)

    VAC=VA0+(VA1*BWTG)+(VA2*BWTG**2)+(VA3*BWTG**3)+(VA4*BWTG**4)+(VA5*BWTG**5)+(VA6*BWTG**6)	

    #kidney

    VKC=VK0+(VK1*BWTG)+(VK2*BWTG**2)			

    #spleen (in rapidly perfused)

    VSPC=VSP0+(VSP1*BWTG)+(VSP2*BWTG**2)

    #lung

    VLC=VL0+(VL1*BWTG)+(VL2*BWTG**2)

    #intestines (in rapidly perfused)

    VGIC=VGI0+(VGI1*BWTG)+(VGI2*BWTG**2)+(VGI3*BWTG**3)		

    #muscle (in slowly perfused)

    VMC=VM0+(VM1*BWTG)+(VM2*BWTG**2)+(VM3*BWTG**3)+(VM4*BWTG**4)

    #skin (in slowly perfused)

    VSKC=VSK0+(VSK1*BWTG)+(VSK2*BWTG**2)+(VSK3*BWTG**3)+(VSK4*BWTG**4)+(VSK5*BWTG**5)

    VRC=VSPC+VGIC+VPC					      #Rapid

#    VRC=VKC+VSPC+VGIC+VPC					      # Rapid

    VSC=VMC+VSKC+VBMC+(VAC-VFC)					# Slow

    # Compartment volumes (L)

    VBR=VBRC*BWT      #brain

    VH=VHC*BWT        #liver

    VBL=VBLC*BWT      #blood

    VPLAS=VBL*(1-HCT) #plasma

    VRBC=VBL*HCT      #RBC

    VF=VFC*BWT        #fat

    VR=VRC*BWT        #rapidly perfused

    VS=VSC*BWT        #slow perfused

    VK=VKC*BWT        #kidney

    VL=VLC*BWT	    #lung



    VTOTCOMPARTMENTS=(VLC+VFC+VSC+VRC+VBRC+VBLC+VKC+VHC)

    BWTOTAL=(0.9*BWT)-(VL+VF+VS+VR+VBR+VBL+VK+VH) #should <10 for a human???



    # Blood flow to each compartment (L/h)

    QF=QFC*VF 

    QH=QHC*VH

    QR=QRC*VR

    QS=QSC*VS  

    QBr=QBRC*VBR

    QK=QKC*VK

    

    QC=QF+QH+QR+QS+QBr+QK 	#total cardiac output (L/h)



    #scaling for Vmax for parent detoxification (umol/hr/kg tissue to umol/hr)

    VMAXparL = VMAXparLC * VH                    #liver parent detox

    VMAXparBR = VMAXparBRC * VBR                 #brain parent detox

    VMAXparK = VMAXparKC * VK                    #kidney parent detox

    

    #oxidation--parent to oxon

    VMAXparoxon = VMAXparoxonC * VH             #liver parent to oxon

    

    #oxon detox

    VMAXoxonL = VMAXoxonLC*VH                    #liver oxon detox

    VMAXoxonBR = VMAXoxonBRC*VBR                 #brain oxon detox

    VMAXoxonK = VMAXoxonKC*VK                    #kidney oxon detox

    

    #clearance rates

    CRparPL = CRparPLC * VBL * (1-HCT)       #plasma parent detox

    CRoxonPL = CRoxonPLC *VBL*(1-HCT)        #plasma oxon detox





#Enzyme activity (umol/h) in tissues

#AChE

SBACH=BACHE*VBR             #brain

SHACH=HACHE*VH	          #liver

SBLACH=BLACHE*VBL*(1-HCT)   #plasma

SRBACH=RBCHE*VBL*HCT        #RBC

SKACH=KACHE*VK              #kidney



#BuChE

SBBUC=BBUCE*VBR             #brain

SHBUC=HBUCE*VH	          #liver

SBLBUC=BLBUCE*VBL*(1-HCT)   #plasma

SKBUC=KBUCE*VK              #kidney



#CaE

SBRCE=BRCE*VBR	          #brain

SHECE=HECE*VH		    #liver

SPLOCE=PLOCE*VBL*(1-HCT)    #plasma

SKACE=KECE*VK               #kidney



#calculation of esterase binding sites (umol)

#AChE

IBCE=SBACH/TRCE		#total brain AchE (umol)

IHCE=SHACH/TRCE		#total liver AchE (umol)

IBLCE=SBLACH/TRCE	      #total plasma AchE (umol)

IRBCE=SRBACH/TRCE	      #total RBC AChE (umol)

IKCE=SKACH/TRCE		#total kidney AchE (umol)



#BuChE

IBBE=SBBUC/TRBE		#total brain BuChE (umol)

IHBE=SHBUC/TRBE		#total liver BuChE (umol)

IBLBE=SBLBUC/TRBE	      #total plasma BuChE (umol)

IKBE=SKBUC/TRBE		#total kidney BuChE (umol)



#CaE

IBCR=SBRCE/TRCR		#total brain CaE (umol)

IHCR=SHECE/TRCR		#total liver CaE (umol)

IBLCR=SPLOCE/TRCR	      #total plasma CaE (umol)

IKCR=SKACE/TRCR		#total kidney CaE (umol)





#calculation of enzyme synthesis rates in tissues (umol/hr)

#liver

KSHCE=IHCE*KDHCE	#AChE

KSHBE=IHBE*KDHBE	#BuChE

KSHCR=IHCR*KDHCR	#CaE

#brain

KSBCE=IBCE*KDBCE	#AChE

KSBBE=IBBE*KDBBE	#BuChE

KSBCR=IBCR*KDBCR	#CaE

#kidney

KSKCE=IKCE*KDKCE	#AChE

KSKBE=IKBE*KDKBE	#BuChE

KSKCR=IKCR*KDKCR	#CaE

#plasma

KSBLCE=IBLCE*KDBLCE	#AChE

KSBLBE=IBLBE*KDBLBE	#BuChE

KSBLCR=IBLCR*KDBLCR	#CaE

#RBC

KSRBCE=KDRBCE*IRBCE	#AChE



#DERIVATIVE#####

#--------------------------------------------------------------.

#parent compound ####

#--------------------------------------------------------------.

## Oral Exposure####

#STOMACH

RSTOM = -KAS*ASTOM-KSI*ASTOM    #RATE OF CHANGE PARENT IN STOMACH (UMOL/HR)

DASTOM = RSTOM                              #AMOUNT PARENT IN STOMACH (UMOL)



## ORAL DOSE(S) ADDED TO ASTOM VIA EVENTS

DODOSE<- 0

DADOSEM<-0

DODOSEPAR<-0



#INTESTINE

RINST = KSI*ASTOM - KAI*AINTM               #RATE OF PARENT CHANGE IN INTESTINE (UMOL/HR) 

DAINTM=RINST                                #AMOUNT PARENT IN INTESTINE (UMOL)



#PLASMA & RBC 

CPL=APL/VPLAS				        #CONC PARENT IN PLASMA (UMOL/L)

CRBC=ARBC/VRBC  					  #CONC PARENT IN RBCS (UMOL/L)



RAPD=CRparPL*CPL      #RATE OF PARENT CHANGE CATALYTIC DETOX IN PLASMA (UMOL/HR)

DAPD=RAPD						  #AMT OF PARENT CATALYTIC DETOX IN PLASMA (UMOL)



#LIVER

CLM = ALM/VH                                  #CONC PARENT IN LIVER (UMOL/L)

CVLM = CLM/PparL                              #CONC PARENT IN VENOUS BLOOD LEAVING LIVER (UMOL/L)



#LIVER METABOLISM OF PAR BY CYPS--OXIDATION

RALM1 = (VMAXparoxon*CVLM*FuPAR)/(KMparoxon+CVLM*FuPAR)     #RATE OF OXON FORMATION (UMOL/HR)

DALM1 = RALM1                                   #AMT OXON FORMED (UMOL)



#LIVER FROM OXON (partial due to ordering, see below)

CLO = ALO/VH                                  #OXON CONC IN LIVER (UMOL/L)

CVLO = CLO/PparL                              #OXON CONC IN VENOUS BLOOD LEAVING LIVER (UMOL/L)



#LIVER DETOXICATION OF PARENT

if(USEKM_PARL) {

  if(USECOMINH_PARL) {

    RALM2 = (VMAXparL*CVLM*FuPAR*(FCXB*(AHCR/ANHCR)+(1-FCXB)))/(KMparL+CVLM*FuPAR)           #RATE OF PARENT LIVER METABOLISM (umol/hr)

    DALM2 = RALM2                                   #AMT OF METABOLITE FORMED (mol)

  } else {        

    RALM2 = (VMAXparL*CVLM*FuPAR)/(KMparL+CVLM*FuPAR)           #RATE OF PARENT LIVER METABOLISM (umol/hr)

    DALM2 = RALM2                                   #AMT OF METABOLITE FORMED (mol)

  }

} else {

  if(USECOMINH_PARL) {

    RALM2 = CRparL*CVLM*FuPAR*(FCXB*(AHCR/ANHCR)+(1-FCXB))     #RATE OF PARENT LIVER METABOLISM (umol/hr)

    DALM2 = RALM2

  } else {

    RALM2 = CRparL*CVLM*FuPAR                       #RATE OF PARENT LIVER METABOLISM (umol/hr)

    DALM2 = RALM2                                    #AMT OF METABOLITE FORMED (mol)

  }

}                                #AMOUNT OF METABOLITES FORMED IN LIVER (UMOL)



#LIVER RATE OF CHANGE

RALM=QH*CPL-QH*CVLM+KAI*AINTM+KAS*ASTOM-RALM1-RALM2    #RATE OF PARENT CHANGE IN LIVER (UMOL/HR)

DALM = RALM                                            #AMT PARENT IN LIVER (UMOL)



#KIDNEY

CKM = AKM/VK                                         #CONC PARENT IN KIDNEY (UMOL/L)

CVKM = CKM/PparK                                     #CONC PARENT IN VENOUS BLOOD LEAVING KIDNEY (UMOL/L)



#KIDNEY (FROM OXON, partial due to ordering, see below)

CKO = AKO/VK                                      #OXON CONC IN KIDNEY (UMOL/L)

CVKO = CKO/PoxonK                                  #OXON CONC IN VENOUS BLOOD LEAVING KIDNEY  (UMOL/L)



#KIDNEY- CATALYTIC METABOLISM OF PARENT

if(USEKM_PARK) {

  if(USECOMINH_PARK) {

    RAKM2 = VMAXparK*CVKM*FuPAR*(FCXB*(AKCR/ANKCR)+(1-FCXB))/(KMparK+CVKM*FuPAR)               #RATE OF METABOLITES FORMED IN KIDNEY (UMOL/HR)

    DAKM2 = RAKM2  

  } else {  

    RAKM2 = VMAXparK*CVKM*FuPAR/(KMparK+CVKM*FuPAR)               #RATE OF METABOLITES FORMED IN KIDNEY (UMOL/HR)

    DAKM2 = RAKM2                                     #AMOUNT OF METABOLITES FORMED IN KIDNEY (UMOL)

  }

} else {

  if(USECOMINH_PARK) {

    RAKM2 = CRparK*CVKM*FuPAR*(FCXB*(AKCR/ANKCR)+(1-FCXB))       #RATE OF METABOLITES FORMED IN KIDNEY (UMOL/HR)

    DAKM2 = RAKM2                                     #AMOUNT OF METABOLITES FORMED IN KIDNEY (UMOL)

  } else {   

    RAKM2 = CRparK*CVKM*FuPAR                                #RATE OF METABOLITES FORMED IN KIDNEY (UMOL/HR)

    DAKM2 = RAKM2                                       #AMOUNT OF METABOLITES FORMED IN KIDNEY (UMOL)

  }  

}



#KIDNEY RATE OF CHANGE

RAKM = QK*CPL-QK*CVKM - RAKM2                     #RATE OF PARENT CHANGE IN KIDNEY (UMOL/HR)

DAKM = RAKM                                       #AMT PARENT IN KIDNEY (UMOL)



#FAT

CFM = AFM/VF                    #CONC PARENT IN FAT (UMOL/L)

CVFM = CFM/PparF                #CONC PARENT IN VENOUS BLOOD LEAVING FAT (UMOL/L)

RAFM = QF*CPL-QF*CVFM           #RATE OF PARENT CHANGE IN FAT (UMOL/HR)

DAFM = RAFM                     #AMT PARENT IN FAT (UMOL)



#SLOWLY PERFUSED

CSM = ASMAL/VS                  #CONC PARENT IN SLOWLY PERFUSED (UMOL/L)

CVSM = CSM/PparS                #CONC PARENT IN VENOUS BLOOD LEAVING SLOWLY PERFUSED (UMOL/L)

RASM = QS*CPL-QS*CVSM           #RATE OF PARENT CHANGE IN SLOWLY PERFUSED (UMOL/HR)

DASMAL = RASM                   #AMT PARENT IN SLOWLY PERFUSED (UMOL)



#BRAIN

CBRM = ABRM/VBR                 #CONC PARENT IN BRAIN (UMOL/L)

CVBRM = CBRM/PparBR             #CONC PARENT IN VENOUS BLOOD LEAVING BRAIN (UMOL/L)



#BRAIN - OXON (partial due to ordering)

CBRO = ABRO/VBR                             #OXON CONC IN BRAIN (UMOL/L)

CVBRO = CBRO/VBR                            #OXON CONC IN VENOUS BLOOD LEAVING BRAIN (UMOL/L)



#BRAIN - PARENT CATALYTIC METABOLISM

if(USEKM_PARB) {

  if(USECOMINH_PARB) {

    RAPB = (VMAXparBR*CVBRM*FuPAR*(FCXB*(ABCR/ANBCR)+(1-FCXB)))/(KMparBR+CVBRM*FuPAR)  	   #RATE OF CHANGE PARENT CATALYTIC DETOX IN BRAIN

    DAPB=RAPB 					                           #AMT OF PARENT CATALYTIC DETOX IN BRAIN

  } else {  

    RAPB = (VMAXparBR*CVBRM*FuPAR)/(KMparBR+CVBRM*FuPAR)  	   #RATE OF CHANGE PARENT CATALYTIC DETOX IN BRAIN

    DAPB=RAPB 					                           #AMT OF PARENT CATALYTIC DETOX IN BRAIN

  }

} else {

  if(USECOMINH_PARB) {

    RAPB = CRparBR*CVBRM*FuPAR*(FCXB*(ABCR/ANBCR)+(1-FCXB))   #RATE OF CHANGE PARENT CATALYTIC DETOX IN BRAIN

    DAPB = RAPB                                   #AMT OF PARENT CATALYTIC DETOX IN BRAIN

  } else {  

    RAPB = CRparBR*CVBRM*FuPAR                          #RATE OF CHANGE PARENT CATALYTIC DETOX IN BRAIN

    DAPB = RAPB                                   #AMT OF PARENT CATALYTIC DETOX IN BRAIN

  }

}



#BRAIN - RATE OF CHANGE

RABRM = QBR*CPL-QBR*CVBRM-RAPB           #RATE OF PARENT CHANGE IN BRAIN (UMOL/HR)

DABRM = RABRM                              #AMT PARENT IN BRAIN (UMOL)



#RAPIDLY PERFUSED TISSUES

CRM = ARM/VR                               #CONC PARENT IN RAPIDLY PERFUSED (UMOL/L)

CVRM = CRM/PparR                           #CONC PARENT IN VENOUS BLOOD LEAVING RAPIDLY PERFUSED (UMOL/L)

RARM = QR*CPL-QR*CVRM                      #RATE OF PARENT CHANGE IN RAPIDLY PERFUSED (UMOL/HR)

DARM = RARM                                #AMT PARENT IN RAPIDLY PERFUSED (UMOL)



#PLASMA

CV=(QH*CVLM+QF*CVFM+QK*CVKM+QS*CVSM+QBR*CVBRM+QR*CVRM)/QC   #CONC PARENT IN VENOUS PLASMA (UMOL/L)



#PLASMA (FROM OXON, DUE TO ORDERING)

CPLO=APLO/VPLAS



## DERMAL EXPOSURE####    

RASURF=-DERMPERCNT*ASURF*DZONE                          #RATE OF PARENT CHANGE AT SKIN SURFACE (UMOL/HR)

DASURF=RASURF                                           #AMT PARENT AT SKIN SURFACE (UMOL)

DDDOSE<-RASURF                                          #Cumulative amount at surface

DTDDOSE<-0                                              #Tracks cumulative total dermal dose

RADL=DERMPERCNT*ASURF*DZONE                             #RATE OF PARENT UPTAKE INTO SKIN TISSUE FROM SKIN SURFACE (UMOL/HR)

DADL=RADL                                               #AMT PARENT UPTAKE (UMOL)



#INHALATION EXPOSURES

RINH <- IZONE*QALV*ABS_INH*CI                     #RATE OF INHALATION UMOLE/HR

DINH <- RINH                              #RATE OF INHALATION, UMOLE/HR

DCI <- 0                                  #CI is constant





# Tissues####

#PLASMA

RAPL=QC*(CV-CPL)-PTORBC*(CPL-CRBC/PparRBC)-RAPD+RADL+RINH          #RATE OF PARENT CHANGE IN PLASMA (UMOL/HR)

DAPL=RAPL                     						                        #AMOUNT PARENT IN PLASMA (UMOL)



#RBC

RRBC=PTORBC*(CPL-CRBC/PparRBC)							#RATE OF PARENT CHANGE IN RBC (UMOL/HR)

DRBC=RRBC										            #AMT PARENT IN RBC (UMOL/HR)



#WHOLE BLOOD

ABL=APL+ARBC									#AMT PARENT IN MIXED BLOOD (UMOL)

CBL=ABL/VBL										#CONC PARENT IN MIXED BLOOD (UMOL/L)



#WHOLE BLOOD (FROM OXON, PARTIAL DUE TO ORDERING)

ABLO=ARBCO+APLO							 #MASS OXON IN WHOLE BLOOD (UMOL)

CBLO=ABLO/VBL							 #CONC OXON IN WHOLE BLOOD (UMOL/L)



#-------------------------------------------------------------------------------.

#OXON####

#-------------------------------------------------------------------------------.



## Oral Exposure####

#STOMACH

RASTOMO = -KSIO*ASTOMO-KASO*ASTOMO     #RATE OF OXON CHANGE IN STOMACH (UMOL/HR) 

DASTOMO = RASTOMO                     #AMT OXON IN STOMACH (UMOL)



#ODOSEO, ADOSEO, ODOSEOXON Added to ASTOMO via Events

DODOSEO<-0  #ODOSEO

DODOSEOXON<-0 #ODOSEOXON

DADOSEO<-0 #ADOSEO



#INTESTINE

RAINTO = -KAIO*AINTO+KSIO*ASTOMO                  #RATE OF OXON CHANGE IN INTESTINE (UMOL/HR)

DAINTO = RAINTO                                   #AMOUNT OXON IN INTESTINE (UMOL)



#LIVER

RHPCE=AHCE*KIHCE*CLO*FuOXON                              #RATE OF OXON CONSUMPTION BY LIVER ACHE (UMOL/HR)

DAHPCE=RHPCE                                      #AMT OF OXON CONSUMED BY LIVER ACHE (UMOL)



RHPBE=AHBE*KIHBE*CLO*FuOXON                              #RATE OF OXON CONSUMPTION BY LIVER BCHE (UMOL/HR)

DAHPBE=RHPBE                                      #AMT OF OXON CONSUMED BY LIVER BCHE (UMOL)



RHPCR=AHCR*KIHCR*CLO*FuOXON                              #RATE OF OXON CONSUMPTION BY LIVER CAE  (UMOL/HR)

DAHPCR=RHPCR                                      #AMT OF OXON CONSUMED BY LIVER CAE (UMOL)







#OXON DETOX--CATALYTIC

if (USEKM_OXONL) {

  RALOD = (VMAXoxonL*CVLO*FuOXON)/(KMoxonL+CVLO*FuOXON)            #RATE OXON CATALYTIC DETOX IN LIVER

  DAALOD = RALOD                                     #AMT OF OXON CATALYTIC DETOX IN LIVER

} else {

  RALOD = CRoxonL*CVLO*FuOXON                               #RATE OXON CATALYTIC DETOX IN LIVER

  DAALOD = RALOD                                     #AMT OF OXON CATALYTIC DETOX IN LIVER

}	



#LIVER RATE OF CHANGE

RALO = QH*(CPLO-CVLO)+KAIO*AINTO+KASO*ASTOMO-RALOD+RALM1-(RHPCE+RHPBE+RHPCR) #RATE OF CHANGE IN LIVER (UMOL/HR)

DALO = RALO                                                                  #AMT IN LIVER (UMOL)



#ACHE ACTIVITY--LIVER

RHCE=KSHCE-AHCE*(KDHCE+KIHCE*CLO*FuOXON)+HOCE*KRHCE      #RATE OF ACHE ACTIVITY (UMOL/HR)

DAHCE=RHCE                                        #LIVER ACHE ACTIVITY (UMOL)

RNHCE=KSHCE-ANHCE*KDHCE                           #RATE OF BASELINE ACHE ACTIVITY (UMOL/HR)

DANHCE=RNHCE                                      #AMT OF BASELINE ACHE (UMOL)

RHOCE=AHCE*KIHCE*CLO*FuOXON-HOCE*(KAHCE+KRHCE)           #RATE OF ACHE INHIBITION (UMOL/HR)

DHOCE=RHOCE                                       #AMT OF LIVER ACHE INHIBITED (UMOL)



#BUCHE ACTIVITY--LIVER

RHBE=KSHBE-AHBE*(KDHBE+KIHBE*CLO*FuOXON)+HOBE*KRHBE      #RATE OF BUCHE ACTIVITY (UMOL/HR)

DAHBE=RHBE                                        #LIVER BUCHE ACTIVITY (UMOL)

RNHBE=KSHBE-ANHBE*KDHBE                           #RATE OF BASELINE BUCHE ACT (UMOL/HR)

DANHBE=RNHBE                                      #AMT OF BASELINE BUCHE (UMOL)

RHOBE=AHBE*KIHBE*CLO*FuOXON-HOBE*(KAHBE+KRHBE)           #RATE OF BUCHE INHIBITION (UMOL/HR)

DHOBE=RHOBE                                       #AMOUNT OF LIVER BUCHE INHIBITED (UMOL)



#CAE ACTIVITY--LIVER

RHCR=KSHCR-AHCR*(KDHCR+KIHCR*CLO*FuOXON)+HOCR*KRHCR      #RATE OF CAE ACTIVITY (UMOL/HR)

DAHCR=RHCR                                        #LIVER CAE ACTIVITY (UMOL)

RNHCR=KSHCR-ANHCR*KDHCR                           #RATE OF BASELINE CAE ACT (UMOL/HR)

DANHCR=RNHCR                                      #AMT OF BASELINE CAE (UMOL)

RHOCR=AHCR*KIHCR*CLO*FuOXON-HOCR*(KAHCR+KRHCR)           #RATE OF CAE INHIBITION (UMOL/HR)

DHOCR=RHOCR                                       #AMOUNT OF LIVER CAE INHIBITED (UMOL)



#LIVER B-ESTERASE (ACHE, BUCHE, AND CAE) ACTIVITY

HBE=AHCE+AHBE+AHCR                                #TOTAL B-ESTERASE=ACHE+BUCHE+CAE (UMOL)

IHE=100*(HBE/(ANHCE+ANHBE+ANHCR))                 #% TOTAL B-ESTERASE INHIBITION

HCE=100*(AHCE/ANHCE)                              #% ACHE INHIBITION

HBES=100*(AHBE/ANHBE)                             #% BUCHE INHIBITION

HCR=100*(AHCR/ANHCR)                              #% CAE INHIBITION



#FAT

CFO = AFO/VF                                      #CONC OXON IN FAT (UMOL/L)

CVFO = CFO/PoxonF                                 #CONC OXON IN VENOUS BLOOD LEAVING FAT (UMOL/L)

RAFO = QF*CPLO-QF*CVFO                            #RATE OF PARENT CHANGE IN FAT (UMOL/HR)

DAFO = RAFO                                       #AMT IN PARENT FAT (UMOL)



#SLOWLY PERFUSED

CSO = ASO/VS                            #CONC OXON IN SLOWLY PERFUSED (UMOL/L)

CVSO = CSO/PoxonS                       #CONC OXON IN VENOUS BLOOD LEAVING SLOWLY PERFUSED (UMOL/L)

RASO = QS*CPLO-QS*CVSO                  #RATE OF OXON CHANGE IN SLOWLY PERFUSED (UMOL/HR)

DASO = RASO                             #AMT OXON IN SLOWLY PERFUSED (UMOL)



#RAPIDLY PERFUSED TISSUES

CRO = ARO/VR                          #CONC OXON IN RAPIDLY PERFUSED (UMOL/L)

CVRO = CRO/PoxonR                     #CONC OXON IN VENOUS BLOOD LEAVING RAPIDLY PERFUSED (UMOL/L)

RARO = QR*CPLO-QR*CVRO                #RATE OF OXON CHANGE IN RAPIDLY PERFUSED (UMOL/HR)

DARO = RARO                           #AMT OXON IN RAPIDLY PERFUSED (UMOL)



#BRAIN

CBRO = ABRO/VBR                                      #CONC OXON IN BRAIN (UMOL/L)

CVBRO = CBRO/PoxonBR                                  #CONC OXON IN VENOUS BLOOD LEAVING BRAIN (UMOL/L)



RBPCE=ABCE*KIBCE*CBRO*FuOXON                                #RATE OF OXON CONSUMPTION BY ACHE IN BRAIN (UMOL/HR)

DABPCE=RBPCE                                         #AMT OF OXON CONSUMED BY ACHE IN BRAIN (UMOL)



RBPBE=ABBE*KIBBE*CBRO*FuOXON                                #RATE OF OXON CONSUMPTION BY BCHE IN BRAIN (UMOL/HR)

DABPBE=RBPBE                                         #AMT OF OXON CONSUMED BY BCHE IN BRAIN (UMOL)



RBPCR=ABCR*KIBCR*CBRO*FuOXON                                #RATE OF OXON CONSUMPTION BY CAE IN BRAIN (UMOL/HR)

DABPCR=RBPCR                                        #AMT OF OXON CONSUMED BY CAE IN BRAIN (UMOL)





#BRAIN - CATALYTIC DETOX OF OXON

if (USEKM_OXONB) {

  RAPOB = (VMAXoxonBR*CVBRO*FuOXON)/(KMoxonBR+CVBRO*FuOXON)  	    #RATE OF CHANGE OXON CATALYTIC DETOX IN BRAIN

  DAPOB=RAPOB 					                            #AMT OF OXON CATALYTIC DETOX IN BRAIN

} else {

  RAPOB = CRoxonBR*CVBRO*FuOXON                      	    #RATE OF CHANGE OXON CATALYTIC DETOX IN BRAIN

  DAPOB=RAPOB 					                            #AMT OF OXON CATALYTIC DETOX IN BRAIN

}



RABRO = QBR*CPLO-QBR*CVBRO-RAPOB-(RBPCE+RBPBE+RBPCR)#RATE OF OXON CHANGE IN BRAIN (UMOL/HR)

DABRO = RABRO                                        #AMT OXON IN BRAIN (UMOL)



#ACHE ACTIVITY--BRAIN

RBCE=KSBCE-ABCE*(KDBCE+KIBCE*CBRO*FuOXON)+BOCE*KRBCE        #RATE OF ACHE ACTIVITY (UMOL/HR)

DABCE=RBCE                                           #BRAIN ACHE ACTIVITY (UMOL)

RNBCE=KSBCE-ANBCE*KDBCE                              #RATE OF BASELINE ACHE ACT (UMOL/HR)

DANBCE=RNBCE                                         #AMT OF BASELINE ACHE (UMOL)

RBOCE=ABCE*KIBCE*CBRO*FuOXON-BOCE*(KABCE+KRBCE)             #RATE OF ACHE INHIBITION (UMOL/HR)

DBOCE=RBOCE                                          #AMOUNT OF BRAIN ACHE INHIBITED (UMOL)

        

#BUCHE ACTIVITY--BRAIN

RBBE=KSBBE-ABBE*(KDBBE+KIBBE*CBRO*FuOXON)+BOBE*KRBBE        #RATE OF BUCHE ACTIVITY (UMOL/HR)

DABBE=RBBE                                           #BRAIN BUCHE ACTIVITY (UMOL)

RNBBE=KSBBE-ANBBE*KDBBE                              #RATE OF BASELINE BUCHE ACT (UMOL/HR)

DANBBE=RNBBE                                         #AMT OF BASELINE BUCHE (UMOL)

RBOBE=ABBE*KIBBE*CBRO*FuOXON-BOBE*(KABBE+KRBBE)             #RATE OF BUCHE INHIBITION (UMOL/HR)

DBOBE=RBOBE                                          #AMOUNT OF BRAIN BUCHE INHIBITED (UMOL)

        

#CAE ACTIVITY--BRAIN

RBCR=KSBCR-ABCR*(KDBCR+KIBCR*CBRO*FuOXON)+BOCR*KRBCR        #RATE OF CAE ACTIVITY (UMOL/HR)

DABCR=RBCR                                           #BRAIN CAE ACTIVITY (UMOL)

RNBCR=KSBCR-ANBCR*KDBCR                              #RATE OF BASELINE CAE ACT (UMOL/HR)

DANBCR=RNBCR                                         #AMT OF BASELINE CAE (UMOL)

RBOCR=ABCR*KIBCR*CBRO*FuOXON-BOCR*(KABCR+KRBCR)             #RATE OF CAE INHIBITION (UMOL/HR)

DBOCR=RBOCR                                          #AMOUNT OF BRAIN CAE INHIBITED (UMOL)



#BRAIN B-ESTERASE (ACHE, BUCHE, AND CAE) ACTIVITY

BBE=ABCE+ABBE+ABCR                                  #TOTAL B-ESTERASE=ACHE+BUCHE+CAE (UMOL)

IBE=100*(BBE/(ANBCE+ANBBE+ANBCR))                   #TOTAL B-ESTERASE INHIBITION

BCE=100*(ABCE/ANBCE)                                #% ACHE INHIBITION

BBES=100*(ABBE/ANBBE)                               #% BUCHE INHIBITION

BCR=100*(ABCR/ANBCR)                                #% CAE INHIBITION





#KIDNEY



RKPCE=AKCE*KIKCE*CKO*FuOXON                               #RATE OF OXON CONSUMPTION BY ACHE IN KIDNEY (UMOL/HR)

DAKPCE=RKPCE                                       #AMT OF OXON CONSUMED (UMOL)



RKPBE=AKBE*KIKBE*CKO*FuOXON                               #RATE OF OXON CONSUMPTION BY BCHE IN KIDNEY (UMOL/HR)

DAKPBE=RKPBE                                       #AMT OF OXON CONSUMED BY BCHE IN KIDNEY (UMOL)



RKPCR=AKCR*KIKCR*CKO*FuOXON                               #RATE OF OXON CONSUMPTION BY CAE IN KIDNEY (UMOL/HR)

DAKPCR=RKPCR                                       #AMT OF OXON CONSUMED BY CAE IN KIDNEY (UMOL)



#CATALYTIC OXON DETOX IN THE KIDNEY

if (USEKM_OXONK) {

  RAKOD = (VMAXoxonK*CVKO*FuOXON)/(KMoxonK+CVKO*FuOXON)	         #RATE OF OXON CATALYTIC DETOX IN KIDNEY (UMOL/HR)

  DAAKOD = RAKOD 						                       #AMT OF OXON CATALYTIC DETOX IN KIDNEY (UMOL)

} else {

  RAKOD = CRoxonK*CVKO*FuOXON                  	         #RATE OF OXON CATALYTIC DETOX IN KIDNEY (UMOL/HR)

  DAAKOD = RAKOD 						                       #AMT OF OXON CATALYTIC DETOX IN KIDNEY (UMOL)

}  



#EXCRETION FROM THE KIDNEY

REXCO = KEO*AKO

DEXCO = REXCO



#RATE OF CHANGE IN KIDNEY

RAKO = QK*CPLO-QK*CVKO-(RKPCE+RKPBE+RKPCR)-RAKOD-REXCO #RATE OF OXON CHANGE IN KIDNEY (UMOL/HR)

DAKO = RAKO                                       #AMT OXON IN KIDNEY (UMOL)



# ACHE ACTIVITY--KIDNEY

RKCE=KSKCE-AKCE*(KDKCE+KIKCE*CKO*FuOXON)+KOCE*KRKCE       #RATE OF ACHE ACTIVITY (UMOL/HR)

DAKCE=RKCE                                         #KIDNEY ACHE ACTIVITY (UMOL)

RNKCE=KSKCE-ANKCE*KDKCE                            #RATE OF BASELINE ACHE ACT (UMOL/HR)

DANKCE=RNKCE                                       #AMT OF BASELINE ACHE (UMOL)

RKOCE=AKCE*KIKCE*CKO*FuOXON-KOCE*(KAKCE+KRKCE)            #RATE OF ACHE INHIBITION (UMOL/HR)

DKOCE=RKOCE                                       #AMOUNT OF KIDNEY ACHE INHIBITED (UMOL)



# BUCHE ACTIVITY--KIDNEY

RKBE=KSKBE-AKBE*(KDKBE+KIKBE*CKO*FuOXON)+KOBE*KRKBE       #RATE OF BUCHE ACTIVITY (UMOL/HR)

DAKBE=RKBE                                         #KIDNEY BUCHE ACTIVITY (UMOL)

RNKBE=KSKBE-ANKBE*KDKBE                            #RATE OF BASELINE BUCHE ACT (UMOL/HR)

DANKBE=RNKBE                                       #AMT OF BASELINE BUCHE (UMOL)

RKOBE=AKBE*KIKBE*CKO*FuOXON-KOBE*(KAKBE+KRKBE)            #RATE OF BUCHE INHIBITION (UMOL/HR)

DKOBE=RKOBE                                        #AMOUNT OF KIDNEY BUCHE INHIBITED (UMOL)



# CAE ACTIVITY--KIDNEY

RKCR=KSKCR-AKCR*(KDKCR+KIKCR*CKO*FuOXON)+KOCR*KRKCR       #RATE OF CAE ACTIVITY (UMOL/HR)

DAKCR=RKCR                                         #KIDNEY CAE ACTIVITY (UMOL)

RNKCR=KSKCR-ANKCR*KDKCR                            #RATE OF BASELINE CAE ACT (UMOL/HR)

DANKCR=RNKCR                                       #AMT OF BASELINE CAE (UMOL)

RKOCR=AKCR*KIKCR*CKO*FuOXON-KOCR*(KAKCR+KRKCR)            #RATE OF CAE INHIBITION (UMOL/HR)

DKOCR=RKOCR                                        #AMOUNT OF KIDNEY CAE INHIBITED (UMOL)



#KIDNEY B-ESTERASE (ACHE, BUCHE, AND CAE) ACTIVITY

KBE=AKCE+AKBE+AKCR                                 #TOTAL B-ESTERASE=ACHE+BUCHE+CAE (UMOL)

IKE=100*(KBE/(ANKCE+ANKBE+ANKCR))                  #% TOTAL B-ESTERASE INHIBITION

KCE=100*(AKCE/ANKCE)                               #% ACHE INHIBITION

KBES=100*(AKBE/ANKBE)                              #% BUCHE INHIBITION

KCR=100*(AKCR/ANKCR)                               #% CAE INHIBITION



#PLASMA

CVO=(QH*CVLO+QF*CVFO+QS*CVSO+QR*CVRO+QBR*CVBRO+QK*CVKO)/QC   #CONC OXON IN VENOUS PLASMA (UMOL/L)



#RBC

CRBCO = ARBCO/VRBC                             #CONC OXON IN RBC (umol/L)

ARBCO = CRBCO*VRBC                             #AMT OXON RBC (umol)



RBLPCE=ABLCE*KIBLCE*CBLO*FuOXON                       #RATE OF OXON CONSUMPTION BY ACHE IN PLASMA (UMOL/HR)

DABLPCE=RBLPCE                                 #AMT OF OXON CONSUMED BY ACHE IN PLASMA (UMOL)



RBLPBE=ABLBE*KIBLBE*CBLO*FuOXON                       #RATE OF OXON CONSUMPTION BY BCHE IN PLASMA (UMOL/HR)

DABLPBE=RBLPBE                                 #AMT OF OXON CONSUMED BY BCHE IN PLASMA (UMOL)



RBLPCR=ABLCR*KIBLCR*CBLO*FuOXON                       #RATE OF OXON CONSUMPTION BY CAE IN PLASMA (UMOL/HR)

DABLPCR=RBLPCR                                 #AMT OF OXON CONSUMED BY CAE IN PLASMA (UMOL)



RRBPCE=ARBCE*KIRBCE*CRBCO*FuOXON                      #RATE OF OXON CONSUMPTION ACHE IN RBCS (UMOL/HR)

DARBPCE=RRBPCE                                 #AMT OF OXON CONSUMED BY ACHE IN RBCS (UMOL)



#OXON DETOXICATION IN PLASMA

if(USEKM_OXONP) {

  RAPOD=(VMAXoxonP*CPLO*FuOXON)/(KMoxonP+CPLO*FuOXON) #RATE OF CHANGE CATALYTIC OXON DETOX IN PLASMA

  DAPOD=RAPOD                           #AMT OF OXON CATALYTIC DETOX IN PLASMA

} else {

  RAPOD = CRoxonPL*CPLO*FuOXON  	    		       #RATE OF CHANGE CATALYTIC OXON DETOX IN PLASMA

  DAPOD=RAPOD 					                 #AMT OF OXON CATALYTIC DETOX IN PLASMA

}



#Inhalation exposure to oxon

RINH_OXON <- IZONE*QALV*ABS_INH*CI_OXON   # rate of oxon inhalation (umol/h) 

DINH_OXON <- RINH_OXON                    # rate of oxon inhalation (umol/h) 

DCI_OXON <- 0                             # CI_OXON is constant              



#dermal exposure to oxon (10 March 2022; DRH)

RASURFO=-DERMPERCNT*ASURFO*DZONE                          #RATE OF OXON CHANGE AT SKIN SURFACE (UMOL/HR)

DASURFO=RASURFO                                           #AMT OXON AT SKIN SURFACE (UMOL)

DDDOSEO<-RASURFO                                          #Cumulative amount at surface

DTDDOSEO<-0                                              #Tracks cumulative total dermal dose

RADLO=DERMPERCNT*ASURFO*DZONE                             #RATE OF OXON UPTAKE INTO SKIN TISSUE FROM SKIN SURFACE (UMOL/HR)

DADLO=RADLO                                               #AMT OXON UPTAKE (UMOL)



#PLASMA RATE OF CHANGE

RAPLO=QC*(CVO-CPLO)-PTORBC*(CPLO-CRBCO/PoxonRBC)-(RBLPBE+RBLPCR+RBLPCE)-RAPOD        #RATE OF CHANGE OF OXON IN PLASMA (UMOL/HR)

DAPLO=RAPLO                                               					 #AMOUNT OXON IN PLASMA (UMOL)



#RBCS

RRBCO=PTORBC*(CPLO-CRBCO/PoxonRBC)-RRBPCE		       #RATE OF OXON CHANGE IN RBC (umol/hr)

DRBCO=RRBCO                                            #AMT OXON IN RBC (umol/hr)



# ACHE ACTIVITY--PLASMA

RBLCE=KSBLCE-ABLCE*(KDBLCE+KIBLCE*CBLO*FuOXON)+BLOCE*KRBLCE  # RATE OF ACHE ACTIVITY (UMOL/HR)

DABLCE=RBLCE                                          # PLASMA ACHE ACTIVITY (UMOL)

RNBLCE=KSBLCE-ANBLCE*KDBLCE                           # RATE OF BASELINE ACHE ACT (UMOL/HR)

DANBLCE=RNBLCE                                        # AMT OF BASELINE ACHE (UMOL)

RBLOCE=ABLCE*KIBLCE*CBLO*FuOXON-BLOCE*(KABLCE+KRBLCE)        # RATE OF ACHE INHIBITION (UMOL/HR)

DBLOCE=RBLOCE                                         # AMOUNT OF PLASMA ACHE INHIBITED (UMOL)



# BUCHE ACTIVITY--PLASMA

RBLBE=KSBLBE-ABLBE*(KDBLBE+KIBLBE*CBLO*FuOXON)+BLOBE*KRBLBE  # RATE OF BUCHE ACTIVITY (UMOL/HR)

DABLBE=RBLBE                                          # PLASMA BUCHE ACTIVITY (UMOL)

RNBLBE=KSBLBE-ANBLBE*KDBLBE                           # RATE OF BASELINE BUCHE ACT (UMOL/HR)

DANBLBE=RNBLBE                                        # AMT OF BASELINE BUCHE (UMOL)

RBLOBE=ABLBE*KIBLBE*CBLO*FuOXON-BLOBE*(KABLBE+KRBLBE)        # RATE OF BUCHE INHIBITION (UMOL/HR)

DBLOBE=RBLOBE                                         # AMOUNT OF PLASMA BUCHE INHIBITED (UMOL)



# CAE ACTIVITY--PLASMA

RBLCR=KSBLCR-ABLCR*(KDBLCR+KIBLCR*CBLO*FuOXON)+BLOCR*KRBLCR  # RATE OF CAE ACTIVITY (UMOL/HR)

DABLCR=RBLCR                                          # PLASMA CAE ACTIVITY (UMOL)

RNBLCR=KSBLCR-ANBLCR*KDBLCR                           # RATE OF BASELINE CAE ACT (UMOL/HR)

DANBLCR=RNBLCR                                        # AMT OF BASELINE CAE (UMOL)

RBLOCR=ABLCR*KIBLCR*CBLO*FuOXON-BLOCR*(KABLCR+KRBLCR)        # RATE OF CAE INHIBITION (UMOL/HR)

DBLOCR=RBLOCR                                         # AMOUNT OF PLASMA CAE INHIBITED (UMOL)





# ACHE ACTIVITY--RBCS

RRBCCE=KSRBCE-ARBCE*(KDRBCE+KIRBCE*CBLO*FuOXON)+RBCOCE*KRRBCE  # RATE OF ACHE ACTIVITY (UMOL/HR)

DARBCE=RRBCCE                                           # RBC ACHE ACTIVITY (UMOL)

RNRBCCE=KSRBCE-ANRBCE*KDRBCE                            # RATE OF BASELINE ACHE ACT (UMOL/HR)

DANRBCE=RNRBCCE                                         # AMT OF BASELINE ACHE (UMOL)

RRBOCE=ARBCE*KIRBCE*CBLO*FuOXON-RBCOCE*(KARBCE+KRRBCE)         # RATE OF ACHE INHIBITION (UMOL/HR)

DRBCOCE=RRBOCE                                          # AMOUNT OF RBC ACHE INHIBITED (UMOL)





#PLASMA B-ESTERASE (ACHE, BUCHE, AND CAE) ACTIVITY

BLBE=ABLCE+ABLBE+ABLCR                        #TOTAL B-ESTERASE=ACHE+BUCHE+CAE (UMOL)

IBLE=100*(BLBE/(ANBLCE+ANBLBE+ANBLCR))        # % TOTAL B-ESTERASE INHIBITION IN PLASMA

BLCE=100*(ABLCE/ANBLCE)                       # % ACHE INHIBITION IN PLASMA

BLBES=100*(ABLBE/ANBLBE)                      # % BUCHE INHIBITION IN PLASMA

BLCR=100*(ABLCR/ANBLCR)                       # % CAE INHIBITION IN PLASMA



#RBC B-ESTERASE (ACHE ONLY)ACTIVITY

RBCCE=100*(ARBCE/ANRBCE)                      # % ACHE INHIBITION IN RBCS

RBCPERC=100-RBCCE                             # % INHIBITED VERSUS INHIBITION





#-------------------------------------------------------------------------------.

#METABOLITE EXCRETION####

#METABOLITES--COMPARTMENT 1

RAMCA = RAKM2+RAPB+RALM2+RAPD        #TOTAL RATE OF METABOLITE FORMATION (UMOL/HR)

DAMCA = RAMCA                          #AMOUNT OF METABOLITE (UMOL)

RAMCAEX = A1*KE1                       #RATE OF METABOLITE EXCRETION (UMOL/HR)

RA1 = RAMCA-RAMCAEX                    #RATE OF CHANGE OF METABOLITE IN COMPARTMENT 1 (UMOL/HR)

DA1 = RA1                              #AMOUNT OF METABOLITE IN COMPARTMENT 1 (UMOL)

CBMCA = A1/V1                          #CONCENTRATION OF METABOLITE IN COMPARTMENT 1 (UMOL/L)

DAMCAEX = RAMCAEX                      #AMOUNT OF METABOLITE EXCRETED (UMOL)





#-------------------------------------------------------------------------------.

#MASS BALANCE####

TMASSpar=ASTOM+AINTM+ALM+AKM+AFM+ASMAL+ABRM+ARM+APL+ARBC #Oral and tissues

TMASSoxon=ASTOMO+AINTO+ALO+AFO+ASO+AKO+ARO+ABRO+APLO+ARBCO         #UMOL Oral and tissues

TMASSMCA=A1+AMCAEX                                          #UMOL  detox (metabolite in compartment + excreted)    

TMASSODT=AALOD+AAKOD+APOB+APOD                             #CATALYTIC OXON DETOX  (UMOL) 

TMASSOXONNC=AHPCE+AHPBE+AHPCR+ABPCE+ABPBE+ABPCR+AKPCE+AKPBE+AKPCR+ABLPCE+ABLPBE+ABLPCR+ARBPCE     #NON-CATALYTIC OXON DETOX (UMOL)         

TMASSEXC=AEXCO                                                #OXON EXCRETION

TMASSSURF=ASURF+ASURFO                                               #MASS REMAINING ON SURFACE

TMASSTOTAL=TMASSpar+TMASSoxon+TMASSODT+TMASSOXONNC+TMASSMCA+TMASSEXC #UMOL 

 

TDOSE=ODOSE+ODOSEPAR+ODOSEOXON+ADOSEM+ADOSEO+ODOSEO+AINH+ADL+ADLO+AINH_OXON #TOTAL DOSE (UMOL) 

MASSBAL=TMASSTOTAL/(TDOSE+1E-99)  #SHOULD EQUAL 1 (OR REALLY CLOSE TO IT)

    #FROM THE ODE HELP:"THE RETURN VALUE OF FUNC SHOULD BE A LIST, WHOSE FIRST

    #ELEMENT IS A VECTOR CONTAINING THE DERIVATIVES OF Y WITH RESPECT TO TIME,

    #AND WHOSE NEXT ELEMENTS ARE GLOBAL VALUES THAT ARE REQUIRED AT EACH POINT

    #IN TIMES. THE DERIVATIVES MUST BE SPECIFIED IN THE SAME ORDER AS THE STATE

    #VARIABLES Y." 

    list(#DERVATIVES

          c(DODOSE,DADOSEM,DADOSEO,DODOSEO,DODOSEPAR,DODOSEOXON,

            DDDOSE,DTDDOSE,

            DDDOSEO,DTDDOSEO,

            DASTOM ,DAINTM,DALM ,DALM1 ,DALM2 ,DAKM ,DAKM2 ,DAFM ,DASMAL ,DABRM ,

            DAPB ,DARM ,DASURF,DADL,DASURFO,DADLO,

            DASTOMO ,DAINTO ,DALO ,DAALOD ,DAHCE,DANHCE,DHOCE,DAHPCE,

            DAHBE,DANHBE,DHOBE,DAHPBE,DAHCR,DANHCR,DHOCR,DAHPCR,DAFO ,DASO ,DARO ,

            DABRO ,DAPOB ,DABCE,DANBCE,DBOCE,DABPCE,DABBE,DANBBE,DBOBE,DABPBE,

            DABCR,DANBCR,DBOCR,DABPCR,DAKO ,DAAKOD ,DAKCE,DANKCE,DKOCE,DAKPCE,

            DAKBE,DANKBE,DKOBE,DAKPBE,DAKCR,DANKCR,DKOCR,DAKPCR,DABLCE,DANBLCE,

            DBLOCE,DABLPCE,DABLBE,DANBLBE,DBLOBE,DABLPBE,DABLCR,DANBLCR,DBLOCR,

            DABLPCR,DARBCE,DANRBCE,DRBCOCE,DARBPCE,DAMCA ,DA1 ,DAMCAEX,

            DAPL,DAPLO,DRBC,DRBCO,DAPD,DAPOD,DEXCO,

            DCI, DINH,DCI_OXON,DINH_OXON

            ),

          #'GLOBAL VALUES TO BE RETURNED.

          BCE=BCE,

          RBCCE=RBCCE,

          CBMCA=CBMCA,

          BLBES=BLBES,

          CPL=CPL,

          CPLO=CPLO,

          CLM=CLM,

          CLO=CLO,

          CKM=CKM,

          CKO=CKO,

          CBRM=CBRM,

          CBRO=CBRO,

          CFM=CFM,

          CFO=CFO,

          CSM=CSM,

          CSO=CSO,

          CRM=CRM,

          CRO=CRO,

          CRBC=CRBC,

          CRBCO=CRBCO,

          CBL=CBL,

          CBLO=CBLO,

          CV=CV,

          CVO=CVO,

          VMAXparLC=VMAXparLC,

          VMAXparLC_adult=VMAXparLC_adult,

          VMAXparLC_juvenile=VMAXparLC_juvenile,

          VMAXparL=VMAXparL,

          VMAXparoxonC=VMAXparoxonC,

          VMAXparoxon=VMAXparoxon,

          KMparL=KMparL,

          KMparL_adult=KMparL_adult,

          KMparL_juvenile=KMparL_juvenile,

          KMparoxon=KMparoxon,

          KMparoxon_adult=KMparoxon_adult,

          KMparoxon_juvenile=KMparoxon_juvenile,

          AGE0=AGE0,

          HCR=HCR,

          QC=QC,

          QALV=QALV,

          BWT=BWT,

          VTOTCOMPARTMENTS=VTOTCOMPARTMENTS,

          VLC=VLC,

          VFC=VFC,

          VSC=VSC,

          VRC=VRC,

          VBRC=VBRC,

          VBLC=VBLC,

          VKC=VKC,

          VHC=VHC,

          BWTOTAL=BWTOTAL,#SHOULD <10 FOR A HUMAN

          TDOSE=TDOSE,

          TMASSTOTAL=TMASSTOTAL,

          MASSBAL=MASSBAL,

          TMASSpar=TMASSpar,

          TMASSoxon=TMASSoxon,

          TMASSMCA=TMASSMCA,

          TMASSODT=TMASSODT,

          TMASSEXC=TMASSEXC,

          TMASSOXONNC=TMASSOXONNC,

          TMASSSURF=TMASSSURF,

          CVLM=CVLM

         )

})

}#END DERIVATIVE FUNCTION###
















# Malathion human PBPK parameters



# Gender neutral or male specific values, except for female BTW and fat available

# Set sex=1 to access female parameters



#MALE####

human_parameters_male<-c(

# Gompertz BWT Parameters (Luecke 2007)

B1=3.42826,B2=2.188189,B3=1.506303,B5=34.35453,B6=0.179781,B7=0.221175,

B4=2.462428,B8=-0.0911, AGE0=30,

AGE1=2.949004,AGE2=11,AGE3=21.66022,



# Dynamic organ volumes

# VBrC Parameters (Refit Valentine 2002 & Young 2009)

VB6=0,VB5=0,VB4=5.132e-22,VB3=-2.463e-16,VB2=4.354e-11,

VB1=-3.465e-6,VB0=1.216e-1,

# VLC (Refit Valentine 2002 & Young 2009)

VH4=1.701E-22,VH3=-7.393E-17,VH2=1.082E-11,VH1=-6.789E-7,VH0=3.917E-2,  

# VBL (Young 2009)

VBL2=6.54E-13,VBL1=-3.50E-7,VBL0=8.97E-2,

# VFC (Refit, JNS w/ Valentin 2002 & Lafortuna 2005)

VF6=-2.036e-30,VF5=1.203e-24,VF4=-2.718e-19,VF3=2.892e-14,VF2=-1.422e-09,

VF1=2.803e-05,VF0=3.484e-02,





# VAC (Fit, JNS w/ Valentin 2002 & Lafortuna 2005 fat/.8)

VA6=-2.353e-30,VA5=1.387e-24,VA4=-3.116e-19,VA3=3.268e-14,VA2=-1.542e-9,VA1=2.617e-05,

VA0=2.044e-01,

# VLC (Young 2009)

VL2=0,VL1=-4.55e-8,VL0=1.86e-2,

# VKC (Young 2009)

VK2=3.33e-13,VK1=-6.69e-8,VK0=7.26e-3,

# VSPC (Young 2009)

VSP2=0,VSP1=-5.57e-9,VSP0=3.12e-3,

# VGIC (Brown 1997, sum of stom and both intestines)

VGI3=0,VGI2=0,VGI1=0,VGI0=0.0165,

# VMC (Refit, JNS w/ Valentin 2002 & Janssen 2000)

VM4=-5.061e-21,VM3=2.052e-15,VM2=-2.865e-10,VM1=1.436e-5,VM0=1.268e-1,

# VSKC (Young 2009)

VSK5=-1.1e-27,VSK4=8.62e-22,VSK3=-2.58e-16,VSK2=3.68e-11,

VSK1=-2.56e-6,VSK0=1.03e-1,





# Constant organ volumes

VBMC=0.021,	  # Brown 1997 (red only, yellow is in adipose)

VPC=0.00148, 	# Young 2009, Brown 1997





# Blood flows (L/h/kg tissue)

QBRC=30.6,	# Price 2003

QFC=1.45,	# Luecke 2007, Cowles 1971, Price 2003

QHC=50.4,	# Hepatic art, Price 2003

QSC=1.8,	 # Bone marrow, Price 2003

QRC=61.8,	# Adrenal/spleen mean, Luecke 2007

QKC=200,   # Luecke 2007 and Brown 1997

HCT=0.45, #Timchalk 2002



#molecular weights

MWPAR=330.36,     #molecular wt of malathion (g/mol)

MWOXON=314.29,     #molecular wt of malaoxon (g/mol)





#partition coefficients (tissue:plasma)# All values calculated with EPA's httk R package

#Malathion is one of the chemicals in the httk library but a new chemical was added to 

#to represent malathion without protein binding per below.  Malaoxon is not in the chemical

#library and was added with a logp=1.38 from Leonard et al. (2016)

PparF = 19.1,#    #fat:plasma

PparR = 31.7,     #richly perfused:plasma

PparL = 31.7,     #liver:plasma

PparK = 26.1,     #kidney:plasma

PparBR = 7.5,   #brain:plasma

PparS = 5.5,     #slowly perfused:plasma

PparRBC = 2.2,   #RBC:plasma

PparLung = 1000,     #lung:plasma



#malaoxon

PoxonF = 4.9,  #fat:blood

PoxonR = 9.6,   #richly perfused:blood

PoxonL = 9.6,   #liver:blood

PoxonK = 8.6,  #kidney:blood

PoxonBR = 2.4, #brain:blood

PoxonS = 2.0,  #slowly perfused: blood

PoxonRBC = 1.5, #plasma:RBC



#Fraction of metabolism from carboxylesterase based on data from rat metabolism study showing

#roughly 90% of metabolites are from carboxylesterase pathway (Bradway and Shafik, 1977)

FCXB = 0.95,



#transfer rate from plasma to RBC

PTORBC=100,



#variable to select using KM/VMAX or clearance rate

USEKM_PARL = TRUE,

USEKM_PARK = TRUE,

USEKM_PARB = TRUE,

USEKM_PARP = FALSE,

USEKM_OXONL = FALSE,

USEKM_OXONK = TRUE,

USEKM_OXONB = FALSE,

USEKM_OXONP = FALSE,



# variable to select whether to account for competitive inhibition 

USECOMINH_PARL = TRUE,

USECOMINH_PARK = TRUE,

USECOMINH_PARB = TRUE,

USECOMINH_PARP = TRUE,



#metabolism parameters

#maximum rates of metabolism (umol/hr/kg tissue)

#malathion detoxification

VMAXparLC_adult = 511434*0.85, #697419, #liver Kassahun (2019) MRID 50927802 FITTED at 85% of measured value

VMAXparLC_juvenile = 242946*0.38, #331290, liver Kassahun (2019) MRID 50927802 FITTED at 38% of measured value

VMAXparKC_adult = 511434*0.85*0.6, #697419*0.6  #kidney (60% of liver per Talcott, 1979) FITTED at 85% per liver fit

VMAXparKC_juvenile = 242946*0.38*0.6, #331290*0.6 #kidney (60% of liver per Talcott, 1979) FITTED at 38% per liver fit

VMAXparBRC = 10000, #brain - FITTED VALUE - fits for brain not optimized because brain inhibition is not

#relevant to risk assessment



#malathion oxidation--malathion to oxon 

VMAXparoxonC_adult = 1624,     #liver - CYPS, adult Kassahun (2019) MRID 50927802

VMAXparoxonC_juvenile = 1382,  #liver - CYPS, juvenile Kassahun (2019) MRID 50927802



#oxon detox - NOT Used for liver, brain, and plasma.  Clearance rates used instead. No

#oxon metabolism assumed in kidney

VMAXoxonLC = 0,                 #liver

VMAXoxonKC = 0,                     #kidney

VMAXoxonBRC = 0,                    #brain





#affinity constants (umol/L)

#malathion detoxification

KMparL_adult = 8.17*1.5,         #liver - adult Kassahun (2019) MRID 50927802

KMparL_juvenile = 2.99*1.5,      #liver, juvenile Kassahun (2019) MRID 50927802

KMparBR = 2.0,        #brain FITTED value

KMparK_adult = 8.17*1.5,         #kidney, adult - assumed same as liver

KMparK_juvenile = 2.99*1.5,      #kidney, juvenile -assumed same as liver





#malathion oxidation--malathion to oxon

KMparoxon_adult = 12.0,       #liver, adult Kassahun (2019) MRID 50927802

KMparoxon_juvenile = 3.89,    #liver, juvenile Kassahun (2019) MRID 50927802



#oxon detox - NOT used; clearance rates used instead

KMoxonL = 0.01,         #liver

KMoxonBR = 0.01,         #brain

KMoxonK = 0.01,         #kidney



#clearance rates (only applicable if USEKM variable is TRUE)

CRparLC = 0.0,               #clearance rate parent in liver

CRparKC = 0.0,               #clearance rate parent in kidney

CRparBRC = 0.0,               #clearance rate parent in brain

CRparPLC = 0.0,	           #clearance rate parent in plasma (L/hr/L plasma)	

CRoxonLC = 10828*0.25, #10828,#      #clearance rate oxon in liver Chambers and Meek (2019) MRID 50927801 

CRoxonKC = 0.0,              #clearance rate oxon in kidney

CRoxonBRC = 500,              #clearance rate oxon in brain - FITTED Value

CRoxonPLC = 2579*0.15,#2579		       #clearance rate oxon in plasma (L/hr/L plasma) Chambers and Meek (2019) MRID 50927801 



#Plasma protein binding

FuPAR = 1.0,        #parent binding

FuOXON = 1.0,       #oxon binding



#volumes of distribution for metabolite compartments (L)

V1 = 3.6,      #MCA/DCA



#uptake parameters

#dimethoate

KAS=0.0,  		 #transfer stomach to liver (/h)

KSI=0.2,	     #transfer stomach to intestine (/h)

KAI=0.2,       #transfer intestine to liver (/h)

FA=1,          #Fractional oral Absorption



#oxon

KASO=0.0,		 #transfer stomach to liver (/h)

KSIO=0.5,	   #transfer stomach to intestine (/h)

KAIO=0.5,     #transfer intestine to liver (/h)

FAO=1,        #Fractional oral Absorption



#dermal parameters

DERMPERCNT = 0.031/8,        #dermal absorption percent per hour

DZONE = 0,                  #include dermal exposure (DZONE=1)



#Inhalation parameters

QALV =0,                   #volumetric flow (L/hr)  

CI=0.0,                        #air concentration (mg/m3)

IZONE = 0,                    #include inhalaiton exposure (IZONE=1)

ABS_INH=1.0,



#elimation rate for oxon (1/hr)

KEO = 0.0,



#elimination rate constants for metabolite compartments (/h)

KE1 = 1.5, #MCA/DCA



#pharmacodynamic parameters



# AChE activity (umol/hr/kg tissue) 

BACHE=4.40e5,		 #brain, Maxwell 1987

BLACHE=2.33e4,    #plasma, Timchalk 2002

HACHE=1.02e4,     #liver, Maxwell 1987

RBCHE=4.27e5,		 #RBCs, Timchalk 2002

KACHE=5.4e3,      #Kidney, Maxwell 1987



# BuChE activity (umol/hr/kg tissue) 

HBUCE=3.0e4,     #liver, Maxwell 1987

BLBUCE=2.64e5,	 #plasma, Timchalk 2002

KBUCE=1.02e4,    #kidney, Maxwell 1987

BBUCE=4.68e4,    #brain, Poet et al. 2014



# CaE activity (umol/hr/kg tissue) 

BRCE=2.88e5,	 #brain, Timchalk 2002

HECE=1.27e6, #liver, Timchalk 2002  

PLOCE=0,	 #plasma, Timchalk 2002

KECE=1.79e6,   #kidney CaE, Maxwell 1987





#Degradation of esterase (1/h)--Gearhart et al. 1990, Timchalk et al. 2002 and Poet et al 2014.

#Gearhart inlcudes original values of 0.1 per hour for BChE from Traina and Serpietri (1984) and

#0.01 per hour from Wenthold et al. (1974).  Timchalk cites Gearhart for these values but

#uses somewhat different values in some cases.  Poet, an update to Timchalk, uses different values 

#than both Timchalk and Gearhart.  We reverted to the measured values as cited by Gearhart

#except for carboxylestearse where there are no available measurements.  In this case, we 

#used the fitted values from Poet et al. 2014.  Poet al. 2014 does not have a value for kidney

#so we used the value for liver.

KDBBE=0.1,#                #BuChE (brain)   

KDBCE=0.01,#                 #AChE (brain)  

KDBCR=0.000754,#             #CaE (brain)

KDBLBE=0.1,#                #BuChE (blood/plasma) 

KDBLCE=0.01,#                 #AChE (blood/plasma)

KDBLCR=0.001,#              #CaE (blood/plasma)   

KDHBE=0.1,#                #BuChE (liver)

KDHCE=0.01,#                 #AChE (liver)   

KDHCR=0.001,#               #CaE (liver)

KDRBCE=0.01,#                #AChE (RBC)   

KDKBE=0.1,#                #BuChE (kidney)

KDKCE=0.01,#                #AChE (kidney)

KDKCR=0.001,#               #CaE (kidney)





#Esterase aging rates (1/h)--chemical-specific 

#AChE aging rate from Mason et al 2000 (human RBC AChE for azinphos-methyl, also a dimethoxy OP)

#BuChE aging rate from Mason et al 2000 (human plasma BuChE for azinphos-methyl, also a dimethoxy OP)

#CaE set to 0.001 based on Maxwell and Brecht (2001) finding no ageing (differs from chlorpyrifos model)

KABBE=0.116,#              #BuChE (brain)

KABCE=0.022,#              #AChE (brain)

KABCR=0.001,#               #CaE (brain)

KABLBE=0.116,#             #BuChE (blood/plasma)

KABLCE=0.022,#             #AChE (blood/plasma)

KABLCR=0.001,#              #CaE (blood/plasma)

KAHBE=0.116,#              #BuChE (liver)

KAHCE=0.022,#              #AChE (liver)

KAHCR=0.001,#               #CaE (liver)

KARBCE=0.022,#             #AChE (RBC)

KAKBE=0.116,#              #BuChE (kidney)

KAKCE=0.022,#              #AChE (kidney)

KAKCR=0.001,#               #CaE (kidney)





#Inhibition of esterase (L/umol/h)--chemical-specific. 

#AChE from Chambers et al. (MRID 50773501) 

#BuChE from Herzsprung 1992 for human plasma BuChE

#CaE assumed the same as Timchalk

KIBBE=1.26,#             #BuChE (brain)

KIBCE=4.9*2,#             #AChE (brain) - 

KIBCR=4.9*1.75,#              #CaE (brain)

KIBLBE=1.26,#           #BuChE (blood/plasma)

KIBLCE=4.9*2,#            #AChE (blood/plasma) - 

KIBLCR=4.9*1.75,#             #CaE (blood/plasma)

KIHBE=1.26,#            #BuChE (liver)

KIHCE=4.9*2,#             #AChE (liver) - 

KIHCR=4.9*1.75,#             #CaE (liver)

KIRBCE=4.9*2,#            #AChE (RBCs) - 

KIKBE=1.26,#            #BuChE (kidney)

KIKCE=4.9*2,#             #AChE (kidney) - 

KIKCR=4.9*1.75,#             #CaE (kidney)



#Reactivation of esterase (1/h)--chemical specific 

# AChE reactivation rate from Mason et al 2000 (human RBC AChE for azinphos-methyl, also a dimethoxy OP)

# BuChE reactivation rate from Mason et al 2000 (human plasma BuChE for azinphos-methyl, also a dimethoxy OP)

# CaE was fit. THere are no available data and Timchalk assumed same rate as for AChE.  Fitted value is somewhat lower

# than for AChE

KRBBE=0.03,#                #BuChE (brain)

KRBCE=0.018,#               #AChE (brain)

KRBCR=0.001,               #CaE (brain)

KRBLBE=0.03,#               #BuChE (blood/plasma)

KRBLCE=0.018,#              #AChE (blood/plasma)

KRBLCR=0.001,#              #CaE (blood/plasma)

KRHBE=0.03,#                #BuChE (liver)

KRHCE=0.018,#               #AChE (liver)

KRHCR=0.001,#               #CaE (liver)

KRRBCE=0.018,#              #AChE (RBCs)

KRKBE=0.03,#                #BuChE (kidney)

KRKCE=0.018,#               #AChE (kidney)

KRKCR=0.001,#               #CaE (kidney)





# Enzyme turnover rate (substrate hydrolysis/h/active site) (Maxwell 1987)

TRCE=1.17e7,      #AChE

TRCR=1.086e5,     #CaE

TRBE=3.66e6)      #BuChE





#FEMALE####

human_parameters_female<-c(

# Gompertz BWT Parameters (Luecke 2007)

AGE0=30,

# set Female BWT Parameters

B1=3.4,B2=2.07402,B3=1.504154,B5=34.8806,B6=0.2120837,B7=0.443786,

B4=2.672665,B8=0.31127,

AGE1=2.949004,AGE2=11,AGE3=21.86533,



# Dynamic organ volumes

# VBrC Parameters (Refit Valentine 2002 & Young 2009)

VB6=0,VB5=0,VB4=5.132e-22,VB3=-2.463e-16,VB2=4.354e-11,

VB1=-3.465e-6,VB0=1.216e-1,

# VLC (Refit Valentine 2002 & Young 2009)

VH4=1.701E-22,VH3=-7.393E-17,VH2=1.082E-11,VH1=-6.789E-7,VH0=3.917E-2,  

# VBL (Young 2009)

VBL2=6.54E-13,VBL1=-3.50E-7,VBL0=8.97E-2,



# VFC (Refit, JNS w/ Valentin 2002 & Lafortuna 2005)

# set Female VFC

VF6=-1.273e-30,VF5=7.249e-25,VF4=-1.558e-19,VF3=1.540e-14,VF2=-6.787e-10,

VF1=1.401e-05,VF0=9.217e-02,



# VAC (Fit, JNS w/ Valentin 2002 & Lafortuna 2005 fat/.8)

VA6=-2.353e-30,VA5=1.387e-24,VA4=-3.116e-19,VA3=3.268e-14,VA2=-1.542e-9,VA1=2.617e-05,

VA0=2.044e-01,

# VLC (Young 2009)

VL2=0,VL1=-4.55e-8,VL0=1.86e-2,

# VKC (Young 2009)

VK2=3.33e-13,VK1=-6.69e-8,VK0=7.26e-3,

# VSPC (Young 2009)

VSP2=0,VSP1=-5.57e-9,VSP0=3.12e-3,

# VGIC (Brown 1997, sum of stom and both intestines)

VGI3=0,VGI2=0,VGI1=0,VGI0=0.0165,

# VMC (Refit, JNS w/ Valentin 2002 & Janssen 2000)

VM4=-5.061e-21,VM3=2.052e-15,VM2=-2.865e-10,VM1=1.436e-5,VM0=1.268e-1,

# VSKC (Young 2009)

VSK5=-1.1e-27,VSK4=8.62e-22,VSK3=-2.58e-16,VSK2=3.68e-11,

VSK1=-2.56e-6,VSK0=1.03e-1,





# Constant organ volumes

VBMC=0.021,	  # Brown 1997 (red only, yellow is in adipose)

VPC=0.00148, 	# Young 2009, Brown 1997



# Blood flows (L/h/kg tissue)

QBRC=30.6,	# Price 2003

QFC=1.45,	# Luecke 2007, Cowles 1971, Price 2003

QHC=50.4,	# Hepatic art, Price 2003

QSC=1.8,	 # Bone marrow, Price 2003

QRC=61.8,	# Adrenal/spleen mean, Luecke 2007

QKC=200,   # Luecke 2007 and Brown 1997

HCT=0.45,  #Timchalk 2012



#molecular weights

MWPAR=330.36,     #molecular wt of malathion (g/mol)

MWOXON=314.29,     #molecular wt of malaoxon (g/mol)





#partition coefficients (tissue:plasma)# All values calculated with EPA's httk R package

#Malathion is one of the chemicals in the httk library but a new chemical was added to 

#to represent malathion without protein binding per below.  Malaoxon is not in the chemical

#library and was added with a logp=1.38 from Leonard et al. (2016)

PparF = 19.1,#    #fat:plasma

PparR = 31.7,     #richly perfused:plasma

PparL = 31.7,     #liver:plasma

PparK = 26.1,     #kidney:plasma

PparBR = 7.5,   #brain:plasma

PparS = 5.5,     #slowly perfused:plasma

PparRBC = 2.2,   #RBC:plasma

PparLung = 1000,     #lung:plasma



#malaoxon

PoxonF = 4.9,  #fat:blood

PoxonR = 9.6,   #richly perfused:blood

PoxonL = 9.6,   #liver:blood

PoxonK = 8.6,  #kidney:blood

PoxonBR = 2.4, #brain:blood

PoxonS = 2.0,  #slowly perfused: blood

PoxonRBC = 1.5, #plasma:RBC



#Fraction of metabolism from carboxylesterase based on data from rat metabolism study showing

#roughly 90% of metabolites are from carboxylesterase pathway (Bradway and Shafik, 1977)

FCXB = 0.95,



#transfer rate from plasma to RBC

PTORBC=100,



#variable to select using KM/VMAX or clearance rate

USEKM_PARL = TRUE,

USEKM_PARK = TRUE,

USEKM_PARB = TRUE,

USEKM_PARP = FALSE,

USEKM_OXONL = FALSE,

USEKM_OXONK = TRUE,

USEKM_OXONB = TRUE,

USEKM_OXONP = FALSE,



# variable to select whether to account for competitive inhibition 

USECOMINH_PARL = TRUE,

USECOMINH_PARK = TRUE,

USECOMINH_PARB = TRUE,

USECOMINH_PARP = TRUE,



#metabolism parameters

#maximum rates of metabolism (umol/hr/kg tissue)

#malathion detoxification

VMAXparLC_adult = 511434*0.85, #697419, #liver Kassahun (2019) MRID 50927802 FITTED at 85% of measured value

VMAXparLC_juvenile = 242946*0.38, #331290, liver Kassahun (2019) MRID 50927802 FITTED at 38% of measured value

VMAXparKC_adult = 511434*0.6*0.85, #697419*0.6  #kidney (60% of liver per Talcott, 1979) FITTED at 85% per liver fit

VMAXparKC_juvenile = 242946*0.6*0.38, #331290*0.6 #kidney (60% of liver per Talcott, 1979) FITTED at 38% per liver fit

VMAXparBRC = 10000, #brain - FITTED VALUE - fits for brain not optimized because brain inhibition is not

#relevant to risk assessment



#malathion oxidation--malathion to oxon 

VMAXparoxonC_adult = 1624,     #liver - CYPS, adult Kassahun (2019) MRID 50927802

VMAXparoxonC_juvenile = 1382,  #liver - CYPS, juvenile Kassahun (2019) MRID 50927802



#oxon detox - NOT Used for liver, brain, and plasma.  Clearance rates used instead. No

#oxon metabolism assumed in kidney

VMAXoxonLC = 0,                 #liver

VMAXoxonKC = 0,                     #kidney

VMAXoxonBRC = 0,                    #brain



#affinity constants (umol/L)

#malathion detoxification

KMparL_adult = 8.17*1.5,         #liver - adult Kassahun (2019) MRID 50927802

KMparL_juvenile = 2.99*1.5,      #liver, juvenile Kassahun (2019) MRID 50927802

KMparBR = 2.0,        #brain FITTED value

KMparK_adult = 8.17*1.5,         #kidney, adult - assumed same as liver

KMparK_juvenile = 2.99*1.5,      #kidney, juvenile -assumed same as liver





#malathion oxidation--malathion to oxon

KMparoxon_adult = 12.0,       #liver, adult Kassahun (2019) MRID 50927802

KMparoxon_juvenile = 3.89,    #liver, juvenile Kassahun (2019) MRID 50927802



#affinity constants (umol/L)

#malathion detoxification

KMparL_adult = 8.17*1.5,         #liver - adult Kassahun (2019) MRID 50927802

KMparL_juvenile = 2.99*1.5,      #liver, juvenile Kassahun (2019) MRID 50927802

KMparBR = 2.0,        #brain FITTED value

KMparK_adult = 8.17*1.5,         #kidney, adult - assumed same as liver

KMparK_juvenile = 2.99*1.5,      #kidney, juvenile -assumed same as liver





#malathion oxidation--malathion to oxon

KMparoxon_adult = 12.0,       #liver, adult Kassahun (2019) MRID 50927802

KMparoxon_juvenile = 3.89,    #liver, juvenile Kassahun (2019) MRID 50927802



#oxon detox - NOT used; clearance rates used instead

KMoxonL = 0.01,         #liver

KMoxonBR = 0.01,         #brain

KMoxonK = 0.01,         #kidney



#clearance rates (only applicable if USEKM variable is TRUE)

CRparLC = 0.0,               #clearance rate parent in liver

CRparKC = 0.0,               #clearance rate parent in kidney

CRparBRC = 0.0,               #clearance rate parent in brain

CRparPLC = 0.0,	           #clearance rate parent in plasma (L/hr/L plasma)	

CRoxonLC = 10828*0.25, #10828,#      #clearance rate oxon in liver Chambers and Meek (2019) MRID 50927801 

CRoxonKC = 0.0,              #clearance rate oxon in kidney

CRoxonBRC = 500,              #clearance rate oxon in brain - FITTED Value

CRoxonPLC = 2579*0.15,#2579		       #clearance rate oxon in plasma (L/hr/L plasma) Chambers and Meek (2019) MRID 50927801 



#Plasma protein binding

FuPAR = 1.0,        #parent binding

FuOXON = 1.0,       #oxon binding



#volumes of distribution for metabolite compartments (L)

V1 = 3.6,      #MCA/DCA



#uptake parameters

#dimethoate

KAS=0.0,  		 #transfer stomach to liver (/h)

KSI=0.2,	     #transfer stomach to intestine (/h)

KAI=0.2,       #transfer intestine to liver (/h)

FA=1,          #Fractional oral Absorption



#oxon

KASO=0.0,		 #transfer stomach to liver (/h)

KSIO=0.5,	   #transfer stomach to intestine (/h)

KAIO=0.5,     #transfer intestine to liver (/h)

FAO=1,        #Fractional oral Absorption



#dermal parameters

DERMPERCNT = 0.031/8,        #dermal absorption percent per hour

DZONE = 0,                  #include dermal exposure (DZONE=1)



#Inhalation parameters

QALV =0.0,                   #volumetric flow (cm3/hr) - value selected by user

CI=0.0,                        #air concentration (mg/m3)

IZONE = 0,                    #include inhalaiton exposure (IZONE=1)

ABS_INH=1.0,



#elimination rate for oxon (1/hr)

KEO = 0.0,



#elimination rate constants for metabolite compartments (/h)

KE1 = 1.5, #MCA/DCA



#pharmacodynamic parameters



# AChE activity (umol/hr/kg tissue) 

BACHE=4.40e5,		 #brain, Maxwell 1987

BLACHE=2.33e4,    #plasma, Timchalk 2002

HACHE=1.02e4,     #liver, Maxwell 1987

RBCHE=4.27e5,		 #RBCs, Timchalk 2002

KACHE=5.4e3,      #Kidney, Maxwell 1987



# BuChE activity (umol/hr/kg tissue) 

HBUCE=3.0e4,     #liver, Maxwell 1987

BLBUCE=2.64e5,	 #plasma, Timchalk 2002

KBUCE=1.02e4,    #kidney, Maxwell 1987

BBUCE=4.68e4,    #brain, Poet et al. 2014



# CaE activity (umol/hr/kg tissue) 

BRCE=2.88e5,	 #brain, Timchalk 2002

HECE=1.27e6, #liver, Timchalk 2002  

PLOCE=0,	 #plasma, Timchalk 2002

KECE=1.79e6,   #kidney CaE, Maxwell 1987





#Degradation of esterase (1/h)--Gearhart et al. 1990, Timchalk et al. 2002 and Poet et al 2014.

#Gearhart inlcudes original values of 0.1 per hour for BChE from Traina and Serpietri (1984) and

#0.01 per hour from Wenthold et al. (1974).  Timchalk cites Gearhart for these values but

#uses somewhat different values in some cases.  Poet, an update to Timchalk, uses different values 

#than both Timchalk and Gearhart.  We reverted to the measured values as cited by Gearhart

#except for carboxylestearse where there are no available measurements.  In this case, we 

#used the fitted values from Poet et al. 2014.  Poet al. 2014 does not have a value for kidney

#so we used the value for liver.

KDBBE=0.1,#                #BuChE (brain)   

KDBCE=0.01,#                 #AChE (brain)  

KDBCR=0.000754,#             #CaE (brain)

KDBLBE=0.1,#                #BuChE (blood/plasma) 

KDBLCE=0.01,#                 #AChE (blood/plasma)

KDBLCR=0.001,#              #CaE (blood/plasma)   

KDHBE=0.1,#                #BuChE (liver)

KDHCE=0.01,#                 #AChE (liver)   

KDHCR=0.001,#               #CaE (liver)

KDRBCE=0.01,#                #AChE (RBC)   

KDKBE=0.1,#                #BuChE (kidney)

KDKCE=0.01,#                #AChE (kidney)

KDKCR=0.001,#               #CaE (kidney)





#Esterase aging rates (1/h)--chemical-specific 

#AChE aging rate from Mason et al 2000 (human RBC AChE for azinphos-methyl, also a dimethoxy OP)

#BuChE aging rate from Mason et al 2000 (human plasma BuChE for azinphos-methyl, also a dimethoxy OP)

#CaE set to 0.001 based on Maxwell and Brecht (2001) finding no ageing (differs from chlorpyrifos model)

KABBE=0.116,#              #BuChE (brain)

KABCE=0.022,#              #AChE (brain)

KABCR=0.001,#               #CaE (brain)

KABLBE=0.116,#             #BuChE (blood/plasma)

KABLCE=0.022,#             #AChE (blood/plasma)

KABLCR=0.001,#              #CaE (blood/plasma)

KAHBE=0.116,#              #BuChE (liver)

KAHCE=0.022,#              #AChE (liver)

KAHCR=0.001,#               #CaE (liver)

KARBCE=0.022,#             #AChE (RBC)

KAKBE=0.116,#              #BuChE (kidney)

KAKCE=0.022,#              #AChE (kidney)

KAKCR=0.001,#               #CaE (kidney)





#Inhibition of esterase (L/umol/h)--chemical-specific. 

#AChE from Chambers et al. (MRID 50773501) -geometric mean

#BuChE from Herzsprung 1992 for human plasma BuChE

#CaE assumed the same as Timchalk

KIBBE=1.26,#             #BuChE (brain)

KIBCE=4.9*2,#             #AChE (brain) - 

KIBCR=4.9*1.75,#              #CaE (brain)

KIBLBE=1.26,#           #BuChE (blood/plasma)

KIBLCE=4.9*2,#            #AChE (blood/plasma) - 

KIBLCR=4.9*1.75,#             #CaE (blood/plasma)

KIHBE=1.26,#            #BuChE (liver)

KIHCE=4.9*2,#             #AChE (liver) - 

KIHCR=4.9*1.75,#             #CaE (liver)

KIRBCE=4.9*2,#            #AChE (RBCs) - 

KIKBE=1.26,#            #BuChE (kidney)

KIKCE=4.9*2,#             #AChE (kidney) - 

KIKCR=4.9*1.75,#             #CaE (kidney)



#Reactivation of esterase (1/h)--chemical specific 

# AChE reactivation rate from Mason et al 2000 (human RBC AChE for azinphos-methyl, also a dimethoxy OP)

# BuChE reactivation rate from Mason et al 2000 (human plasma BuChE for azinphos-methyl, also a dimethoxy OP)

# CaE was fit. THere are no available data and Timchalk assumed same rate as for AChE.  Fitted value is somewhat lower

# than for AChE

KRBBE=0.03,#                #BuChE (brain)

KRBCE=0.018,#               #AChE (brain)

KRBCR=0.001,               #CaE (brain)

KRBLBE=0.03,#               #BuChE (blood/plasma)

KRBLCE=0.018,#              #AChE (blood/plasma)

KRBLCR=0.001,#              #CaE (blood/plasma)

KRHBE=0.03,#                #BuChE (liver)

KRHCE=0.018,#               #AChE (liver)

KRHCR=0.001,#               #CaE (liver)

KRRBCE=0.018,#              #AChE (RBCs)

KRKBE=0.03,#                #BuChE (kidney)

KRKCE=0.018,#               #AChE (kidney)

KRKCR=0.001,#               #CaE (kidney)





# Enzyme turnover rate (substrate hydrolysis/h/active site) (Maxwell 1987)

TRCE=1.17e7,      #AChE

TRCR=1.086e5,     #CaE

TRBE=3.66e6)







human_parameters<-list(male=human_parameters_male,female=human_parameters_female)













#













#


#clear workspace

rm(list = ls())



#set the working directory to the location of these scripts

#setwd(dirname(rstudioapi::getActiveDocumentContext()$path))



BW_scenario <- 69

subject_age = 21

IR_scenario <- 8.33 # L/min inhalation rate

ac_50 = -999

Ndays = 123

dpw = 5

hpd = 8

scenario_number = 33



#Environment####

library(dplyr)

library(tidyr)

library(parallel)

# number of cores avaiable on current machine

tot_cores<-detectCores(all.tests = FALSE, logical = TRUE)  

cores<-tot_cores-1 # leave one core for other tasks 



source("human_pbpk.R") # Loads model and base parameters

source("malathion_human_parameters.R") # male and female specific parameters



# Intial_parameters####

sex = 1						 # 0=male, 1= Female

params<-c(params[!names(params)%in%names(human_parameters[[sex+1]])],

          human_parameters[[sex+1]])



params[["TSTART"]]<-0.0             # START SIMULATION (HR)

params[["TSTOP"]]=Ndays*24      			 # Simulation duration 

params[["BWSW"]] = 1   	 				# Switch for age (set =0) or set (set =1) if bwt provided

params[["BWST"]]= BW_scenario   	 				# kg

params[["AGE0"]]=subject_age

params[["QALV"]] = IR_scenario*60   			# Inhalation rate L/h				

params[["IZONE"]]=1            #Turn inhalation on



params[["W3"]] = Ndays                     #days exposed per year

params[["D3"]] = dpw                         #days exposed per week

params[["P3"]] = hpd                       #hours exposed per day



#conc_mgm3 = interpolated_dose				 # Inhalation concentration, mg/m3  # converted to umol/L below



# combine or replace "base" parameters with case specific human parameters, carring out any calcuated paramters which are function of other specific case parameters 

initial_params <- initial_params_fun(params)



# get blood concentration resulting from dose

# dermal dose based on scenario 35



avgCBLO <-function(air_conc){

  

  # concentration in mg/m^3

  # make sure we change to mg/kg/day for output!!!!!!!!!!!!!!!!!!!!!

  conc_mgm3 = air_conc

  

  # TIMING COMMANDS ####

  MAXT=0.1       #maximum time step

  times<-seq(initial_params[["TSTART"]],initial_params[["TSTOP"]],by=MAXT)#

  

  # max number of points to write out to file

  POINTS_max<-10000  

  # if the more than 10000 timesteps, select evently spaced 10000 of them for reporting

  report_points<-if(length(times)<=POINTS_max) times else 

    times[seq(1,length(times),by=round(length(times)/POINTS_max))]

  table(report_points%in%times)#check all report values are in times.

  

  

  # STATE####

  # Subject specific UPDATES to the initial value of state varibles

  state<-state_fun()

  

  # Dosing ####

  # 8 hours/day, 5 days/week, 3 weeks exposure

  

  All_Dose<-data.frame(time=times)%>%

    mutate(Level=paste(conc_mgm3,"MGM",sep="_"),

           CIM = (conc_mgm3/1000),# mg/L

           pulse1=pulse(t=time,

                        p=initial_params[["YEAR"]]*24,

                        w=initial_params[["W3"]]*24),

           pulse2=pulse(t=time,

                        p=7*24,

                        w=initial_params[["D3"]]*24),

           pulse3=pulse(t=time,

                        p=24,

                        w=initial_params[["P3"]]),

           pulse=pulse1*pulse2*pulse3,

           CIM=CIM*pulse/initial_params[["MWOXON"]]*1000,#inhaled dose concentration (from mg/L to umol/L)

           is.change=c(1,diff(pulse)))%>%

    filter(is.change!=0)

  

  #print(All_Dose$Level)

  #~~~~APPLY MODEL~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~#### 

  # Do parallel for speed

  c1<-makeCluster(min(cores,n_distinct(All_Dose$Level))) # cluster for parallel 

  timestamp()

  modelOutput<-parLapply(c1,split(All_Dose,All_Dose$Level), function (LL,ini_par,st,t){

    #load data into cores

    source("human_pbpk.R")

    # Create dataframe of "events"that describe the dosing, which informs the

    # ODE function, and needs to have columns "var" = the state_variable that needs

    # to be changed,"time"= when the changes occurs,"value"=the value being changed

    # to,& "method"= how the new value interacts with the previous state variable

    # value. See ?deSolve::lsodes and ?deSolve::events.

    eventDat<-rbind(data.frame(var="CI_OXON",time=LL$time,

                               value=LL$CIM,	 

                               method="replace",stringsAsFactors = FALSE)

    )

    

    # DERIVITIVE ####

    # RUN MODEL 

    modelOutput<- ode(y = st, times = t,  #method = "lsodes",

                      func = Human_Model, parms = ini_par,

                      events = list(data = eventDat[order(eventDat$time),]))

    result <- within(as.data.frame(modelOutput),{Level<-LL$Level[[1]]})

    return(result)

  },ini_par=initial_params,st=state,t=times)

  stopCluster(c1)

  timestamp()

  ModelOutput<-do.call(rbind,modelOutput)##make big dataframe for evaluation

  

  return(mean(tail(ModelOutput$CBLO,240)))

}



minBCE <-function(air_conc){

  

  # concentration in mg/m^3

  # make sure we change to mg/kg/day for output!!!!!!!!!!!!!!!!!!!!!

  conc_mgm3 = air_conc

  

  # TIMING COMMANDS ####

  MAXT=0.1       #maximum time step

  times<-seq(initial_params[["TSTART"]],initial_params[["TSTOP"]],by=MAXT)#

  

  # max number of points to write out to file

  POINTS_max<-10000  

  # if the more than 10000 timesteps, select evently spaced 10000 of them for reporting

  report_points<-if(length(times)<=POINTS_max) times else 

    times[seq(1,length(times),by=round(length(times)/POINTS_max))]

  table(report_points%in%times)#check all report values are in times.

  

  

  # STATE####

  # Subject specific UPDATES to the initial value of state varibles

  state<-state_fun()

  

  # Dosing ####

  # 8 hours/day, 5 days/week, 3 weeks exposure

  

  All_Dose<-data.frame(time=times)%>%

    mutate(Level=paste(conc_mgm3,"MGM",sep="_"),

           CIM = (conc_mgm3/1000),# mg/L

           pulse1=pulse(t=time,

                        p=initial_params[["YEAR"]]*24,

                        w=initial_params[["W3"]]*24),

           pulse2=pulse(t=time,

                        p=7*24,

                        w=initial_params[["D3"]]*24),

           pulse3=pulse(t=time,

                        p=24,

                        w=initial_params[["P3"]]),

           pulse=pulse1*pulse2*pulse3,

           CIM=CIM*pulse/initial_params[["MWOXON"]]*1000,#inhaled dose concentration (from mg/L to umol/L)

           is.change=c(1,diff(pulse)))%>%

    filter(is.change!=0)

  

  #print(All_Dose$Level)

  #~~~~APPLY MODEL~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~#### 

  # Do parallel for speed

  c1<-makeCluster(min(cores,n_distinct(All_Dose$Level))) # cluster for parallel 

  timestamp()

  modelOutput<-parLapply(c1,split(All_Dose,All_Dose$Level), function (LL,ini_par,st,t){

    #load data into cores

    source("human_pbpk.R")

    # Create dataframe of "events"that describe the dosing, which informs the

    # ODE function, and needs to have columns "var" = the state_variable that needs

    # to be changed,"time"= when the changes occurs,"value"=the value being changed

    # to,& "method"= how the new value interacts with the previous state variable

    # value. See ?deSolve::lsodes and ?deSolve::events.

    eventDat<-rbind(data.frame(var="CI_OXON",time=LL$time,

                               value=LL$CIM,	 

                               method="replace",stringsAsFactors = FALSE)

    )

    

    # DERIVITIVE ####

    # RUN MODEL 

    modelOutput<- ode(y = st, times = t,  #method = "lsodes",

                      func = Human_Model, parms = ini_par,

                      events = list(data = eventDat[order(eventDat$time),]))

    result <- within(as.data.frame(modelOutput),{Level<-LL$Level[[1]]})

    return(result)

  },ini_par=initial_params,st=state,t=times)

  stopCluster(c1)

  timestamp()

  ModelOutput<-do.call(rbind,modelOutput)##make big dataframe for evaluation

  

  return(min(ModelOutput$BCE))

}



just_run_model <-function(air_conc){

  

  # concentration in mg/m^3

  # make sure we change to mg/kg/day for output!!!!!!!!!!!!!!!!!!!!!

  conc_mgm3 = air_conc

  

  # TIMING COMMANDS ####

  MAXT=0.1       #maximum time step

  times<-seq(initial_params[["TSTART"]],initial_params[["TSTOP"]],by=MAXT)#

  

  # max number of points to write out to file

  POINTS_max<-10000  

  # if the more than 10000 timesteps, select evently spaced 10000 of them for reporting

  report_points<-if(length(times)<=POINTS_max) times else 

    times[seq(1,length(times),by=round(length(times)/POINTS_max))]

  table(report_points%in%times)#check all report values are in times.

  

  

  # STATE####

  # Subject specific UPDATES to the initial value of state varibles

  state<-state_fun()

  

  # Dosing ####

  # 8 hours/day, 5 days/week, 3 weeks exposure

  

  All_Dose<-data.frame(time=times)%>%

    mutate(Level=paste(conc_mgm3,"MGM",sep="_"),

           CIM = (conc_mgm3/1000),# mg/L

           pulse1=pulse(t=time,

                        p=initial_params[["YEAR"]]*24,

                        w=initial_params[["W3"]]*24),

           pulse2=pulse(t=time,

                        p=7*24,

                        w=initial_params[["D3"]]*24),

           pulse3=pulse(t=time,

                        p=24,

                        w=initial_params[["P3"]]),

           pulse=pulse1*pulse2*pulse3,

           CIM=CIM*pulse/initial_params[["MWOXON"]]*1000,#inhaled dose concentration (from mg/L to umol/L)

           is.change=c(1,diff(pulse)))%>%

    filter(is.change!=0)

  

  #print(All_Dose$Level)

  #~~~~APPLY MODEL~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~#### 

  # Do parallel for speed

  c1<-makeCluster(min(cores,n_distinct(All_Dose$Level))) # cluster for parallel 

  timestamp()

  modelOutput<-parLapply(c1,split(All_Dose,All_Dose$Level), function (LL,ini_par,st,t){

    #load data into cores

    source("human_pbpk.R")

    # Create dataframe of "events"that describe the dosing, which informs the

    # ODE function, and needs to have columns "var" = the state_variable that needs

    # to be changed,"time"= when the changes occurs,"value"=the value being changed

    # to,& "method"= how the new value interacts with the previous state variable

    # value. See ?deSolve::lsodes and ?deSolve::events.

    eventDat<-rbind(data.frame(var="CI_OXON",time=LL$time,

                               value=LL$CIM,	 

                               method="replace",stringsAsFactors = FALSE)

    )

    

    # DERIVITIVE ####

    # RUN MODEL 

    modelOutput<- ode(y = st, times = t,  #method = "lsodes",

                      func = Human_Model, parms = ini_par,

                      events = list(data = eventDat[order(eventDat$time),]))

    result <- within(as.data.frame(modelOutput),{Level<-LL$Level[[1]]})

    return(result)

  },ini_par=initial_params,st=state,t=times)

  stopCluster(c1)

  timestamp()

  ModelOutput<-do.call(rbind,modelOutput)##make big dataframe for evaluation

  

  return(ModelOutput)

}







PODcost <- function(test_air_conc){

  

  # POD calculation

  test_result <- minBCE(test_air_conc)

  test_error <- (test_result - 90.0)

  

  # convert vapor conc to dose

  test_dose <- test_air_conc*IR_scenario*(60/1000)*params[["P3"]]/params[["BWST"]] 

  

  print(sprintf("%f  %f  %f",test_air_conc,test_dose,test_result))

  

  return(test_error*test_error)

}



AEDcost <- function(test_air_conc){

  

  # AED calculation

  test_result <- avgCBLO(test_air_conc)

  test_error <- (test_result - ac_50)

  

  # convert vapor conc to dose

  test_dose <- test_air_conc*IR_scenario*(60/1000)*params[["P3"]]/params[["BWST"]] 

  

  print(sprintf("%f  %f  %f",test_air_conc,test_dose,test_result))

  

  return(test_error*test_error)

}



# get the vapor-phase concentration required to reproduce 90% brain AChE

vapor_conc <- optim(par = 719.5, PODcost, method = "Brent",lower = 1, upper = 1e6) # POD limits/bounds



# convert the vapor conc. to a dose (mg/m^3 to mg/kg/day)

final_dose <- vapor_conc$par*IR_scenario*(60/1000)*params[["P3"]]/params[["BWST"]]



# finally run the model for this concentration

ModelOutput <- just_run_model(vapor_conc$par)



final_dose #mkd

vapor_conc$par #mg/m3

min(ModelOutput$RBCCE)


#clear workspace

rm(list = ls())



#set the working directory to the location of these scripts

#setwd(dirname(rstudioapi::getActiveDocumentContext()$path))



BW_scenario <- 69

subject_age = 21

IR_scenario <- 8.33 # L/min inhalation rate

ac_50 = -999

scenario_number = 33

Ndays <- 123

dpw = 5

hpd = 8



#Environment####

library(dplyr)

library(tidyr)

library(parallel)

# number of cores avaiable on current machine

tot_cores<-detectCores(all.tests = FALSE, logical = TRUE)  

cores<-tot_cores-1 # leave one core for other tasks 



source("human_pbpk.R") # Loads model and base parameters

source("malathion_human_parameters.R") # male and female specific parameters



# Intial_parameters####

sex = 1						 # 0=male, 1= Female

params<-c(params[!names(params)%in%names(human_parameters[[sex+1]])],

          human_parameters[[sex+1]])



params[["TSTART"]]<-0.0             # START SIMULATION (HR)

params[["TSTOP"]]=Ndays*24      			 # Simulation duration

params[["BWSW"]] = 1   	 				# Switch for age (set =0) or set (set =1) if bwt provided

params[["BWST"]]= BW_scenario   	 				# kg

params[["AGE0"]]=subject_age

params[["QALV"]] = IR_scenario*60   			# Inhalation rate L/h				

params[["IZONE"]]=1            #Turn inhalation on



params[["W3"]] = Ndays                     #days exposed per year

params[["D3"]] = dpw                         #days exposed per week

params[["P3"]] = hpd                       #hours exposed per day



#conc_mgm3 = interpolated_dose				 # Inhalation concentration, mg/m3  # converted to umol/L below



# combine or replace "base" parameters with case specific human parameters, carring out any calcuated paramters which are function of other specific case parameters 

initial_params <- initial_params_fun(params)



# get blood concentration resulting from dose

# dermal dose based on scenario 35



avgCBL <-function(air_conc){

  

  # concentration in mg/m^3

  # make sure we change to mg/kg/day for output!!!!!!!!!!!!!!!!!!!!!

  conc_mgm3 = air_conc

  

  # TIMING COMMANDS ####

  MAXT=0.1       #maximum time step

  times<-seq(initial_params[["TSTART"]],initial_params[["TSTOP"]],by=MAXT)#

  

  # max number of points to write out to file

  POINTS_max<-10000  

  # if the more than 10000 timesteps, select evently spaced 10000 of them for reporting

  report_points<-if(length(times)<=POINTS_max) times else 

    times[seq(1,length(times),by=round(length(times)/POINTS_max))]

  table(report_points%in%times)#check all report values are in times.

  

  

  # STATE####

  # Subject specific UPDATES to the initial value of state varibles

  state<-state_fun()

  

  # Dosing ####

  # 8 hours/day, 5 days/week, 3 weeks exposure

  

  All_Dose<-data.frame(time=times)%>%

    mutate(Level=paste(conc_mgm3,"MGM",sep="_"),

           CIM = (conc_mgm3/1000),# mg/L

           pulse1=pulse(t=time,

                        p=initial_params[["YEAR"]]*24,

                        w=initial_params[["W3"]]*24),

           pulse2=pulse(t=time,

                        p=7*24,

                        w=initial_params[["D3"]]*24),

           pulse3=pulse(t=time,

                        p=24,

                        w=initial_params[["P3"]]),

           pulse=pulse1*pulse2*pulse3,

           CIM=CIM*pulse/initial_params[["MWPAR"]]*1000,#inhaled dose concentration (from mg/L to umol/L)

           is.change=c(1,diff(pulse)))%>%

    filter(is.change!=0)

  

  #print(All_Dose$Level)

  #~~~~APPLY MODEL~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~#### 

  # Do parallel for speed

  c1<-makeCluster(min(cores,n_distinct(All_Dose$Level))) # cluster for parallel 

  timestamp()

  modelOutput<-parLapply(c1,split(All_Dose,All_Dose$Level), function (LL,ini_par,st,t){

    #load data into cores

    source("human_pbpk.R")

    # Create dataframe of "events"that describe the dosing, which informs the

    # ODE function, and needs to have columns "var" = the state_variable that needs

    # to be changed,"time"= when the changes occurs,"value"=the value being changed

    # to,& "method"= how the new value interacts with the previous state variable

    # value. See ?deSolve::lsodes and ?deSolve::events.

    eventDat<-rbind(data.frame(var="CI",time=LL$time,

                               value=LL$CIM,	 

                               method="replace",stringsAsFactors = FALSE)

    )

    

    # DERIVITIVE ####

    # RUN MODEL 

    modelOutput<- ode(y = st, times = t,  #method = "lsodes",

                      func = Human_Model, parms = ini_par,

                      events = list(data = eventDat[order(eventDat$time),]))

    result <- within(as.data.frame(modelOutput),{Level<-LL$Level[[1]]})

    return(result)

  },ini_par=initial_params,st=state,t=times)

  stopCluster(c1)

  timestamp()

  ModelOutput<-do.call(rbind,modelOutput)##make big dataframe for evaluation

  

  return(mean(tail(ModelOutput$CBL,240)))

}



minRBCCE <-function(air_conc){

  

  # concentration in mg/m^3

  # make sure we change to mg/kg/day for output!!!!!!!!!!!!!!!!!!!!!

  conc_mgm3 = air_conc

  

  # TIMING COMMANDS ####

  MAXT=0.1       #maximum time step

  times<-seq(initial_params[["TSTART"]],initial_params[["TSTOP"]],by=MAXT)#

  

  # max number of points to write out to file

  POINTS_max<-10000  

  # if the more than 10000 timesteps, select evently spaced 10000 of them for reporting

  report_points<-if(length(times)<=POINTS_max) times else 

    times[seq(1,length(times),by=round(length(times)/POINTS_max))]

  table(report_points%in%times)#check all report values are in times.

  

  

  # STATE####

  # Subject specific UPDATES to the initial value of state varibles

  state<-state_fun()

  

  # Dosing ####

  # 8 hours/day, 5 days/week, 3 weeks exposure

  

  All_Dose<-data.frame(time=times)%>%

    mutate(Level=paste(conc_mgm3,"MGM",sep="_"),

           CIM = (conc_mgm3/1000),# mg/L

           pulse1=pulse(t=time,

                        p=initial_params[["YEAR"]]*24,

                        w=initial_params[["W3"]]*24),

           pulse2=pulse(t=time,

                        p=7*24,

                        w=initial_params[["D3"]]*24),

           pulse3=pulse(t=time,

                        p=24,

                        w=initial_params[["P3"]]),

           pulse=pulse1*pulse2*pulse3,

           CIM=CIM*pulse/initial_params[["MWPAR"]]*1000,#inhaled dose concentration (from mg/L to umol/L)

           is.change=c(1,diff(pulse)))%>%

    filter(is.change!=0)

  

  #print(All_Dose$Level)

  #~~~~APPLY MODEL~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~#### 

  # Do parallel for speed

  c1<-makeCluster(min(cores,n_distinct(All_Dose$Level))) # cluster for parallel 

  timestamp()

  modelOutput<-parLapply(c1,split(All_Dose,All_Dose$Level), function (LL,ini_par,st,t){

    #load data into cores

    source("human_pbpk.R")

    # Create dataframe of "events"that describe the dosing, which informs the

    # ODE function, and needs to have columns "var" = the state_variable that needs

    # to be changed,"time"= when the changes occurs,"value"=the value being changed

    # to,& "method"= how the new value interacts with the previous state variable

    # value. See ?deSolve::lsodes and ?deSolve::events.

    eventDat<-rbind(data.frame(var="CI",time=LL$time,

                               value=LL$CIM,	 

                               method="replace",stringsAsFactors = FALSE)

    )

    

    # DERIVITIVE ####

    # RUN MODEL 

    modelOutput<- ode(y = st, times = t,  #method = "lsodes",

                      func = Human_Model, parms = ini_par,

                      events = list(data = eventDat[order(eventDat$time),]))

    result <- within(as.data.frame(modelOutput),{Level<-LL$Level[[1]]})

    return(result)

  },ini_par=initial_params,st=state,t=times)

  stopCluster(c1)

  timestamp()

  ModelOutput<-do.call(rbind,modelOutput)##make big dataframe for evaluation

  

  return(min(ModelOutput$RBCCE))

}



just_run_model <-function(air_conc){

  

  # concentration in mg/m^3

  # make sure we change to mg/kg/day for output!!!!!!!!!!!!!!!!!!!!!

  conc_mgm3 = air_conc

  

  # TIMING COMMANDS ####

  MAXT=0.1       #maximum time step

  times<-seq(initial_params[["TSTART"]],initial_params[["TSTOP"]],by=MAXT)#

  

  # max number of points to write out to file

  POINTS_max<-10000  

  # if the more than 10000 timesteps, select evently spaced 10000 of them for reporting

  report_points<-if(length(times)<=POINTS_max) times else 

    times[seq(1,length(times),by=round(length(times)/POINTS_max))]

  table(report_points%in%times)#check all report values are in times.

  

  

  # STATE####

  # Subject specific UPDATES to the initial value of state varibles

  state<-state_fun()

  

  # Dosing ####

  # 8 hours/day, 5 days/week, 3 weeks exposure

  

  All_Dose<-data.frame(time=times)%>%

    mutate(Level=paste(conc_mgm3,"MGM",sep="_"),

           CIM = (conc_mgm3/1000),# mg/L

           pulse1=pulse(t=time,

                        p=initial_params[["YEAR"]]*24,

                        w=initial_params[["W3"]]*24),

           pulse2=pulse(t=time,

                        p=7*24,

                        w=initial_params[["D3"]]*24),

           pulse3=pulse(t=time,

                        p=24,

                        w=initial_params[["P3"]]),

           pulse=pulse1*pulse2*pulse3,

           CIM=CIM*pulse/initial_params[["MWPAR"]]*1000,#inhaled dose concentration (from mg/L to umol/L)

           is.change=c(1,diff(pulse)))%>%

    filter(is.change!=0)

  

  #print(All_Dose$Level)

  #~~~~APPLY MODEL~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~#### 

  # Do parallel for speed

  c1<-makeCluster(min(cores,n_distinct(All_Dose$Level))) # cluster for parallel 

  timestamp()

  modelOutput<-parLapply(c1,split(All_Dose,All_Dose$Level), function (LL,ini_par,st,t){

    #load data into cores

    source("human_pbpk.R")

    # Create dataframe of "events"that describe the dosing, which informs the

    # ODE function, and needs to have columns "var" = the state_variable that needs

    # to be changed,"time"= when the changes occurs,"value"=the value being changed

    # to,& "method"= how the new value interacts with the previous state variable

    # value. See ?deSolve::lsodes and ?deSolve::events.

    eventDat<-rbind(data.frame(var="CI",time=LL$time,

                               value=LL$CIM,	 

                               method="replace",stringsAsFactors = FALSE)

    )

    

    # DERIVITIVE ####

    # RUN MODEL 

    modelOutput<- ode(y = st, times = t,  #method = "lsodes",

                      func = Human_Model, parms = ini_par,

                      events = list(data = eventDat[order(eventDat$time),]))

    result <- within(as.data.frame(modelOutput),{Level<-LL$Level[[1]]})

    return(result)

  },ini_par=initial_params,st=state,t=times)

  stopCluster(c1)

  timestamp()

  ModelOutput<-do.call(rbind,modelOutput)##make big dataframe for evaluation

  

  return(ModelOutput)

}







PODcost <- function(test_air_conc){

  

  # POD calculation

  test_result <- minRBCCE(test_air_conc)

  test_error <- (test_result - 90.0)

  

  # convert vapor conc to dose

  test_dose <- test_air_conc*IR_scenario*(60/1000)*params[["P3"]]/params[["BWST"]] 

  

  print(sprintf("%f  %f  %f",test_air_conc,test_dose,test_result))

  flush.console()

  return(test_error*test_error)

}



AEDcost <- function(test_air_conc){

  

  # AED calculation

  test_result <- avgCBL(test_air_conc)

  test_error <- (test_result - ac_50)

  

  # convert vapor conc to dose

  test_dose <- test_air_conc*IR_scenario*(60/1000)*params[["P3"]]/params[["BWST"]] 

  

  print(sprintf("%f  %f  %f",test_air_conc,test_dose,test_result))

  flush.console()

  return(test_error*test_error)

}



# get the vapor-phase concentration required to reproduce 90% brain AChE

vapor_conc <- optim(par = 719.5, PODcost, method = "Brent",lower = 1, upper = 1e6) # POD limits/bounds



# convert the vapor conc. to a dose (mg/m^3 to mg/kg/day)

final_dose <- vapor_conc$par*IR_scenario*(60/1000)*params[["P3"]]/params[["BWST"]]



# finally run the model for this concentration

ModelOutput <- just_run_model(vapor_conc$par)



final_dose #mkd

vapor_conc$par #mg/m3

min(ModelOutput$RBCCE)


#clear workspace

rm(list = ls())



#set the working directory to the location of these scripts

#setwd(dirname(rstudioapi::getActiveDocumentContext()$path))



BW_scenario <- 69

subject_age = 21

IR_scenario <- 16.67 # L/min inhalation rate

ac_50 = -999

Ndays = 123

dpw = 5

hpd = 8

scenario_number = 34



#Environment####

library(dplyr)

library(tidyr)

library(parallel)

# number of cores avaiable on current machine

tot_cores<-detectCores(all.tests = FALSE, logical = TRUE)  

cores<-tot_cores-1 # leave one core for other tasks 



source("human_pbpk.R") # Loads model and base parameters

source("malathion_human_parameters.R") # male and female specific parameters



# Intial_parameters####

sex = 1						 # 0=male, 1= Female

params<-c(params[!names(params)%in%names(human_parameters[[sex+1]])],

          human_parameters[[sex+1]])



params[["TSTART"]]<-0.0             # START SIMULATION (HR)

params[["TSTOP"]]=Ndays*24      			 # Simulation duration 

params[["BWSW"]] = 1   	 				# Switch for age (set =0) or set (set =1) if bwt provided

params[["BWST"]]= BW_scenario   	 				# kg

params[["AGE0"]]=subject_age

params[["QALV"]] = IR_scenario*60   			# Inhalation rate L/h				

params[["IZONE"]]=1            #Turn inhalation on



params[["W3"]] = Ndays                     #days exposed per year

params[["D3"]] = dpw                         #days exposed per week

params[["P3"]] = hpd                       #hours exposed per day



#conc_mgm3 = interpolated_dose				 # Inhalation concentration, mg/m3  # converted to umol/L below



# combine or replace "base" parameters with case specific human parameters, carring out any calcuated paramters which are function of other specific case parameters 

initial_params <- initial_params_fun(params)



# get blood concentration resulting from dose

# dermal dose based on scenario 35



avgCBLO <-function(air_conc){

  

  # concentration in mg/m^3

  # make sure we change to mg/kg/day for output!!!!!!!!!!!!!!!!!!!!!

  conc_mgm3 = air_conc

  

  # TIMING COMMANDS ####

  MAXT=0.1       #maximum time step

  times<-seq(initial_params[["TSTART"]],initial_params[["TSTOP"]],by=MAXT)#

  

  # max number of points to write out to file

  POINTS_max<-10000  

  # if the more than 10000 timesteps, select evently spaced 10000 of them for reporting

  report_points<-if(length(times)<=POINTS_max) times else 

    times[seq(1,length(times),by=round(length(times)/POINTS_max))]

  table(report_points%in%times)#check all report values are in times.

  

  

  # STATE####

  # Subject specific UPDATES to the initial value of state varibles

  state<-state_fun()

  

  # Dosing ####

  # 8 hours/day, 5 days/week, 3 weeks exposure

  

  All_Dose<-data.frame(time=times)%>%

    mutate(Level=paste(conc_mgm3,"MGM",sep="_"),

           CIM = (conc_mgm3/1000),# mg/L

           pulse1=pulse(t=time,

                        p=initial_params[["YEAR"]]*24,

                        w=initial_params[["W3"]]*24),

           pulse2=pulse(t=time,

                        p=7*24,

                        w=initial_params[["D3"]]*24),

           pulse3=pulse(t=time,

                        p=24,

                        w=initial_params[["P3"]]),

           pulse=pulse1*pulse2*pulse3,

           CIM=CIM*pulse/initial_params[["MWOXON"]]*1000,#inhaled dose concentration (from mg/L to umol/L)

           is.change=c(1,diff(pulse)))%>%

    filter(is.change!=0)

  

  #print(All_Dose$Level)

  #~~~~APPLY MODEL~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~#### 

  # Do parallel for speed

  c1<-makeCluster(min(cores,n_distinct(All_Dose$Level))) # cluster for parallel 

  timestamp()

  modelOutput<-parLapply(c1,split(All_Dose,All_Dose$Level), function (LL,ini_par,st,t){

    #load data into cores

    source("human_pbpk.R")

    # Create dataframe of "events"that describe the dosing, which informs the

    # ODE function, and needs to have columns "var" = the state_variable that needs

    # to be changed,"time"= when the changes occurs,"value"=the value being changed

    # to,& "method"= how the new value interacts with the previous state variable

    # value. See ?deSolve::lsodes and ?deSolve::events.

    eventDat<-rbind(data.frame(var="CI_OXON",time=LL$time,

                               value=LL$CIM,	 

                               method="replace",stringsAsFactors = FALSE)

    )

    

    # DERIVITIVE ####

    # RUN MODEL 

    modelOutput<- ode(y = st, times = t,  #method = "lsodes",

                      func = Human_Model, parms = ini_par,

                      events = list(data = eventDat[order(eventDat$time),]))

    result <- within(as.data.frame(modelOutput),{Level<-LL$Level[[1]]})

    return(result)

  },ini_par=initial_params,st=state,t=times)

  stopCluster(c1)

  timestamp()

  ModelOutput<-do.call(rbind,modelOutput)##make big dataframe for evaluation

  

  return(mean(tail(ModelOutput$CBLO,240)))

}



minBCE <-function(air_conc){

  

  # concentration in mg/m^3

  # make sure we change to mg/kg/day for output!!!!!!!!!!!!!!!!!!!!!

  conc_mgm3 = air_conc

  

  # TIMING COMMANDS ####

  MAXT=0.1       #maximum time step

  times<-seq(initial_params[["TSTART"]],initial_params[["TSTOP"]],by=MAXT)#

  

  # max number of points to write out to file

  POINTS_max<-10000  

  # if the more than 10000 timesteps, select evently spaced 10000 of them for reporting

  report_points<-if(length(times)<=POINTS_max) times else 

    times[seq(1,length(times),by=round(length(times)/POINTS_max))]

  table(report_points%in%times)#check all report values are in times.

  

  

  # STATE####

  # Subject specific UPDATES to the initial value of state varibles

  state<-state_fun()

  

  # Dosing ####

  # 8 hours/day, 5 days/week, 3 weeks exposure

  

  All_Dose<-data.frame(time=times)%>%

    mutate(Level=paste(conc_mgm3,"MGM",sep="_"),

           CIM = (conc_mgm3/1000),# mg/L

           pulse1=pulse(t=time,

                        p=initial_params[["YEAR"]]*24,

                        w=initial_params[["W3"]]*24),

           pulse2=pulse(t=time,

                        p=7*24,

                        w=initial_params[["D3"]]*24),

           pulse3=pulse(t=time,

                        p=24,

                        w=initial_params[["P3"]]),

           pulse=pulse1*pulse2*pulse3,

           CIM=CIM*pulse/initial_params[["MWOXON"]]*1000,#inhaled dose concentration (from mg/L to umol/L)

           is.change=c(1,diff(pulse)))%>%

    filter(is.change!=0)

  

  #print(All_Dose$Level)

  #~~~~APPLY MODEL~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~#### 

  # Do parallel for speed

  c1<-makeCluster(min(cores,n_distinct(All_Dose$Level))) # cluster for parallel 

  timestamp()

  modelOutput<-parLapply(c1,split(All_Dose,All_Dose$Level), function (LL,ini_par,st,t){

    #load data into cores

    source("human_pbpk.R")

    # Create dataframe of "events"that describe the dosing, which informs the

    # ODE function, and needs to have columns "var" = the state_variable that needs

    # to be changed,"time"= when the changes occurs,"value"=the value being changed

    # to,& "method"= how the new value interacts with the previous state variable

    # value. See ?deSolve::lsodes and ?deSolve::events.

    eventDat<-rbind(data.frame(var="CI_OXON",time=LL$time,

                               value=LL$CIM,	 

                               method="replace",stringsAsFactors = FALSE)

    )

    

    # DERIVITIVE ####

    # RUN MODEL 

    modelOutput<- ode(y = st, times = t,  #method = "lsodes",

                      func = Human_Model, parms = ini_par,

                      events = list(data = eventDat[order(eventDat$time),]))

    result <- within(as.data.frame(modelOutput),{Level<-LL$Level[[1]]})

    return(result)

  },ini_par=initial_params,st=state,t=times)

  stopCluster(c1)

  timestamp()

  ModelOutput<-do.call(rbind,modelOutput)##make big dataframe for evaluation

  

  return(min(ModelOutput$BCE))

}



just_run_model <-function(air_conc){

  

  # concentration in mg/m^3

  # make sure we change to mg/kg/day for output!!!!!!!!!!!!!!!!!!!!!

  conc_mgm3 = air_conc

  

  # TIMING COMMANDS ####

  MAXT=0.1       #maximum time step

  times<-seq(initial_params[["TSTART"]],initial_params[["TSTOP"]],by=MAXT)#

  

  # max number of points to write out to file

  POINTS_max<-10000  

  # if the more than 10000 timesteps, select evently spaced 10000 of them for reporting

  report_points<-if(length(times)<=POINTS_max) times else 

    times[seq(1,length(times),by=round(length(times)/POINTS_max))]

  table(report_points%in%times)#check all report values are in times.

  

  

  # STATE####

  # Subject specific UPDATES to the initial value of state varibles

  state<-state_fun()

  

  # Dosing ####

  # 8 hours/day, 5 days/week, 3 weeks exposure

  

  All_Dose<-data.frame(time=times)%>%

    mutate(Level=paste(conc_mgm3,"MGM",sep="_"),

           CIM = (conc_mgm3/1000),# mg/L

           pulse1=pulse(t=time,

                        p=initial_params[["YEAR"]]*24,

                        w=initial_params[["W3"]]*24),

           pulse2=pulse(t=time,

                        p=7*24,

                        w=initial_params[["D3"]]*24),

           pulse3=pulse(t=time,

                        p=24,

                        w=initial_params[["P3"]]),

           pulse=pulse1*pulse2*pulse3,

           CIM=CIM*pulse/initial_params[["MWOXON"]]*1000,#inhaled dose concentration (from mg/L to umol/L)

           is.change=c(1,diff(pulse)))%>%

    filter(is.change!=0)

  

  #print(All_Dose$Level)

  #~~~~APPLY MODEL~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~#### 

  # Do parallel for speed

  c1<-makeCluster(min(cores,n_distinct(All_Dose$Level))) # cluster for parallel 

  timestamp()

  modelOutput<-parLapply(c1,split(All_Dose,All_Dose$Level), function (LL,ini_par,st,t){

    #load data into cores

    source("human_pbpk.R")

    # Create dataframe of "events"that describe the dosing, which informs the

    # ODE function, and needs to have columns "var" = the state_variable that needs

    # to be changed,"time"= when the changes occurs,"value"=the value being changed

    # to,& "method"= how the new value interacts with the previous state variable

    # value. See ?deSolve::lsodes and ?deSolve::events.

    eventDat<-rbind(data.frame(var="CI_OXON",time=LL$time,

                               value=LL$CIM,	 

                               method="replace",stringsAsFactors = FALSE)

    )

    

    # DERIVITIVE ####

    # RUN MODEL 

    modelOutput<- ode(y = st, times = t,  #method = "lsodes",

                      func = Human_Model, parms = ini_par,

                      events = list(data = eventDat[order(eventDat$time),]))

    result <- within(as.data.frame(modelOutput),{Level<-LL$Level[[1]]})

    return(result)

  },ini_par=initial_params,st=state,t=times)

  stopCluster(c1)

  timestamp()

  ModelOutput<-do.call(rbind,modelOutput)##make big dataframe for evaluation

  

  return(ModelOutput)

}







PODcost <- function(test_air_conc){

  

  # POD calculation

  test_result <- minBCE(test_air_conc)

  test_error <- (test_result - 90.0)

  

  # convert vapor conc to dose

  test_dose <- test_air_conc*IR_scenario*(60/1000)*params[["P3"]]/params[["BWST"]] 

  

  print(sprintf("%f  %f  %f",test_air_conc,test_dose,test_result))

  

  return(test_error*test_error)

}



AEDcost <- function(test_air_conc){

  

  # AED calculation

  test_result <- avgCBLO(test_air_conc)

  test_error <- (test_result - ac_50)

  

  # convert vapor conc to dose

  test_dose <- test_air_conc*IR_scenario*(60/1000)*params[["P3"]]/params[["BWST"]] 

  

  print(sprintf("%f  %f  %f",test_air_conc,test_dose,test_result))

  

  return(test_error*test_error)

}



# get the vapor-phase concentration required to reproduce 90% brain AChE

vapor_conc <- optim(par = 719.5, PODcost, method = "Brent",lower = 1, upper = 1e6) # POD limits/bounds



# convert the vapor conc. to a dose (mg/m^3 to mg/kg/day)

final_dose <- vapor_conc$par*IR_scenario*(60/1000)*params[["P3"]]/params[["BWST"]]



# finally run the model for this concentration

ModelOutput <- just_run_model(vapor_conc$par)



final_dose #mkd

vapor_conc$par #mg/m3

min(ModelOutput$RBCCE)






#clear workspace

rm(list = ls())



#set the working directory to the location of these scripts

#setwd(dirname(rstudioapi::getActiveDocumentContext()$path))



BW_scenario <- 69

subject_age = 21

IR_scenario <- 16.67 # L/min inhalation rate

ac_50 = -999

scenario_number = 34

Ndays <- 123

dpw = 5

hpd = 8



#Environment####

library(dplyr)

library(tidyr)

library(parallel)

# number of cores avaiable on current machine

tot_cores<-detectCores(all.tests = FALSE, logical = TRUE)  

cores<-tot_cores-1 # leave one core for other tasks 



source("human_pbpk.R") # Loads model and base parameters

source("malathion_human_parameters.R") # male and female specific parameters



# Intial_parameters####

sex = 1						 # 0=male, 1= Female

params<-c(params[!names(params)%in%names(human_parameters[[sex+1]])],

          human_parameters[[sex+1]])



params[["TSTART"]]<-0.0             # START SIMULATION (HR)

params[["TSTOP"]]=Ndays*24      			 # Simulation duration

params[["BWSW"]] = 1   	 				# Switch for age (set =0) or set (set =1) if bwt provided

params[["BWST"]]= BW_scenario   	 				# kg

params[["AGE0"]]=subject_age

params[["QALV"]] = IR_scenario*60   			# Inhalation rate L/h				

params[["IZONE"]]=1            #Turn inhalation on



params[["W3"]] = Ndays                     #days exposed per year

params[["D3"]] = dpw                         #days exposed per week

params[["P3"]] = hpd                       #hours exposed per day



#conc_mgm3 = interpolated_dose				 # Inhalation concentration, mg/m3  # converted to umol/L below



# combine or replace "base" parameters with case specific human parameters, carring out any calcuated paramters which are function of other specific case parameters 

initial_params <- initial_params_fun(params)



# get blood concentration resulting from dose

# dermal dose based on scenario 35



avgCBL <-function(air_conc){

  

  # concentration in mg/m^3

  # make sure we change to mg/kg/day for output!!!!!!!!!!!!!!!!!!!!!

  conc_mgm3 = air_conc

  

  # TIMING COMMANDS ####

  MAXT=0.1       #maximum time step

  times<-seq(initial_params[["TSTART"]],initial_params[["TSTOP"]],by=MAXT)#

  

  # max number of points to write out to file

  POINTS_max<-10000  

  # if the more than 10000 timesteps, select evently spaced 10000 of them for reporting

  report_points<-if(length(times)<=POINTS_max) times else 

    times[seq(1,length(times),by=round(length(times)/POINTS_max))]

  table(report_points%in%times)#check all report values are in times.

  

  

  # STATE####

  # Subject specific UPDATES to the initial value of state varibles

  state<-state_fun()

  

  # Dosing ####

  # 8 hours/day, 5 days/week, 3 weeks exposure

  

  All_Dose<-data.frame(time=times)%>%

    mutate(Level=paste(conc_mgm3,"MGM",sep="_"),

           CIM = (conc_mgm3/1000),# mg/L

           pulse1=pulse(t=time,

                        p=initial_params[["YEAR"]]*24,

                        w=initial_params[["W3"]]*24),

           pulse2=pulse(t=time,

                        p=7*24,

                        w=initial_params[["D3"]]*24),

           pulse3=pulse(t=time,

                        p=24,

                        w=initial_params[["P3"]]),

           pulse=pulse1*pulse2*pulse3,

           CIM=CIM*pulse/initial_params[["MWPAR"]]*1000,#inhaled dose concentration (from mg/L to umol/L)

           is.change=c(1,diff(pulse)))%>%

    filter(is.change!=0)

  

  #print(All_Dose$Level)

  #~~~~APPLY MODEL~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~#### 

  # Do parallel for speed

  c1<-makeCluster(min(cores,n_distinct(All_Dose$Level))) # cluster for parallel 

  timestamp()

  modelOutput<-parLapply(c1,split(All_Dose,All_Dose$Level), function (LL,ini_par,st,t){

    #load data into cores

    source("human_pbpk.R")

    # Create dataframe of "events"that describe the dosing, which informs the

    # ODE function, and needs to have columns "var" = the state_variable that needs

    # to be changed,"time"= when the changes occurs,"value"=the value being changed

    # to,& "method"= how the new value interacts with the previous state variable

    # value. See ?deSolve::lsodes and ?deSolve::events.

    eventDat<-rbind(data.frame(var="CI",time=LL$time,

                               value=LL$CIM,	 

                               method="replace",stringsAsFactors = FALSE)

    )

    

    # DERIVITIVE ####

    # RUN MODEL 

    modelOutput<- ode(y = st, times = t,  #method = "lsodes",

                      func = Human_Model, parms = ini_par,

                      events = list(data = eventDat[order(eventDat$time),]))

    result <- within(as.data.frame(modelOutput),{Level<-LL$Level[[1]]})

    return(result)

  },ini_par=initial_params,st=state,t=times)

  stopCluster(c1)

  timestamp()

  ModelOutput<-do.call(rbind,modelOutput)##make big dataframe for evaluation

  

  return(mean(tail(ModelOutput$CBL,240)))

}



minRBCCE <-function(air_conc){

  

  # concentration in mg/m^3

  # make sure we change to mg/kg/day for output!!!!!!!!!!!!!!!!!!!!!

  conc_mgm3 = air_conc

  

  # TIMING COMMANDS ####

  MAXT=0.1       #maximum time step

  times<-seq(initial_params[["TSTART"]],initial_params[["TSTOP"]],by=MAXT)#

  

  # max number of points to write out to file

  POINTS_max<-10000  

  # if the more than 10000 timesteps, select evently spaced 10000 of them for reporting

  report_points<-if(length(times)<=POINTS_max) times else 

    times[seq(1,length(times),by=round(length(times)/POINTS_max))]

  table(report_points%in%times)#check all report values are in times.

  

  

  # STATE####

  # Subject specific UPDATES to the initial value of state varibles

  state<-state_fun()

  

  # Dosing ####

  # 8 hours/day, 5 days/week, 3 weeks exposure

  

  All_Dose<-data.frame(time=times)%>%

    mutate(Level=paste(conc_mgm3,"MGM",sep="_"),

           CIM = (conc_mgm3/1000),# mg/L

           pulse1=pulse(t=time,

                        p=initial_params[["YEAR"]]*24,

                        w=initial_params[["W3"]]*24),

           pulse2=pulse(t=time,

                        p=7*24,

                        w=initial_params[["D3"]]*24),

           pulse3=pulse(t=time,

                        p=24,

                        w=initial_params[["P3"]]),

           pulse=pulse1*pulse2*pulse3,

           CIM=CIM*pulse/initial_params[["MWPAR"]]*1000,#inhaled dose concentration (from mg/L to umol/L)

           is.change=c(1,diff(pulse)))%>%

    filter(is.change!=0)

  

  #print(All_Dose$Level)

  #~~~~APPLY MODEL~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~#### 

  # Do parallel for speed

  c1<-makeCluster(min(cores,n_distinct(All_Dose$Level))) # cluster for parallel 

  timestamp()

  modelOutput<-parLapply(c1,split(All_Dose,All_Dose$Level), function (LL,ini_par,st,t){

    #load data into cores

    source("human_pbpk.R")

    # Create dataframe of "events"that describe the dosing, which informs the

    # ODE function, and needs to have columns "var" = the state_variable that needs

    # to be changed,"time"= when the changes occurs,"value"=the value being changed

    # to,& "method"= how the new value interacts with the previous state variable

    # value. See ?deSolve::lsodes and ?deSolve::events.

    eventDat<-rbind(data.frame(var="CI",time=LL$time,

                               value=LL$CIM,	 

                               method="replace",stringsAsFactors = FALSE)

    )

    

    # DERIVITIVE ####

    # RUN MODEL 

    modelOutput<- ode(y = st, times = t,  #method = "lsodes",

                      func = Human_Model, parms = ini_par,

                      events = list(data = eventDat[order(eventDat$time),]))

    result <- within(as.data.frame(modelOutput),{Level<-LL$Level[[1]]})

    return(result)

  },ini_par=initial_params,st=state,t=times)

  stopCluster(c1)

  timestamp()

  ModelOutput<-do.call(rbind,modelOutput)##make big dataframe for evaluation

  

  return(min(ModelOutput$RBCCE))

}



just_run_model <-function(air_conc){

  

  # concentration in mg/m^3

  # make sure we change to mg/kg/day for output!!!!!!!!!!!!!!!!!!!!!

  conc_mgm3 = air_conc

  

  # TIMING COMMANDS ####

  MAXT=0.1       #maximum time step

  times<-seq(initial_params[["TSTART"]],initial_params[["TSTOP"]],by=MAXT)#

  

  # max number of points to write out to file

  POINTS_max<-10000  

  # if the more than 10000 timesteps, select evently spaced 10000 of them for reporting

  report_points<-if(length(times)<=POINTS_max) times else 

    times[seq(1,length(times),by=round(length(times)/POINTS_max))]

  table(report_points%in%times)#check all report values are in times.

  

  

  # STATE####

  # Subject specific UPDATES to the initial value of state varibles

  state<-state_fun()

  

  # Dosing ####

  # 8 hours/day, 5 days/week, 3 weeks exposure

  

  All_Dose<-data.frame(time=times)%>%

    mutate(Level=paste(conc_mgm3,"MGM",sep="_"),

           CIM = (conc_mgm3/1000),# mg/L

           pulse1=pulse(t=time,

                        p=initial_params[["YEAR"]]*24,

                        w=initial_params[["W3"]]*24),

           pulse2=pulse(t=time,

                        p=7*24,

                        w=initial_params[["D3"]]*24),

           pulse3=pulse(t=time,

                        p=24,

                        w=initial_params[["P3"]]),

           pulse=pulse1*pulse2*pulse3,

           CIM=CIM*pulse/initial_params[["MWPAR"]]*1000,#inhaled dose concentration (from mg/L to umol/L)

           is.change=c(1,diff(pulse)))%>%

    filter(is.change!=0)

  

  #print(All_Dose$Level)

  #~~~~APPLY MODEL~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~#### 

  # Do parallel for speed

  c1<-makeCluster(min(cores,n_distinct(All_Dose$Level))) # cluster for parallel 

  timestamp()

  modelOutput<-parLapply(c1,split(All_Dose,All_Dose$Level), function (LL,ini_par,st,t){

    #load data into cores

    source("human_pbpk.R")

    # Create dataframe of "events"that describe the dosing, which informs the

    # ODE function, and needs to have columns "var" = the state_variable that needs

    # to be changed,"time"= when the changes occurs,"value"=the value being changed

    # to,& "method"= how the new value interacts with the previous state variable

    # value. See ?deSolve::lsodes and ?deSolve::events.

    eventDat<-rbind(data.frame(var="CI",time=LL$time,

                               value=LL$CIM,	 

                               method="replace",stringsAsFactors = FALSE)

    )

    

    # DERIVITIVE ####

    # RUN MODEL 

    modelOutput<- ode(y = st, times = t,  #method = "lsodes",

                      func = Human_Model, parms = ini_par,

                      events = list(data = eventDat[order(eventDat$time),]))

    result <- within(as.data.frame(modelOutput),{Level<-LL$Level[[1]]})

    return(result)

  },ini_par=initial_params,st=state,t=times)

  stopCluster(c1)

  timestamp()

  ModelOutput<-do.call(rbind,modelOutput)##make big dataframe for evaluation

  

  return(ModelOutput)

}







PODcost <- function(test_air_conc){

  

  # POD calculation

  test_result <- minRBCCE(test_air_conc)

  test_error <- (test_result - 90.0)

  

  # convert vapor conc to dose

  test_dose <- test_air_conc*IR_scenario*(60/1000)*params[["P3"]]/params[["BWST"]] 

  

  print(sprintf("%f  %f  %f",test_air_conc,test_dose,test_result))

  flush.console()

  return(test_error*test_error)

}



AEDcost <- function(test_air_conc){

  

  # AED calculation

  test_result <- avgCBL(test_air_conc)

  test_error <- (test_result - ac_50)

  

  # convert vapor conc to dose

  test_dose <- test_air_conc*IR_scenario*(60/1000)*params[["P3"]]/params[["BWST"]] 

  

  print(sprintf("%f  %f  %f",test_air_conc,test_dose,test_result))

  flush.console()

  return(test_error*test_error)

}



# get the vapor-phase concentration required to reproduce 90% brain AChE

vapor_conc <- optim(par = 719.5, PODcost, method = "Brent",lower = 1, upper = 1e6) # POD limits/bounds



# convert the vapor conc. to a dose (mg/m^3 to mg/kg/day)

final_dose <- vapor_conc$par*IR_scenario*(60/1000)*params[["P3"]]/params[["BWST"]]



# finally run the model for this concentration

ModelOutput <- just_run_model(vapor_conc$par)



final_dose #mkd

vapor_conc$par #mg/m3

min(ModelOutput$RBCCE)


#clear workspace

rm(list = ls())



#set the working directory to the location of these scripts

#setwd(dirname(rstudioapi::getActiveDocumentContext()$path))



ac_50 = -999

scenario_number = 47

BW_scenario = 69

subject_age = 21

derm_pct = 0.01/8

Ndays = 123

dpw = 5

hpd = 8





#Environment####

library(dplyr)

library(tidyr)

library(parallel)

# number of cores avaiable on current machine

tot_cores<-detectCores(all.tests = FALSE, logical = TRUE)  

cores<-tot_cores-1 # leave one core for other tasks 



source("human_pbpk.R") # Loads model and base parameters

source("malathion_human_parameters.R") # male and female specific parameters



# Intial_parameters####

sex = 1						 # 0=male, 1= Female

params<-c(params[!names(params)%in%names(human_parameters[[sex+1]])],

          human_parameters[[sex+1]])



# case-specific parameters

params[["TSTART"]]<-0.0             # START SIMULATION (HR)

params[["TSTOP"]]=Ndays*24      			 # Simulation duration 

params[["BWSW"]] = 1   	 				# Switch for age (set =0) or set (set =1) if bwt provided

params[["BWST"]]= BW_scenario   	 				# kg

params[["AGE0"]]=subject_age

params[["DERMPERCNT"]]=derm_pct     

params[["DZONE"]]=1             #turn dermal on

params[["TCHNG"]] = Ndays*24 					# Total exposure duration - h 

params[["DZONE"]] = 1						 # Turning dermal exposures on/off



params[["W2"]] = Ndays               #days exposed per year

params[["D2"]] = dpw                #days exposed per week

params[["P2"]] = hpd                #hours exposed per day



# combine or replace "base" parameters with case specific human parameters, carring out any calcuated paramters which are function of other specific case parameters 

initial_params <- initial_params_fun(params)



# get blood concentration resulting from dose

# dermal dose based on scenario 33

avgCBLO <-function(dose){

          

          DERM <- dose			# dermal dose (ug/kg/day)

        

        # TIMING COMMANDS ####

        MAXT=0.1       #maximum time step

        times<-seq(initial_params[["TSTART"]],initial_params[["TSTOP"]],by=MAXT)#

        

        # max number of points to write out to file

        POINTS_max<-10000  

        # if the more than 10000 timesteps, select evently spaced 10000 of them for reporting

        report_points<-if(length(times)<=POINTS_max) times else 

          times[seq(1,length(times),by=round(length(times)/POINTS_max))]

        table(report_points%in%times)#check all report values are in times.

        

        

        # STATE####

        # Subject specific UPDATES to the initial value of state varibles

        state<-state_fun()

        

        All_Dose<-data.frame(time=times)%>%

          mutate(Level=DERM,

                 BWt=BW_scenario,

                 ddOSE=((DERM*BWt)/initial_params[["MWOXON"]]),#total dermal dose (umol); use when dose is ug/kg

                 pulse1=pulse(t=time,

                              p=initial_params[["YEAR"]]*24,

                              w=initial_params[["W2"]]*24),

                 pulse2=pulse(t=time,

                              p=7*24,

                              w=initial_params[["D2"]]*24),

                 pulse3=pulse(t=time,

                              p=24,

                              w=initial_params[["P2"]]),

                 pulse=pulse1*pulse2*pulse3,

                 DDOSEO=ddOSE*pulse,

                 is.change=c(1,diff(pulse)))%>%

          filter(is.change!=0)

        

        #~~~~APPLY MODEL~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~#### 

        # Do parallel for speed

        c1<-makeCluster(min(cores,n_distinct(All_Dose$Level))) # cluster for parallel 

        timestamp()

        modelOutput<-parLapply(c1,split(All_Dose,All_Dose$Level), function (LL,ini_par,st,t){

          #load data into cores

          source("human_pbpk.R")

          # Create dataframe of "events"that describe the dosing, which informs the

          # ODE function, and needs to have columns "var" = the state_variable that needs

          # to be changed,"time"= when the changes occurs,"value"=the value being changed

          # to,& "method"= how the new value interacts with the previous state variable

          # value. See ?deSolve::lsodes and ?deSolve::events.

          

          eventDat<-rbind(data.frame(var="TDDOSEO",time=LL$time,

                                     value=LL$DDOSEO,	 

                                     method="add",stringsAsFactors = FALSE),  # ("replace", "add", "multiply")

                          data.frame(var="ASURFO",time=LL$time,

                                     value=LL$DDOSEO,	 

                                     method="replace",stringsAsFactors = FALSE),

                          data.frame(var="DDOSEO",time=LL$time,

                                     value=LL$DDOSEO,	 

                                     method="add",stringsAsFactors = FALSE)

          )

          

          # DERIVITIVE ####

          # RUN MODEL 

          modelOutput<- ode(y = st, times = t,  #method = "lsodes",

                            func = Human_Model, parms = ini_par,

                            events = list(data = eventDat[order(eventDat$time),]))

          result <- within(as.data.frame(modelOutput),{Level<-LL$Level[[1]]})

          return(result)

        },ini_par=initial_params,st=state,t=times)

        stopCluster(c1)

        timestamp()

        ModelOutput<-do.call(rbind,modelOutput)##make big dataframe for evaluation

        

        return(mean(tail(ModelOutput$CBLO,240)))

}



just_run_model <-function(dose){

  

  DERM <- dose			# dermal dose (ug/kg/day)

  

  # TIMING COMMANDS ####

  MAXT=0.1       #maximum time step

  times<-seq(initial_params[["TSTART"]],initial_params[["TSTOP"]],by=MAXT)#

  

  # max number of points to write out to file

  POINTS_max<-10000  

  # if the more than 10000 timesteps, select evently spaced 10000 of them for reporting

  report_points<-if(length(times)<=POINTS_max) times else 

    times[seq(1,length(times),by=round(length(times)/POINTS_max))]

  table(report_points%in%times)#check all report values are in times.

  

  

  # STATE####

  # Subject specific UPDATES to the initial value of state varibles

  state<-state_fun()

  

  All_Dose<-data.frame(time=times)%>%

    mutate(Level=DERM,

           BWt=BW_scenario,

           ddOSE=((DERM*BWt)/initial_params[["MWOXON"]]),#total dermal dose (umol); use when dose is ug/kg

           pulse1=pulse(t=time,

                        p=initial_params[["YEAR"]]*24,

                        w=initial_params[["W2"]]*24),

           pulse2=pulse(t=time,

                        p=7*24,

                        w=initial_params[["D2"]]*24),

           pulse3=pulse(t=time,

                        p=24,

                        w=initial_params[["P2"]]),

           pulse=pulse1*pulse2*pulse3,

           DDOSEO=ddOSE*pulse,

           is.change=c(1,diff(pulse)))%>%

    filter(is.change!=0)

  

  #~~~~APPLY MODEL~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~#### 

  # Do parallel for speed

  c1<-makeCluster(min(cores,n_distinct(All_Dose$Level))) # cluster for parallel 

  timestamp()

  modelOutput<-parLapply(c1,split(All_Dose,All_Dose$Level), function (LL,ini_par,st,t){

    #load data into cores

    source("human_pbpk.R")

    # Create dataframe of "events"that describe the dosing, which informs the

    # ODE function, and needs to have columns "var" = the state_variable that needs

    # to be changed,"time"= when the changes occurs,"value"=the value being changed

    # to,& "method"= how the new value interacts with the previous state variable

    # value. See ?deSolve::lsodes and ?deSolve::events.

    

    eventDat<-rbind(data.frame(var="TDDOSEO",time=LL$time,

                               value=LL$DDOSEO,	 

                               method="add",stringsAsFactors = FALSE),  # ("replace", "add", "multiply")

                    data.frame(var="ASURFO",time=LL$time,

                               value=LL$DDOSEO,	 

                               method="replace",stringsAsFactors = FALSE),

                    data.frame(var="DDOSEO",time=LL$time,

                               value=LL$DDOSEO,	 

                               method="add",stringsAsFactors = FALSE)

    )

    

    # DERIVITIVE ####

    # RUN MODEL 

    modelOutput<- ode(y = st, times = t,  #method = "lsodes",

                      func = Human_Model, parms = ini_par,

                      events = list(data = eventDat[order(eventDat$time),]))

    result <- within(as.data.frame(modelOutput),{Level<-LL$Level[[1]]})

    return(result)

  },ini_par=initial_params,st=state,t=times)

  stopCluster(c1)

  timestamp()

  ModelOutput<-do.call(rbind,modelOutput)##make big dataframe for evaluation

  

  return(ModelOutput)

}





cost <- function(test_dose){

  

  # POD calculation

  test_result <- minRBCCE(test_dose*1000)

  test_error <- (test_result - 90.0)

  

  print(sprintf("%f  %f",test_dose,test_result))

  flush.console()

  return(test_error*test_error)

}



final_dose <- optim(par = 600, cost, method = "Brent",lower = 1e2, upper = 1e6, control = list(reltol = 1e-3))



dose <- final_dose$par # mg/kg/day

ModelOutput <- just_run_model(dose*1000)



dose # mg/kg/day

min(ModelOutput$RBCCE)








#clear workspace

rm(list = ls())



#set the working directory to the location of these scripts

#setwd(dirname(rstudioapi::getActiveDocumentContext()$path))



ac_50 = -999

scenario_number = 47

BW_scenario = 69  	 				# kg

subject_age = 21

derm_pct = 0.01/8

Ndays = 123

dpw = 5

hpd = 8



#Environment####

library(dplyr)

library(tidyr)

library(parallel)

# number of cores avaiable on current machine

tot_cores<-detectCores(all.tests = FALSE, logical = TRUE)  

cores<-tot_cores-1 # leave one core for other tasks 



source("human_pbpk.R") # Loads model and base parameters

source("malathion_human_parameters.R") # male and female specific parameters



# Intial_parameters####

sex = 1						 # 0=male, 1= Female

params<-c(params[!names(params)%in%names(human_parameters[[sex+1]])],

          human_parameters[[sex+1]])







# case-specific parameters

params[["TSTART"]]<-0.0             # START SIMULATION (HR)

params[["TSTOP"]]=Ndays*24      			 # Simulation duration

params[["BWSW"]] = 1   	 				# Switch for age (set =0) or set (set =1) if bwt provided

params[["BWST"]]= BW_scenario   	 				# kg

params[["AGE0"]]=subject_age

params[["DERMPERCNT"]]=derm_pct   

params[["DZONE"]]=1             #turn dermal on

params[["TCHNG"]] = Ndays*24 					# Total exposure duration - h 

params[["DZONE"]] = 1						 # Turning dermal exposures on/off



params[["W2"]] = Ndays            #days exposed per year

params[["D2"]] = dpw                #days exposed per week

params[["P2"]] = hpd                #hours exposed per day



# combine or replace "base" parameters with case specific human parameters, carring out any calcuated paramters which are function of other specific case parameters 

initial_params <- initial_params_fun(params)



# get blood concentration resulting from dose

# dermal dose based on scenario 33

avgCBL <-function(dose){

          

        DERM <- dose			# dermal dose (ug/kg/day)

        

        # TIMING COMMANDS ####

        MAXT=0.1       #maximum time step

        times<-seq(initial_params[["TSTART"]],initial_params[["TSTOP"]],by=MAXT)#

        

        # max number of points to write out to file

        POINTS_max<-10000  

        # if the more than 10000 timesteps, select evently spaced 10000 of them for reporting

        report_points<-if(length(times)<=POINTS_max) times else 

          times[seq(1,length(times),by=round(length(times)/POINTS_max))]

        table(report_points%in%times)#check all report values are in times.

        

        

        # STATE####

        # Subject specific UPDATES to the initial value of state varibles

        state<-state_fun()

        

        All_Dose<-data.frame(time=times)%>%

          mutate(Level=DERM,

                 BWt=BW_scenario,

                 ddOSE=((DERM*BWt)/initial_params[["MWPAR"]]),#total dermal dose (umol); use when dose is ug/kg

                 pulse1=pulse(t=time,

                              p=initial_params[["YEAR"]]*24,

                              w=initial_params[["W2"]]*24),

                 pulse2=pulse(t=time,

                              p=7*24,

                              w=initial_params[["D2"]]*24),

                 pulse3=pulse(t=time,

                              p=24,

                              w=initial_params[["P2"]]),

                 pulse=pulse1*pulse2*pulse3,

                 DDOSE=ddOSE*pulse,

                 is.change=c(1,diff(pulse)))%>%

          filter(is.change!=0)

        

        #~~~~APPLY MODEL~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~#### 

        # Do parallel for speed

        c1<-makeCluster(min(cores,n_distinct(All_Dose$Level))) # cluster for parallel 

        timestamp()

        modelOutput<-parLapply(c1,split(All_Dose,All_Dose$Level), function (LL,ini_par,st,t){

          #load data into cores

          source("human_pbpk.R")

          # Create dataframe of "events"that describe the dosing, which informs the

          # ODE function, and needs to have columns "var" = the state_variable that needs

          # to be changed,"time"= when the changes occurs,"value"=the value being changed

          # to,& "method"= how the new value interacts with the previous state variable

          # value. See ?deSolve::lsodes and ?deSolve::events.

          

          eventDat<-rbind(data.frame(var="TDDOSE",time=LL$time,

                                     value=LL$DDOSE,	 

                                     method="add",stringsAsFactors = FALSE),  # ("replace", "add", "multiply")

                          data.frame(var="ASURF",time=LL$time,

                                     value=LL$DDOSE,	 

                                     method="replace",stringsAsFactors = FALSE),

                          data.frame(var="DDOSE",time=LL$time,

                                     value=LL$DDOSE,	 

                                     method="add",stringsAsFactors = FALSE)

          )

          

          # DERIVITIVE ####

          # RUN MODEL 

          modelOutput<- ode(y = st, times = t,  #method = "lsodes",

                            func = Human_Model, parms = ini_par,

                            events = list(data = eventDat[order(eventDat$time),]))

          result <- within(as.data.frame(modelOutput),{Level<-LL$Level[[1]]})

          return(result)

        },ini_par=initial_params,st=state,t=times)

        stopCluster(c1)

        timestamp()

        ModelOutput<-do.call(rbind,modelOutput)##make big dataframe for evaluation

        

        return(mean(tail(ModelOutput$CBL,240)))

}



minRBCCE <-function(dose){

  

  DERM <- dose			# dermal dose (ug/kg/day)

  

  # TIMING COMMANDS ####

  MAXT=0.1       #maximum time step

  times<-seq(initial_params[["TSTART"]],initial_params[["TSTOP"]],by=MAXT)#

  

  # max number of points to write out to file

  POINTS_max<-10000  

  # if the more than 10000 timesteps, select evently spaced 10000 of them for reporting

  report_points<-if(length(times)<=POINTS_max) times else 

    times[seq(1,length(times),by=round(length(times)/POINTS_max))]

  table(report_points%in%times)#check all report values are in times.

  

  

  # STATE####

  # Subject specific UPDATES to the initial value of state varibles

  state<-state_fun()

  

  All_Dose<-data.frame(time=times)%>%

    mutate(Level=DERM,

           BWt=BW_scenario,

           ddOSE=((DERM*BWt)/initial_params[["MWPAR"]]),#total dermal dose (umol); use when dose is ug/kg

           pulse1=pulse(t=time,

                        p=initial_params[["YEAR"]]*24,

                        w=initial_params[["W2"]]*24),

           pulse2=pulse(t=time,

                        p=7*24,

                        w=initial_params[["D2"]]*24),

           pulse3=pulse(t=time,

                        p=24,

                        w=initial_params[["P2"]]),

           pulse=pulse1*pulse2*pulse3,

           DDOSE=ddOSE*pulse,

           is.change=c(1,diff(pulse)))%>%

    filter(is.change!=0)

  

  #~~~~APPLY MODEL~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~#### 

  # Do parallel for speed

  c1<-makeCluster(min(cores,n_distinct(All_Dose$Level))) # cluster for parallel 

  timestamp()

  modelOutput<-parLapply(c1,split(All_Dose,All_Dose$Level), function (LL,ini_par,st,t){

    #load data into cores

    source("human_pbpk.R")

    # Create dataframe of "events"that describe the dosing, which informs the

    # ODE function, and needs to have columns "var" = the state_variable that needs

    # to be changed,"time"= when the changes occurs,"value"=the value being changed

    # to,& "method"= how the new value interacts with the previous state variable

    # value. See ?deSolve::lsodes and ?deSolve::events.

    

    eventDat<-rbind(data.frame(var="TDDOSE",time=LL$time,

                               value=LL$DDOSE,	 

                               method="add",stringsAsFactors = FALSE),  # ("replace", "add", "multiply")

                    data.frame(var="ASURF",time=LL$time,

                               value=LL$DDOSE,	 

                               method="replace",stringsAsFactors = FALSE),

                    data.frame(var="DDOSE",time=LL$time,

                               value=LL$DDOSE,	 

                               method="add",stringsAsFactors = FALSE)

    )

    

    # DERIVITIVE ####

    # RUN MODEL 

    modelOutput<- ode(y = st, times = t,  #method = "lsodes",

                      func = Human_Model, parms = ini_par,

                      events = list(data = eventDat[order(eventDat$time),]))

    result <- within(as.data.frame(modelOutput),{Level<-LL$Level[[1]]})

    return(result)

  },ini_par=initial_params,st=state,t=times)

  stopCluster(c1)

  timestamp()

  ModelOutput<-do.call(rbind,modelOutput)##make big dataframe for evaluation

  

  return(min(ModelOutput$RBCCE))

}



just_run_model <-function(dose){

  

  DERM <- dose			# dermal dose (ug/kg/day)

  

  # TIMING COMMANDS ####

  MAXT=0.1       #maximum time step

  times<-seq(initial_params[["TSTART"]],initial_params[["TSTOP"]],by=MAXT)#

  

  # max number of points to write out to file

  POINTS_max<-10000  

  # if the more than 10000 timesteps, select evently spaced 10000 of them for reporting

  report_points<-if(length(times)<=POINTS_max) times else 

    times[seq(1,length(times),by=round(length(times)/POINTS_max))]

  table(report_points%in%times)#check all report values are in times.

  

  

  # STATE####

  # Subject specific UPDATES to the initial value of state varibles

  state<-state_fun()

  

  All_Dose<-data.frame(time=times)%>%

    mutate(Level=DERM,

           BWt=BW_scenario,

           ddOSE=((DERM*BWt)/initial_params[["MWPAR"]]),#total dermal dose (umol); use when dose is ug/kg

           pulse1=pulse(t=time,

                        p=initial_params[["YEAR"]]*24,

                        w=initial_params[["W2"]]*24),

           pulse2=pulse(t=time,

                        p=7*24,

                        w=initial_params[["D2"]]*24),

           pulse3=pulse(t=time,

                        p=24,

                        w=initial_params[["P2"]]),

           pulse=pulse1*pulse2*pulse3,

           DDOSE=ddOSE*pulse,

           is.change=c(1,diff(pulse)))%>%

    filter(is.change!=0)

  

  #~~~~APPLY MODEL~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~#### 

  # Do parallel for speed

  c1<-makeCluster(min(cores,n_distinct(All_Dose$Level))) # cluster for parallel 

  timestamp()

  modelOutput<-parLapply(c1,split(All_Dose,All_Dose$Level), function (LL,ini_par,st,t){

    #load data into cores

    source("human_pbpk.R")

    # Create dataframe of "events"that describe the dosing, which informs the

    # ODE function, and needs to have columns "var" = the state_variable that needs

    # to be changed,"time"= when the changes occurs,"value"=the value being changed

    # to,& "method"= how the new value interacts with the previous state variable

    # value. See ?deSolve::lsodes and ?deSolve::events.

    

    eventDat<-rbind(data.frame(var="TDDOSE",time=LL$time,

                               value=LL$DDOSE,	 

                               method="add",stringsAsFactors = FALSE),  # ("replace", "add", "multiply")

                    data.frame(var="ASURF",time=LL$time,

                               value=LL$DDOSE,	 

                               method="replace",stringsAsFactors = FALSE),

                    data.frame(var="DDOSE",time=LL$time,

                               value=LL$DDOSE,	 

                               method="add",stringsAsFactors = FALSE)

    )

    

    # DERIVITIVE ####

    # RUN MODEL 

    modelOutput<- ode(y = st, times = t,  #method = "lsodes",

                      func = Human_Model, parms = ini_par,

                      events = list(data = eventDat[order(eventDat$time),]))

    result <- within(as.data.frame(modelOutput),{Level<-LL$Level[[1]]})

    return(result)

  },ini_par=initial_params,st=state,t=times)

  stopCluster(c1)

  timestamp()

  ModelOutput<-do.call(rbind,modelOutput)##make big dataframe for evaluation

  

  return(ModelOutput)

}



PODcost <- function(test_dose){

  

  # POD calculation

  test_result <- minRBCCE(test_dose*1000)

  test_error <- (test_result - 90.0)

  

  print(sprintf("%f  %f",test_dose,test_result))

  flush.console()

  return(test_error*test_error)

}



cost <- function(test_dose){

  

  test_result <- avgCBL(test_dose*1000)

  

  test_error <- (test_result - ac_50)

  

  print(sprintf("%f  %f",test_dose,test_result))

  flush.console()

  return(test_error*test_error)

}



final_dose <- optim(par = 4350, PODcost, method = "Brent",lower = 1000, upper = 10000, control = list(reltol = 1e-3))



# run the model for the calculated dose!

dose <- final_dose$par # mg/kg/day

ModelOutput <- just_run_model(dose*1000)



dose # mg/kg/day

min(ModelOutput$RBCCE)

flush.console()


#clear workspace

rm(list = ls())



#set the working directory to the location of these scripts

#setwd(dirname(rstudioapi::getActiveDocumentContext()$path))



ac_50 = -999

scenario_number = 48

derm_pct = 0.01/8

BW_scenario = 69

subject_age = 21

Ndays = 123

dpw = 7

hpd = 1.1



#Environment####

library(dplyr)

library(tidyr)

library(parallel)

# number of cores avaiable on current machine

tot_cores<-detectCores(all.tests = FALSE, logical = TRUE)  

cores<-tot_cores-1 # leave one core for other tasks 



source("human_pbpk.R") # Loads model and base parameters

source("malathion_human_parameters.R") # male and female specific parameters



# Intial_parameters####

sex = 1						 # 0=male, 1= Female

params<-c(params[!names(params)%in%names(human_parameters[[sex+1]])],

          human_parameters[[sex+1]])



# case-specific parameters

params[["TSTART"]]<-0.0             # START SIMULATION (HR)

params[["TSTOP"]]=Ndays*24      			 # Simulation duration

params[["BWSW"]] = 1   	 				# Switch for age (set =0) or set (set =1) if bwt provided

params[["BWST"]]= BW_scenario   	 				# kg

params[["AGE0"]]=subject_age

params[["DERMPERCNT"]]=derm_pct     

params[["DZONE"]]=1             #turn dermal on

params[["TCHNG"]] = Ndays*24 					# Total exposure duration - h 

params[["DZONE"]] = 1						 # Turning dermal exposures on/off



params[["W2"]] = Ndays               #days exposed per year

params[["D2"]] = dpw                #days exposed per week

params[["P2"]] = hpd                #hours exposed per day



# combine or replace "base" parameters with case specific human parameters, carring out any calcuated paramters which are function of other specific case parameters 

initial_params <- initial_params_fun(params)



# get blood concentration resulting from dose

# dermal dose based on scenario 33

avgCBLO <-function(dose){

          

          DERM <- dose			# dermal dose (ug/kg/day)

        

        # TIMING COMMANDS ####

        MAXT=0.1       #maximum time step

        times<-seq(initial_params[["TSTART"]],initial_params[["TSTOP"]],by=MAXT)#

        

        # max number of points to write out to file

        POINTS_max<-10000  

        # if the more than 10000 timesteps, select evently spaced 10000 of them for reporting

        report_points<-if(length(times)<=POINTS_max) times else 

          times[seq(1,length(times),by=round(length(times)/POINTS_max))]

        table(report_points%in%times)#check all report values are in times.

        

        

        # STATE####

        # Subject specific UPDATES to the initial value of state varibles

        state<-state_fun()

        

        All_Dose<-data.frame(time=times)%>%

          mutate(Level=DERM,

                 BWt=sapply(time,BWT_fun),

                 ddOSE=((DERM*BWt)/initial_params[["MWOXON"]]),#total dermal dose (umol); use when dose is ug/kg

                 pulse1=pulse(t=time,

                              p=initial_params[["YEAR"]]*24,

                              w=initial_params[["W2"]]*24),

                 pulse2=pulse(t=time,

                              p=7*24,

                              w=initial_params[["D2"]]*24),

                 pulse3=pulse(t=time,

                              p=24,

                              w=initial_params[["P2"]]),

                 pulse=pulse1*pulse2*pulse3,

                 DDOSEO=ddOSE*pulse,

                 is.change=c(1,diff(pulse)))%>%

          filter(is.change!=0)

        

        #~~~~APPLY MODEL~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~#### 

        # Do parallel for speed

        c1<-makeCluster(min(cores,n_distinct(All_Dose$Level))) # cluster for parallel 

        timestamp()

        modelOutput<-parLapply(c1,split(All_Dose,All_Dose$Level), function (LL,ini_par,st,t){

          #load data into cores

          source("human_pbpk.R")

          # Create dataframe of "events"that describe the dosing, which informs the

          # ODE function, and needs to have columns "var" = the state_variable that needs

          # to be changed,"time"= when the changes occurs,"value"=the value being changed

          # to,& "method"= how the new value interacts with the previous state variable

          # value. See ?deSolve::lsodes and ?deSolve::events.

          

          eventDat<-rbind(data.frame(var="TDDOSEO",time=LL$time,

                                     value=LL$DDOSEO,	 

                                     method="add",stringsAsFactors = FALSE),  # ("replace", "add", "multiply")

                          data.frame(var="ASURFO",time=LL$time,

                                     value=LL$DDOSEO,	 

                                     method="replace",stringsAsFactors = FALSE),

                          data.frame(var="DDOSEO",time=LL$time,

                                     value=LL$DDOSEO,	 

                                     method="add",stringsAsFactors = FALSE)

          )

          

          # DERIVITIVE ####

          # RUN MODEL 

          modelOutput<- ode(y = st, times = t,  #method = "lsodes",

                            func = Human_Model, parms = ini_par,

                            events = list(data = eventDat[order(eventDat$time),]))

          result <- within(as.data.frame(modelOutput),{Level<-LL$Level[[1]]})

          return(result)

        },ini_par=initial_params,st=state,t=times)

        stopCluster(c1)

        timestamp()

        ModelOutput<-do.call(rbind,modelOutput)##make big dataframe for evaluation

        

        return(mean(tail(ModelOutput$CBLO,240)))

}



just_run_model <-function(dose){

  

  DERM <- dose			# dermal dose (ug/kg/day)

  

  # TIMING COMMANDS ####

  MAXT=0.1       #maximum time step

  times<-seq(initial_params[["TSTART"]],initial_params[["TSTOP"]],by=MAXT)#

  

  # max number of points to write out to file

  POINTS_max<-10000  

  # if the more than 10000 timesteps, select evently spaced 10000 of them for reporting

  report_points<-if(length(times)<=POINTS_max) times else 

    times[seq(1,length(times),by=round(length(times)/POINTS_max))]

  table(report_points%in%times)#check all report values are in times.

  

  

  # STATE####

  # Subject specific UPDATES to the initial value of state varibles

  state<-state_fun()

  

  All_Dose<-data.frame(time=times)%>%

    mutate(Level=DERM,

           BWt=sapply(time,BWT_fun),

           ddOSE=((DERM*BWt)/initial_params[["MWOXON"]]),#total dermal dose (umol); use when dose is ug/kg

           pulse1=pulse(t=time,

                        p=initial_params[["YEAR"]]*24,

                        w=initial_params[["W2"]]*24),

           pulse2=pulse(t=time,

                        p=7*24,

                        w=initial_params[["D2"]]*24),

           pulse3=pulse(t=time,

                        p=24,

                        w=initial_params[["P2"]]),

           pulse=pulse1*pulse2*pulse3,

           DDOSEO=ddOSE*pulse,

           is.change=c(1,diff(pulse)))%>%

    filter(is.change!=0)

  

  #~~~~APPLY MODEL~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~#### 

  # Do parallel for speed

  c1<-makeCluster(min(cores,n_distinct(All_Dose$Level))) # cluster for parallel 

  timestamp()

  modelOutput<-parLapply(c1,split(All_Dose,All_Dose$Level), function (LL,ini_par,st,t){

    #load data into cores

    source("human_pbpk.R")

    # Create dataframe of "events"that describe the dosing, which informs the

    # ODE function, and needs to have columns "var" = the state_variable that needs

    # to be changed,"time"= when the changes occurs,"value"=the value being changed

    # to,& "method"= how the new value interacts with the previous state variable

    # value. See ?deSolve::lsodes and ?deSolve::events.

    

    eventDat<-rbind(data.frame(var="TDDOSEO",time=LL$time,

                               value=LL$DDOSEO,	 

                               method="add",stringsAsFactors = FALSE),  # ("replace", "add", "multiply")

                    data.frame(var="ASURFO",time=LL$time,

                               value=LL$DDOSEO,	 

                               method="replace",stringsAsFactors = FALSE),

                    data.frame(var="DDOSEO",time=LL$time,

                               value=LL$DDOSEO,	 

                               method="add",stringsAsFactors = FALSE)

    )

    

    # DERIVITIVE ####

    # RUN MODEL 

    modelOutput<- ode(y = st, times = t,  #method = "lsodes",

                      func = Human_Model, parms = ini_par,

                      events = list(data = eventDat[order(eventDat$time),]))

    result <- within(as.data.frame(modelOutput),{Level<-LL$Level[[1]]})

    return(result)

  },ini_par=initial_params,st=state,t=times)

  stopCluster(c1)

  timestamp()

  ModelOutput<-do.call(rbind,modelOutput)##make big dataframe for evaluation

  

  return(ModelOutput)

}





cost <- function(test_dose){

  

  # POD calculation

  test_result <- minRBCCE(test_dose*1000)

  test_error <- (test_result - 90.0)

  

  print(sprintf("%f  %f",test_dose,test_result))

  flush.console()

  return(test_error*test_error)

}



final_dose <- optim(par = 600, cost, method = "Brent",lower = 1e2, upper = 2.5e6, control = list(reltol = 1e-3))



dose <- final_dose$par # mg/kg/day

ModelOutput <- just_run_model(dose*1000)



dose # mg/kg/day

min(ModelOutput$RBCCE)




#clear workspace

rm(list = ls())



#set the working directory to the location of these scripts

#setwd(dirname(rstudioapi::getActiveDocumentContext()$path))



ac_50 = -999

scenario_number = 48

BW_scenario = 69 #kg

subject_age = 21

derm_pct = 0.01/8

Ndays <- 123

dpw = 7

hpd = 1.1



#Environment####

library(dplyr)

library(tidyr)

library(parallel)

# number of cores avaiable on current machine

tot_cores<-detectCores(all.tests = FALSE, logical = TRUE)  

cores<-tot_cores-1 # leave one core for other tasks 



source("human_pbpk.R") # Loads model and base parameters

source("malathion_human_parameters.R") # male and female specific parameters



# Intial_parameters####

sex = 1						 # 0=male, 1= Female

params<-c(params[!names(params)%in%names(human_parameters[[sex+1]])],

          human_parameters[[sex+1]])







# case-specific parameters

params[["TSTART"]]<-0.0             # START SIMULATION (HR)

params[["TSTOP"]]=Ndays*24      			 # Simulation duration 

params[["BWSW"]] = 1   	 				# Switch for age (set =0) or set (set =1) if bwt provided

params[["BWST"]]= BW_scenario   	 				# kg

params[["AGE0"]]=subject_age

params[["DERMPERCNT"]]=derm_pct     

params[["DZONE"]]=1             #turn dermal on

params[["TCHNG"]] = Ndays*24 					# Total exposure duration - h 

params[["DZONE"]] = 1						 # Turning dermal exposures on/off



params[["W2"]] = Ndays               #days exposed per year

params[["D2"]] = dpw                #days exposed per week

params[["P2"]] = hpd                #hours exposed per day



# combine or replace "base" parameters with case specific human parameters, carring out any calcuated paramters which are function of other specific case parameters 

initial_params <- initial_params_fun(params)



# get blood concentration resulting from dose

# dermal dose based on scenario 33

avgCBL <-function(dose){

          

          DERM <- dose			# dermal dose (ug/kg/day)

        

        # TIMING COMMANDS ####

        MAXT=0.1       #maximum time step

        times<-seq(initial_params[["TSTART"]],initial_params[["TSTOP"]],by=MAXT)#

        

        # max number of points to write out to file

        POINTS_max<-10000  

        # if the more than 10000 timesteps, select evently spaced 10000 of them for reporting

        report_points<-if(length(times)<=POINTS_max) times else 

          times[seq(1,length(times),by=round(length(times)/POINTS_max))]

        table(report_points%in%times)#check all report values are in times.

        

        

        # STATE####

        # Subject specific UPDATES to the initial value of state varibles

        state<-state_fun()

        

        All_Dose<-data.frame(time=times)%>%

          mutate(Level=DERM,

                 BWt=BW_scenario,

                 ddOSE=((DERM*BWt)/initial_params[["MWPAR"]]),#total dermal dose (umol); use when dose is ug/kg

                 pulse1=pulse(t=time,

                              p=initial_params[["YEAR"]]*24,

                              w=initial_params[["W2"]]*24),

                 pulse2=pulse(t=time,

                              p=7*24,

                              w=initial_params[["D2"]]*24),

                 pulse3=pulse(t=time,

                              p=24,

                              w=initial_params[["P2"]]),

                 pulse=pulse1*pulse2*pulse3,

                 DDOSE=ddOSE*pulse,

                 is.change=c(1,diff(pulse)))%>%

          filter(is.change!=0)

        

        #~~~~APPLY MODEL~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~#### 

        # Do parallel for speed

        c1<-makeCluster(min(cores,n_distinct(All_Dose$Level))) # cluster for parallel 

        timestamp()

        modelOutput<-parLapply(c1,split(All_Dose,All_Dose$Level), function (LL,ini_par,st,t){

          #load data into cores

          source("human_pbpk.R")

          # Create dataframe of "events"that describe the dosing, which informs the

          # ODE function, and needs to have columns "var" = the state_variable that needs

          # to be changed,"time"= when the changes occurs,"value"=the value being changed

          # to,& "method"= how the new value interacts with the previous state variable

          # value. See ?deSolve::lsodes and ?deSolve::events.

          

          eventDat<-rbind(data.frame(var="TDDOSE",time=LL$time,

                                     value=LL$DDOSE,	 

                                     method="add",stringsAsFactors = FALSE),  # ("replace", "add", "multiply")

                          data.frame(var="ASURF",time=LL$time,

                                     value=LL$DDOSE,	 

                                     method="replace",stringsAsFactors = FALSE),

                          data.frame(var="DDOSE",time=LL$time,

                                     value=LL$DDOSE,	 

                                     method="add",stringsAsFactors = FALSE)

          )

          

          # DERIVITIVE ####

          # RUN MODEL 

          modelOutput<- ode(y = st, times = t,  #method = "lsodes",

                            func = Human_Model, parms = ini_par,

                            events = list(data = eventDat[order(eventDat$time),]))

          result <- within(as.data.frame(modelOutput),{Level<-LL$Level[[1]]})

          return(result)

        },ini_par=initial_params,st=state,t=times)

        stopCluster(c1)

        timestamp()

        ModelOutput<-do.call(rbind,modelOutput)##make big dataframe for evaluation

        

        return(mean(tail(ModelOutput$CBL,240)))

}



minRBCCE <-function(dose){

  

  DERM <- dose			# dermal dose (ug/kg/day)

  

  # TIMING COMMANDS ####

  MAXT=0.1       #maximum time step

  times<-seq(initial_params[["TSTART"]],initial_params[["TSTOP"]],by=MAXT)#

  

  # max number of points to write out to file

  POINTS_max<-10000  

  # if the more than 10000 timesteps, select evently spaced 10000 of them for reporting

  report_points<-if(length(times)<=POINTS_max) times else 

    times[seq(1,length(times),by=round(length(times)/POINTS_max))]

  table(report_points%in%times)#check all report values are in times.

  

  

  # STATE####

  # Subject specific UPDATES to the initial value of state varibles

  state<-state_fun()

  

  All_Dose<-data.frame(time=times)%>%

    mutate(Level=DERM,

           BWt=BW_scenario,

           ddOSE=((DERM*BWt)/initial_params[["MWPAR"]]),#total dermal dose (umol); use when dose is ug/kg

           pulse1=pulse(t=time,

                        p=initial_params[["YEAR"]]*24,

                        w=initial_params[["W2"]]*24),

           pulse2=pulse(t=time,

                        p=7*24,

                        w=initial_params[["D2"]]*24),

           pulse3=pulse(t=time,

                        p=24,

                        w=initial_params[["P2"]]),

           pulse=pulse1*pulse2*pulse3,

           DDOSE=ddOSE*pulse,

           is.change=c(1,diff(pulse)))%>%

    filter(is.change!=0)

  

  #~~~~APPLY MODEL~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~#### 

  # Do parallel for speed

  c1<-makeCluster(min(cores,n_distinct(All_Dose$Level))) # cluster for parallel 

  timestamp()

  modelOutput<-parLapply(c1,split(All_Dose,All_Dose$Level), function (LL,ini_par,st,t){

    #load data into cores

    source("human_pbpk.R")

    # Create dataframe of "events"that describe the dosing, which informs the

    # ODE function, and needs to have columns "var" = the state_variable that needs

    # to be changed,"time"= when the changes occurs,"value"=the value being changed

    # to,& "method"= how the new value interacts with the previous state variable

    # value. See ?deSolve::lsodes and ?deSolve::events.

    

    eventDat<-rbind(data.frame(var="TDDOSE",time=LL$time,

                               value=LL$DDOSE,	 

                               method="add",stringsAsFactors = FALSE),  # ("replace", "add", "multiply")

                    data.frame(var="ASURF",time=LL$time,

                               value=LL$DDOSE,	 

                               method="replace",stringsAsFactors = FALSE),

                    data.frame(var="DDOSE",time=LL$time,

                               value=LL$DDOSE,	 

                               method="add",stringsAsFactors = FALSE)

    )

    

    # DERIVITIVE ####

    # RUN MODEL 

    modelOutput<- ode(y = st, times = t,  #method = "lsodes",

                      func = Human_Model, parms = ini_par,

                      events = list(data = eventDat[order(eventDat$time),]))

    result <- within(as.data.frame(modelOutput),{Level<-LL$Level[[1]]})

    return(result)

  },ini_par=initial_params,st=state,t=times)

  stopCluster(c1)

  timestamp()

  ModelOutput<-do.call(rbind,modelOutput)##make big dataframe for evaluation

  

  return(min(ModelOutput$RBCCE))

}



just_run_model <-function(dose){

  

  DERM <- dose			# dermal dose (ug/kg/day)

  

  # TIMING COMMANDS ####

  MAXT=0.1       #maximum time step

  times<-seq(initial_params[["TSTART"]],initial_params[["TSTOP"]],by=MAXT)#

  

  # max number of points to write out to file

  POINTS_max<-10000  

  # if the more than 10000 timesteps, select evently spaced 10000 of them for reporting

  report_points<-if(length(times)<=POINTS_max) times else 

    times[seq(1,length(times),by=round(length(times)/POINTS_max))]

  table(report_points%in%times)#check all report values are in times.

  

  

  # STATE####

  # Subject specific UPDATES to the initial value of state varibles

  state<-state_fun()

  

  All_Dose<-data.frame(time=times)%>%

    mutate(Level=DERM,

           BWt=BW_scenario,

           ddOSE=((DERM*BWt)/initial_params[["MWPAR"]]),#total dermal dose (umol); use when dose is ug/kg

           pulse1=pulse(t=time,

                        p=initial_params[["YEAR"]]*24,

                        w=initial_params[["W2"]]*24),

           pulse2=pulse(t=time,

                        p=7*24,

                        w=initial_params[["D2"]]*24),

           pulse3=pulse(t=time,

                        p=24,

                        w=initial_params[["P2"]]),

           pulse=pulse1*pulse2*pulse3,

           DDOSE=ddOSE*pulse,

           is.change=c(1,diff(pulse)))%>%

    filter(is.change!=0)

  

  #~~~~APPLY MODEL~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~#### 

  # Do parallel for speed

  c1<-makeCluster(min(cores,n_distinct(All_Dose$Level))) # cluster for parallel 

  timestamp()

  modelOutput<-parLapply(c1,split(All_Dose,All_Dose$Level), function (LL,ini_par,st,t){

    #load data into cores

    source("human_pbpk.R")

    # Create dataframe of "events"that describe the dosing, which informs the

    # ODE function, and needs to have columns "var" = the state_variable that needs

    # to be changed,"time"= when the changes occurs,"value"=the value being changed

    # to,& "method"= how the new value interacts with the previous state variable

    # value. See ?deSolve::lsodes and ?deSolve::events.

    

    eventDat<-rbind(data.frame(var="TDDOSE",time=LL$time,

                               value=LL$DDOSE,	 

                               method="add",stringsAsFactors = FALSE),  # ("replace", "add", "multiply")

                    data.frame(var="ASURF",time=LL$time,

                               value=LL$DDOSE,	 

                               method="replace",stringsAsFactors = FALSE),

                    data.frame(var="DDOSE",time=LL$time,

                               value=LL$DDOSE,	 

                               method="add",stringsAsFactors = FALSE)

    )

    

    # DERIVITIVE ####

    # RUN MODEL 

    modelOutput<- ode(y = st, times = t,  #method = "lsodes",

                      func = Human_Model, parms = ini_par,

                      events = list(data = eventDat[order(eventDat$time),]))

    result <- within(as.data.frame(modelOutput),{Level<-LL$Level[[1]]})

    return(result)

  },ini_par=initial_params,st=state,t=times)

  stopCluster(c1)

  timestamp()

  ModelOutput<-do.call(rbind,modelOutput)##make big dataframe for evaluation

  

  return(ModelOutput)

}



PODcost <- function(test_dose){

  

  # POD calculation

  test_result <- minRBCCE(test_dose*1000)

  test_error <- (test_result - 90.0)

  

  print(sprintf("%f  %f",test_dose,test_result))

  flush.console()

  return(test_error*test_error)

}



cost <- function(test_dose){

  

  test_result <- avgCBL(test_dose*1000)

  

  test_error <- (test_result - ac_50)

  

  print(sprintf("%f  %f",test_dose,test_result))

  flush.console()

  return(test_error*test_error)

}



final_dose <- optim(par = 15000, PODcost, method = "Brent",lower = 3000, upper = 75000, control = list(reltol = 1e-3))



# run the model for the calculated dose!

dose <- final_dose$par # mg/kg/day

ModelOutput <- just_run_model(dose*1000)



dose # mg/kg/day

min(ModelOutput$RBCCE)

flush.console()


#clear workspace

rm(list = ls())



#set the working directory to the location of these scripts

#setwd(dirname(rstudioapi::getActiveDocumentContext()$path))



ac_50 = -999

scenario_number = 49

BW_scenario = 69

subject_age = 21

derm_pct = 0.01/8

Ndays = 123

dpw = 7

hpd = 2.2



#Environment####

library(dplyr)

library(tidyr)

library(parallel)

# number of cores avaiable on current machine

tot_cores<-detectCores(all.tests = FALSE, logical = TRUE)  

cores<-tot_cores-1 # leave one core for other tasks 



source("human_pbpk.R") # Loads model and base parameters

source("malathion_human_parameters.R") # male and female specific parameters



# Intial_parameters####

sex = 1						 # 0=male, 1= Female

params<-c(params[!names(params)%in%names(human_parameters[[sex+1]])],

          human_parameters[[sex+1]])



# case-specific parameters

params[["TSTART"]]<-0.0             # START SIMULATION (HR)

params[["TSTOP"]]=Ndays*24      			 

params[["AGE0"]]=subject_age

params[["BWSW"]] = 1   	 				# Switch for age (set =0) or set (set =1) if bwt provided

params[["BWST"]]= BW_scenario   	 				# kg

params[["DERMPERCNT"]]=derm_pct     

params[["DZONE"]]=1             #turn dermal on

params[["TCHNG"]] = Ndays*24 					# Total exposure duration - h 

params[["DZONE"]] = 1						 # Turning dermal exposures on/off



params[["W2"]] = Ndays               #days exposed per year

params[["D2"]] = dpw                #days exposed per week

params[["P2"]] = hpd                #hours exposed per day



# combine or replace "base" parameters with case specific human parameters, carring out any calcuated paramters which are function of other specific case parameters 

initial_params <- initial_params_fun(params)



# get blood concentration resulting from dose

# dermal dose based on scenario 33

avgCBLO <-function(dose){

          

          DERM <- dose			# dermal dose (ug/kg/day)

        

        # TIMING COMMANDS ####

        MAXT=0.1       #maximum time step

        times<-seq(initial_params[["TSTART"]],initial_params[["TSTOP"]],by=MAXT)#

        

        # max number of points to write out to file

        POINTS_max<-10000  

        # if the more than 10000 timesteps, select evently spaced 10000 of them for reporting

        report_points<-if(length(times)<=POINTS_max) times else 

          times[seq(1,length(times),by=round(length(times)/POINTS_max))]

        table(report_points%in%times)#check all report values are in times.

        

        

        # STATE####

        # Subject specific UPDATES to the initial value of state varibles

        state<-state_fun()

        

        All_Dose<-data.frame(time=times)%>%

          mutate(Level=DERM,

                 BWt=sapply(time,BWT_fun),

                 ddOSE=((DERM*BWt)/initial_params[["MWOXON"]]),#total dermal dose (umol); use when dose is ug/kg

                 pulse1=pulse(t=time,

                              p=initial_params[["YEAR"]]*24,

                              w=initial_params[["W2"]]*24),

                 pulse2=pulse(t=time,

                              p=7*24,

                              w=initial_params[["D2"]]*24),

                 pulse3=pulse(t=time,

                              p=24,

                              w=initial_params[["P2"]]),

                 pulse=pulse1*pulse2*pulse3,

                 DDOSEO=ddOSE*pulse,

                 is.change=c(1,diff(pulse)))%>%

          filter(is.change!=0)

        

        #~~~~APPLY MODEL~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~#### 

        # Do parallel for speed

        c1<-makeCluster(min(cores,n_distinct(All_Dose$Level))) # cluster for parallel 

        timestamp()

        modelOutput<-parLapply(c1,split(All_Dose,All_Dose$Level), function (LL,ini_par,st,t){

          #load data into cores

          source("human_pbpk.R")

          # Create dataframe of "events"that describe the dosing, which informs the

          # ODE function, and needs to have columns "var" = the state_variable that needs

          # to be changed,"time"= when the changes occurs,"value"=the value being changed

          # to,& "method"= how the new value interacts with the previous state variable

          # value. See ?deSolve::lsodes and ?deSolve::events.

          

          eventDat<-rbind(data.frame(var="TDDOSEO",time=LL$time,

                                     value=LL$DDOSEO,	 

                                     method="add",stringsAsFactors = FALSE),  # ("replace", "add", "multiply")

                          data.frame(var="ASURFO",time=LL$time,

                                     value=LL$DDOSEO,	 

                                     method="replace",stringsAsFactors = FALSE),

                          data.frame(var="DDOSEO",time=LL$time,

                                     value=LL$DDOSEO,	 

                                     method="add",stringsAsFactors = FALSE)

          )

          

          # DERIVITIVE ####

          # RUN MODEL 

          modelOutput<- ode(y = st, times = t,  #method = "lsodes",

                            func = Human_Model, parms = ini_par,

                            events = list(data = eventDat[order(eventDat$time),]))

          result <- within(as.data.frame(modelOutput),{Level<-LL$Level[[1]]})

          return(result)

        },ini_par=initial_params,st=state,t=times)

        stopCluster(c1)

        timestamp()

        ModelOutput<-do.call(rbind,modelOutput)##make big dataframe for evaluation

        

        return(mean(tail(ModelOutput$CBLO,240)))

}



just_run_model <-function(dose){

  

  DERM <- dose			# dermal dose (ug/kg/day)

  

  # TIMING COMMANDS ####

  MAXT=0.1       #maximum time step

  times<-seq(initial_params[["TSTART"]],initial_params[["TSTOP"]],by=MAXT)#

  

  # max number of points to write out to file

  POINTS_max<-10000  

  # if the more than 10000 timesteps, select evently spaced 10000 of them for reporting

  report_points<-if(length(times)<=POINTS_max) times else 

    times[seq(1,length(times),by=round(length(times)/POINTS_max))]

  table(report_points%in%times)#check all report values are in times.

  

  

  # STATE####

  # Subject specific UPDATES to the initial value of state varibles

  state<-state_fun()

  

  All_Dose<-data.frame(time=times)%>%

    mutate(Level=DERM,

           BWt=sapply(time,BWT_fun),

           ddOSE=((DERM*BWt)/initial_params[["MWOXON"]]),#total dermal dose (umol); use when dose is ug/kg

           pulse1=pulse(t=time,

                        p=initial_params[["YEAR"]]*24,

                        w=initial_params[["W2"]]*24),

           pulse2=pulse(t=time,

                        p=7*24,

                        w=initial_params[["D2"]]*24),

           pulse3=pulse(t=time,

                        p=24,

                        w=initial_params[["P2"]]),

           pulse=pulse1*pulse2*pulse3,

           DDOSEO=ddOSE*pulse,

           is.change=c(1,diff(pulse)))%>%

    filter(is.change!=0)

  

  #~~~~APPLY MODEL~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~#### 

  # Do parallel for speed

  c1<-makeCluster(min(cores,n_distinct(All_Dose$Level))) # cluster for parallel 

  timestamp()

  modelOutput<-parLapply(c1,split(All_Dose,All_Dose$Level), function (LL,ini_par,st,t){

    #load data into cores

    source("human_pbpk.R")

    # Create dataframe of "events"that describe the dosing, which informs the

    # ODE function, and needs to have columns "var" = the state_variable that needs

    # to be changed,"time"= when the changes occurs,"value"=the value being changed

    # to,& "method"= how the new value interacts with the previous state variable

    # value. See ?deSolve::lsodes and ?deSolve::events.

    

    eventDat<-rbind(data.frame(var="TDDOSEO",time=LL$time,

                               value=LL$DDOSEO,	 

                               method="add",stringsAsFactors = FALSE),  # ("replace", "add", "multiply")

                    data.frame(var="ASURFO",time=LL$time,

                               value=LL$DDOSEO,	 

                               method="replace",stringsAsFactors = FALSE),

                    data.frame(var="DDOSEO",time=LL$time,

                               value=LL$DDOSEO,	 

                               method="add",stringsAsFactors = FALSE)

    )

    

    # DERIVITIVE ####

    # RUN MODEL 

    modelOutput<- ode(y = st, times = t,  #method = "lsodes",

                      func = Human_Model, parms = ini_par,

                      events = list(data = eventDat[order(eventDat$time),]))

    result <- within(as.data.frame(modelOutput),{Level<-LL$Level[[1]]})

    return(result)

  },ini_par=initial_params,st=state,t=times)

  stopCluster(c1)

  timestamp()

  ModelOutput<-do.call(rbind,modelOutput)##make big dataframe for evaluation

  

  return(ModelOutput)

}





cost <- function(test_dose){

  

  # POD calculation

  test_result <- minRBCCE(test_dose*1000)

  test_error <- (test_result - 90.0)

  

  print(sprintf("%f  %f",test_dose,test_result))

  flush.console()

  return(test_error*test_error)

}





final_dose <- optim(par = 600, cost, method = "Brent",lower = 1e2, upper = 1.4e6, control = list(reltol = 1e-3))



# run the model for the calculated dose!

dose <- final_dose$par # mg/kg/day

ModelOutput <- just_run_model(dose*1000)



dose # mg/kg/day

min(ModelOutput$RBCCE)




#clear workspace

rm(list = ls())



#set the working directory to the location of these scripts

#setwd(dirname(rstudioapi::getActiveDocumentContext()$path))



ac_50 = -999

scenario_number = 49

BW_scenario = 69 #kg

subject_age = 21

derm_pct = 0.01/8

Ndays <- 123

dpw = 7

hpd = 2.2



#Environment####

library(dplyr)

library(tidyr)

library(parallel)

# number of cores avaiable on current machine

tot_cores<-detectCores(all.tests = FALSE, logical = TRUE)  

cores<-tot_cores-1 # leave one core for other tasks 



source("human_pbpk.R") # Loads model and base parameters

source("malathion_human_parameters.R") # male and female specific parameters





# Intial_parameters####

sex = 1						 # 0=male, 1= Female

params<-c(params[!names(params)%in%names(human_parameters[[sex+1]])],

          human_parameters[[sex+1]])







# case-specific parameters

params[["TSTART"]]<-0.0             # START SIMULATION (HR)

params[["TSTOP"]]=Ndays*24      			 # Simulation duration 

params[["BWSW"]] = 1   	 				# Switch for age (set =0) or set (set =1) if bwt provided

params[["BWST"]]= BW_scenario   	 				# kg

params[["AGE0"]]=subject_age

params[["DERMPERCNT"]]=derm_pct     

params[["DZONE"]]=1             #turn dermal on

params[["TCHNG"]] = Ndays*24 					# Total exposure duration - h 

params[["DZONE"]] = 1						 # Turning dermal exposures on/off



params[["W2"]] = Ndays               #days exposed per year

params[["D2"]] = dpw                #days exposed per week

params[["P2"]] = hpd                #hours exposed per day



# combine or replace "base" parameters with case specific human parameters, carring out any calcuated paramters which are function of other specific case parameters 

initial_params <- initial_params_fun(params)



# get blood concentration resulting from dose

# dermal dose based on scenario 33

avgCBL <-function(dose){

          

          DERM <- dose			# dermal dose (ug/kg/day)

        

        # TIMING COMMANDS ####

        MAXT=0.1       #maximum time step

        times<-seq(initial_params[["TSTART"]],initial_params[["TSTOP"]],by=MAXT)#

        

        # max number of points to write out to file

        POINTS_max<-10000  

        # if the more than 10000 timesteps, select evently spaced 10000 of them for reporting

        report_points<-if(length(times)<=POINTS_max) times else 

          times[seq(1,length(times),by=round(length(times)/POINTS_max))]

        table(report_points%in%times)#check all report values are in times.

        

        

        # STATE####

        # Subject specific UPDATES to the initial value of state varibles

        state<-state_fun()

        

        All_Dose<-data.frame(time=times)%>%

          mutate(Level=DERM,

                 BWt=BW_scenario,

                 ddOSE=((DERM*BWt)/initial_params[["MWPAR"]]),#total dermal dose (umol); use when dose is ug/kg

                 pulse1=pulse(t=time,

                              p=initial_params[["YEAR"]]*24,

                              w=initial_params[["W2"]]*24),

                 pulse2=pulse(t=time,

                              p=7*24,

                              w=initial_params[["D2"]]*24),

                 pulse3=pulse(t=time,

                              p=24,

                              w=initial_params[["P2"]]),

                 pulse=pulse1*pulse2*pulse3,

                 DDOSE=ddOSE*pulse,

                 is.change=c(1,diff(pulse)))%>%

          filter(is.change!=0)

        

        #~~~~APPLY MODEL~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~#### 

        # Do parallel for speed

        c1<-makeCluster(min(cores,n_distinct(All_Dose$Level))) # cluster for parallel 

        timestamp()

        modelOutput<-parLapply(c1,split(All_Dose,All_Dose$Level), function (LL,ini_par,st,t){

          #load data into cores

          source("human_pbpk.R")

          # Create dataframe of "events"that describe the dosing, which informs the

          # ODE function, and needs to have columns "var" = the state_variable that needs

          # to be changed,"time"= when the changes occurs,"value"=the value being changed

          # to,& "method"= how the new value interacts with the previous state variable

          # value. See ?deSolve::lsodes and ?deSolve::events.

          

          eventDat<-rbind(data.frame(var="TDDOSE",time=LL$time,

                                     value=LL$DDOSE,	 

                                     method="add",stringsAsFactors = FALSE),  # ("replace", "add", "multiply")

                          data.frame(var="ASURF",time=LL$time,

                                     value=LL$DDOSE,	 

                                     method="replace",stringsAsFactors = FALSE),

                          data.frame(var="DDOSE",time=LL$time,

                                     value=LL$DDOSE,	 

                                     method="add",stringsAsFactors = FALSE)

          )

          

          # DERIVITIVE ####

          # RUN MODEL 

          modelOutput<- ode(y = st, times = t,  #method = "lsodes",

                            func = Human_Model, parms = ini_par,

                            events = list(data = eventDat[order(eventDat$time),]))

          result <- within(as.data.frame(modelOutput),{Level<-LL$Level[[1]]})

          return(result)

        },ini_par=initial_params,st=state,t=times)

        stopCluster(c1)

        timestamp()

        ModelOutput<-do.call(rbind,modelOutput)##make big dataframe for evaluation

        

        return(mean(tail(ModelOutput$CBL,240)))

}



minRBCCE <-function(dose){

  

  DERM <- dose			# dermal dose (ug/kg/day)

  

  # TIMING COMMANDS ####

  MAXT=0.1       #maximum time step

  times<-seq(initial_params[["TSTART"]],initial_params[["TSTOP"]],by=MAXT)#

  

  # max number of points to write out to file

  POINTS_max<-10000  

  # if the more than 10000 timesteps, select evently spaced 10000 of them for reporting

  report_points<-if(length(times)<=POINTS_max) times else 

    times[seq(1,length(times),by=round(length(times)/POINTS_max))]

  table(report_points%in%times)#check all report values are in times.

  

  

  # STATE####

  # Subject specific UPDATES to the initial value of state varibles

  state<-state_fun()

  

  All_Dose<-data.frame(time=times)%>%

    mutate(Level=DERM,

           BWt=BW_scenario,

           ddOSE=((DERM*BWt)/initial_params[["MWPAR"]]),#total dermal dose (umol); use when dose is ug/kg

           pulse1=pulse(t=time,

                        p=initial_params[["YEAR"]]*24,

                        w=initial_params[["W2"]]*24),

           pulse2=pulse(t=time,

                        p=7*24,

                        w=initial_params[["D2"]]*24),

           pulse3=pulse(t=time,

                        p=24,

                        w=initial_params[["P2"]]),

           pulse=pulse1*pulse2*pulse3,

           DDOSE=ddOSE*pulse,

           is.change=c(1,diff(pulse)))%>%

    filter(is.change!=0)

  

  #~~~~APPLY MODEL~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~#### 

  # Do parallel for speed

  c1<-makeCluster(min(cores,n_distinct(All_Dose$Level))) # cluster for parallel 

  timestamp()

  modelOutput<-parLapply(c1,split(All_Dose,All_Dose$Level), function (LL,ini_par,st,t){

    #load data into cores

    source("human_pbpk.R")

    # Create dataframe of "events"that describe the dosing, which informs the

    # ODE function, and needs to have columns "var" = the state_variable that needs

    # to be changed,"time"= when the changes occurs,"value"=the value being changed

    # to,& "method"= how the new value interacts with the previous state variable

    # value. See ?deSolve::lsodes and ?deSolve::events.

    

    eventDat<-rbind(data.frame(var="TDDOSE",time=LL$time,

                               value=LL$DDOSE,	 

                               method="add",stringsAsFactors = FALSE),  # ("replace", "add", "multiply")

                    data.frame(var="ASURF",time=LL$time,

                               value=LL$DDOSE,	 

                               method="replace",stringsAsFactors = FALSE),

                    data.frame(var="DDOSE",time=LL$time,

                               value=LL$DDOSE,	 

                               method="add",stringsAsFactors = FALSE)

    )

    

    # DERIVITIVE ####

    # RUN MODEL 

    modelOutput<- ode(y = st, times = t,  #method = "lsodes",

                      func = Human_Model, parms = ini_par,

                      events = list(data = eventDat[order(eventDat$time),]))

    result <- within(as.data.frame(modelOutput),{Level<-LL$Level[[1]]})

    return(result)

  },ini_par=initial_params,st=state,t=times)

  stopCluster(c1)

  timestamp()

  ModelOutput<-do.call(rbind,modelOutput)##make big dataframe for evaluation

  

  return(min(ModelOutput$RBCCE))

}



just_run_model <-function(dose){

  

  DERM <- dose			# dermal dose (ug/kg/day)

  

  # TIMING COMMANDS ####

  MAXT=0.1       #maximum time step

  times<-seq(initial_params[["TSTART"]],initial_params[["TSTOP"]],by=MAXT)#

  

  # max number of points to write out to file

  POINTS_max<-10000  

  # if the more than 10000 timesteps, select evently spaced 10000 of them for reporting

  report_points<-if(length(times)<=POINTS_max) times else 

    times[seq(1,length(times),by=round(length(times)/POINTS_max))]

  table(report_points%in%times)#check all report values are in times.

  

  

  # STATE####

  # Subject specific UPDATES to the initial value of state varibles

  state<-state_fun()

  

  All_Dose<-data.frame(time=times)%>%

    mutate(Level=DERM,

           BWt=BW_scenario,

           ddOSE=((DERM*BWt)/initial_params[["MWPAR"]]),#total dermal dose (umol); use when dose is ug/kg

           pulse1=pulse(t=time,

                        p=initial_params[["YEAR"]]*24,

                        w=initial_params[["W2"]]*24),

           pulse2=pulse(t=time,

                        p=7*24,

                        w=initial_params[["D2"]]*24),

           pulse3=pulse(t=time,

                        p=24,

                        w=initial_params[["P2"]]),

           pulse=pulse1*pulse2*pulse3,

           DDOSE=ddOSE*pulse,

           is.change=c(1,diff(pulse)))%>%

    filter(is.change!=0)

  

  #~~~~APPLY MODEL~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~#### 

  # Do parallel for speed

  c1<-makeCluster(min(cores,n_distinct(All_Dose$Level))) # cluster for parallel 

  timestamp()

  modelOutput<-parLapply(c1,split(All_Dose,All_Dose$Level), function (LL,ini_par,st,t){

    #load data into cores

    source("human_pbpk.R")

    # Create dataframe of "events"that describe the dosing, which informs the

    # ODE function, and needs to have columns "var" = the state_variable that needs

    # to be changed,"time"= when the changes occurs,"value"=the value being changed

    # to,& "method"= how the new value interacts with the previous state variable

    # value. See ?deSolve::lsodes and ?deSolve::events.

    

    eventDat<-rbind(data.frame(var="TDDOSE",time=LL$time,

                               value=LL$DDOSE,	 

                               method="add",stringsAsFactors = FALSE),  # ("replace", "add", "multiply")

                    data.frame(var="ASURF",time=LL$time,

                               value=LL$DDOSE,	 

                               method="replace",stringsAsFactors = FALSE),

                    data.frame(var="DDOSE",time=LL$time,

                               value=LL$DDOSE,	 

                               method="add",stringsAsFactors = FALSE)

    )

    

    # DERIVITIVE ####

    # RUN MODEL 

    modelOutput<- ode(y = st, times = t,  #method = "lsodes",

                      func = Human_Model, parms = ini_par,

                      events = list(data = eventDat[order(eventDat$time),]))

    result <- within(as.data.frame(modelOutput),{Level<-LL$Level[[1]]})

    return(result)

  },ini_par=initial_params,st=state,t=times)

  stopCluster(c1)

  timestamp()

  ModelOutput<-do.call(rbind,modelOutput)##make big dataframe for evaluation

  

  return(ModelOutput)

}



PODcost <- function(test_dose){

  

  # POD calculation

  test_result <- minRBCCE(test_dose*1000)

  test_error <- (test_result - 90.0)

  

  print(sprintf("%f  %f",test_dose,test_result))

  flush.console()

  return(test_error*test_error)

}



cost <- function(test_dose){

  

  test_result <- avgCBL(test_dose*1000)

  

  test_error <- (test_result - ac_50)

  

  print(sprintf("%f  %f",test_dose,test_result))

  flush.console()

  return(test_error*test_error)

}





final_dose <- optim(par = 7500, PODcost, method = "Brent",lower = 1000, upper = 50000, control = list(reltol = 1e-3))



# run the model for the calculated dose!

dose <- final_dose$par # mg/kg/day

ModelOutput <- just_run_model(dose*1000)



dose # mg/kg/day

min(ModelOutput$RBCCE)

flush.console()


#clear workspace

rm(list = ls())



#set the working directory to the location of these scripts

#setwd(dirname(rstudioapi::getActiveDocumentContext()$path))



ac_50 = -999

scenario_number = 50

BW_scenario = 32

subject_age = 6

Ndays = 123

dpw = 7

hpd = 1.1

derm_pct = 0.01/8





#Environment####

library(dplyr)

library(tidyr)

library(parallel)

# number of cores avaiable on current machine

tot_cores<-detectCores(all.tests = FALSE, logical = TRUE)  

cores<-tot_cores-1 # leave one core for other tasks 



source("human_pbpk.R") # Loads model and base parameters

source("malathion_human_parameters.R") # male and female specific parameters



# Intial_parameters####

sex = 1						 # 0=male, 1= Female

params<-c(params[!names(params)%in%names(human_parameters[[sex+1]])],

          human_parameters[[sex+1]])



# case-specific parameters

params[["TSTART"]]<-0.0             # START SIMULATION (HR)

params[["TSTOP"]]=Ndays*24      			 # Simulation duration

params[["BWSW"]] = 1   	 				# Switch for age (set =0) or set (set =1) if bwt provided

params[["BWST"]]= BW_scenario   	 				# kg

params[["AGE0"]]=subject_age

params[["DERMPERCNT"]]=derm_pct     

params[["DZONE"]]=1             #turn dermal on

params[["TCHNG"]] = Ndays*24 					# Total exposure duration - h 

params[["DZONE"]] = 1						 # Turning dermal exposures on/off



params[["W2"]] = Ndays               #days exposed per year

params[["D2"]] = dpw                #days exposed per week

params[["P2"]] = hpd                #hours exposed per day



# combine or replace "base" parameters with case specific human parameters, carring out any calcuated paramters which are function of other specific case parameters 

initial_params <- initial_params_fun(params)



# get blood concentration resulting from dose

# dermal dose based on scenario 33

avgCBLO <-function(dose){

          

          DERM <- dose			# dermal dose (ug/kg/day)

        

        # TIMING COMMANDS ####

        MAXT=0.1       #maximum time step

        times<-seq(initial_params[["TSTART"]],initial_params[["TSTOP"]],by=MAXT)#

        

        # max number of points to write out to file

        POINTS_max<-10000  

        # if the more than 10000 timesteps, select evently spaced 10000 of them for reporting

        report_points<-if(length(times)<=POINTS_max) times else 

          times[seq(1,length(times),by=round(length(times)/POINTS_max))]

        table(report_points%in%times)#check all report values are in times.

        

        

        # STATE####

        # Subject specific UPDATES to the initial value of state varibles

        state<-state_fun()

        

        All_Dose<-data.frame(time=times)%>%

          mutate(Level=DERM,

                 BWt=sapply(time,BWT_fun),

                 ddOSE=((DERM*BWt)/initial_params[["MWOXON"]]),#total dermal dose (umol); use when dose is ug/kg

                 pulse1=pulse(t=time,

                              p=initial_params[["YEAR"]]*24,

                              w=initial_params[["W2"]]*24),

                 pulse2=pulse(t=time,

                              p=7*24,

                              w=initial_params[["D2"]]*24),

                 pulse3=pulse(t=time,

                              p=24,

                              w=initial_params[["P2"]]),

                 pulse=pulse1*pulse2*pulse3,

                 DDOSEO=ddOSE*pulse,

                 is.change=c(1,diff(pulse)))%>%

          filter(is.change!=0)

        

        #~~~~APPLY MODEL~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~#### 

        # Do parallel for speed

        c1<-makeCluster(min(cores,n_distinct(All_Dose$Level))) # cluster for parallel 

        timestamp()

        modelOutput<-parLapply(c1,split(All_Dose,All_Dose$Level), function (LL,ini_par,st,t){

          #load data into cores

          source("human_pbpk.R")

          # Create dataframe of "events"that describe the dosing, which informs the

          # ODE function, and needs to have columns "var" = the state_variable that needs

          # to be changed,"time"= when the changes occurs,"value"=the value being changed

          # to,& "method"= how the new value interacts with the previous state variable

          # value. See ?deSolve::lsodes and ?deSolve::events.

          

          eventDat<-rbind(data.frame(var="TDDOSEO",time=LL$time,

                                     value=LL$DDOSEO,	 

                                     method="add",stringsAsFactors = FALSE),  # ("replace", "add", "multiply")

                          data.frame(var="ASURFO",time=LL$time,

                                     value=LL$DDOSEO,	 

                                     method="replace",stringsAsFactors = FALSE),

                          data.frame(var="DDOSEO",time=LL$time,

                                     value=LL$DDOSEO,	 

                                     method="add",stringsAsFactors = FALSE)

          )

          

          # DERIVITIVE ####

          # RUN MODEL 

          modelOutput<- ode(y = st, times = t,  #method = "lsodes",

                            func = Human_Model, parms = ini_par,

                            events = list(data = eventDat[order(eventDat$time),]))

          result <- within(as.data.frame(modelOutput),{Level<-LL$Level[[1]]})

          return(result)

        },ini_par=initial_params,st=state,t=times)

        stopCluster(c1)

        timestamp()

        ModelOutput<-do.call(rbind,modelOutput)##make big dataframe for evaluation

        

        return(mean(tail(ModelOutput$CBLO,240)))

}



just_run_model <-function(dose){

  

  DERM <- dose			# dermal dose (ug/kg/day)

  

  # TIMING COMMANDS ####

  MAXT=0.1       #maximum time step

  times<-seq(initial_params[["TSTART"]],initial_params[["TSTOP"]],by=MAXT)#

  

  # max number of points to write out to file

  POINTS_max<-10000  

  # if the more than 10000 timesteps, select evently spaced 10000 of them for reporting

  report_points<-if(length(times)<=POINTS_max) times else 

    times[seq(1,length(times),by=round(length(times)/POINTS_max))]

  table(report_points%in%times)#check all report values are in times.

  

  

  # STATE####

  # Subject specific UPDATES to the initial value of state varibles

  state<-state_fun()

  

  All_Dose<-data.frame(time=times)%>%

    mutate(Level=DERM,

           BWt=sapply(time,BWT_fun),

           ddOSE=((DERM*BWt)/initial_params[["MWOXON"]]),#total dermal dose (umol); use when dose is ug/kg

           pulse1=pulse(t=time,

                        p=initial_params[["YEAR"]]*24,

                        w=initial_params[["W2"]]*24),

           pulse2=pulse(t=time,

                        p=7*24,

                        w=initial_params[["D2"]]*24),

           pulse3=pulse(t=time,

                        p=24,

                        w=initial_params[["P2"]]),

           pulse=pulse1*pulse2*pulse3,

           DDOSEO=ddOSE*pulse,

           is.change=c(1,diff(pulse)))%>%

    filter(is.change!=0)

  

  #~~~~APPLY MODEL~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~#### 

  # Do parallel for speed

  c1<-makeCluster(min(cores,n_distinct(All_Dose$Level))) # cluster for parallel 

  timestamp()

  modelOutput<-parLapply(c1,split(All_Dose,All_Dose$Level), function (LL,ini_par,st,t){

    #load data into cores

    source("human_pbpk.R")

    # Create dataframe of "events"that describe the dosing, which informs the

    # ODE function, and needs to have columns "var" = the state_variable that needs

    # to be changed,"time"= when the changes occurs,"value"=the value being changed

    # to,& "method"= how the new value interacts with the previous state variable

    # value. See ?deSolve::lsodes and ?deSolve::events.

    

    eventDat<-rbind(data.frame(var="TDDOSEO",time=LL$time,

                               value=LL$DDOSEO,	 

                               method="add",stringsAsFactors = FALSE),  # ("replace", "add", "multiply")

                    data.frame(var="ASURFO",time=LL$time,

                               value=LL$DDOSEO,	 

                               method="replace",stringsAsFactors = FALSE),

                    data.frame(var="DDOSEO",time=LL$time,

                               value=LL$DDOSEO,	 

                               method="add",stringsAsFactors = FALSE)

    )

    

    # DERIVITIVE ####

    # RUN MODEL 

    modelOutput<- ode(y = st, times = t,  #method = "lsodes",

                      func = Human_Model, parms = ini_par,

                      events = list(data = eventDat[order(eventDat$time),]))

    result <- within(as.data.frame(modelOutput),{Level<-LL$Level[[1]]})

    return(result)

  },ini_par=initial_params,st=state,t=times)

  stopCluster(c1)

  timestamp()

  ModelOutput<-do.call(rbind,modelOutput)##make big dataframe for evaluation

  

  return(ModelOutput)

}





cost <- function(test_dose){

  

  # POD calculation

  test_result <- minRBCCE(test_dose*1000)

  test_error <- (test_result - 90.0)

  

  print(sprintf("%f  %f",test_dose,test_result))

  flush.console()

  return(test_error*test_error)

}





final_dose <- optim(par = 600, cost, method = "Brent",lower = 1e2, upper = 3e6, control = list(reltol = 1e-3))



# run the model for the calculated dose!

dose <- final_dose$par # mg/kg/day

ModelOutput <- just_run_model(dose*1000)



dose # mg/kg/day

min(ModelOutput$RBCCE)




#clear workspace

rm(list = ls())



#set the working directory to the location of these scripts

#setwd(dirname(rstudioapi::getActiveDocumentContext()$path))



ac_50 = -999

scenario_number = 50

BW_scenario = 32 #kg

subject_age = 6

derm_pct = 0.01/8

Ndays <- 123

dpw = 7

hpd = 1.1



#Environment####

library(dplyr)

library(tidyr)

library(parallel)

# number of cores avaiable on current machine

tot_cores<-detectCores(all.tests = FALSE, logical = TRUE)  

cores<-tot_cores-1 # leave one core for other tasks 



source("human_pbpk.R") # Loads model and base parameters

source("malathion_human_parameters.R") # male and female specific parameters



# Intial_parameters####

sex = 1						 # 0=male, 1= Female

params<-c(params[!names(params)%in%names(human_parameters[[sex+1]])],

          human_parameters[[sex+1]])



# case-specific parameters

params[["TSTART"]]<-0.0             # START SIMULATION (HR)

params[["TSTOP"]]=Ndays*24      			 # Simulation duration

params[["BWSW"]] = 1   	 				# Switch for age (set =0) or set (set =1) if bwt provided

params[["BWST"]]= BW_scenario   	 				# kg

params[["AGE0"]]=subject_age

params[["DERMPERCNT"]]=derm_pct     

params[["DZONE"]]=1             #turn dermal on

params[["TCHNG"]] = Ndays*24 					# Total exposure duration - h 

params[["DZONE"]] = 1						 # Turning dermal exposures on/off



params[["W2"]] = Ndays               #days exposed per year

params[["D2"]] = dpw                #days exposed per week

params[["P2"]] = hpd                #hours exposed per day



# combine or replace "base" parameters with case specific human parameters, carring out any calcuated paramters which are function of other specific case parameters 

initial_params <- initial_params_fun(params)



# get blood concentration resulting from dose

# dermal dose based on scenario 33

avgCBL <-function(dose){

          

          DERM <- dose			# dermal dose (ug/kg/day)

        

        # TIMING COMMANDS ####

        MAXT=0.1       #maximum time step

        times<-seq(initial_params[["TSTART"]],initial_params[["TSTOP"]],by=MAXT)#

        

        # max number of points to write out to file

        POINTS_max<-10000  

        # if the more than 10000 timesteps, select evently spaced 10000 of them for reporting

        report_points<-if(length(times)<=POINTS_max) times else 

          times[seq(1,length(times),by=round(length(times)/POINTS_max))]

        table(report_points%in%times)#check all report values are in times.

        

        

        # STATE####

        # Subject specific UPDATES to the initial value of state varibles

        state<-state_fun()

        

        All_Dose<-data.frame(time=times)%>%

          mutate(Level=DERM,

                 BWt=BW_scenario,

                 ddOSE=((DERM*BWt)/initial_params[["MWPAR"]]),#total dermal dose (umol); use when dose is ug/kg

                 pulse1=pulse(t=time,

                              p=initial_params[["YEAR"]]*24,

                              w=initial_params[["W2"]]*24),

                 pulse2=pulse(t=time,

                              p=7*24,

                              w=initial_params[["D2"]]*24),

                 pulse3=pulse(t=time,

                              p=24,

                              w=initial_params[["P2"]]),

                 pulse=pulse1*pulse2*pulse3,

                 DDOSE=ddOSE*pulse,

                 is.change=c(1,diff(pulse)))%>%

          filter(is.change!=0)

        

        #~~~~APPLY MODEL~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~#### 

        # Do parallel for speed

        c1<-makeCluster(min(cores,n_distinct(All_Dose$Level))) # cluster for parallel 

        timestamp()

        modelOutput<-parLapply(c1,split(All_Dose,All_Dose$Level), function (LL,ini_par,st,t){

          #load data into cores

          source("human_pbpk.R")

          # Create dataframe of "events"that describe the dosing, which informs the

          # ODE function, and needs to have columns "var" = the state_variable that needs

          # to be changed,"time"= when the changes occurs,"value"=the value being changed

          # to,& "method"= how the new value interacts with the previous state variable

          # value. See ?deSolve::lsodes and ?deSolve::events.

          

          eventDat<-rbind(data.frame(var="TDDOSE",time=LL$time,

                                     value=LL$DDOSE,	 

                                     method="add",stringsAsFactors = FALSE),  # ("replace", "add", "multiply")

                          data.frame(var="ASURF",time=LL$time,

                                     value=LL$DDOSE,	 

                                     method="replace",stringsAsFactors = FALSE),

                          data.frame(var="DDOSE",time=LL$time,

                                     value=LL$DDOSE,	 

                                     method="add",stringsAsFactors = FALSE)

          )

          

          # DERIVITIVE ####

          # RUN MODEL 

          modelOutput<- ode(y = st, times = t,  #method = "lsodes",

                            func = Human_Model, parms = ini_par,

                            events = list(data = eventDat[order(eventDat$time),]))

          result <- within(as.data.frame(modelOutput),{Level<-LL$Level[[1]]})

          return(result)

        },ini_par=initial_params,st=state,t=times)

        stopCluster(c1)

        timestamp()

        ModelOutput<-do.call(rbind,modelOutput)##make big dataframe for evaluation

        

        return(mean(tail(ModelOutput$CBL,240)))

}



minRBCCE <-function(dose){

  

  DERM <- dose			# dermal dose (ug/kg/day)

  

  # TIMING COMMANDS ####

  MAXT=0.1       #maximum time step

  times<-seq(initial_params[["TSTART"]],initial_params[["TSTOP"]],by=MAXT)#

  

  # max number of points to write out to file

  POINTS_max<-10000  

  # if the more than 10000 timesteps, select evently spaced 10000 of them for reporting

  report_points<-if(length(times)<=POINTS_max) times else 

    times[seq(1,length(times),by=round(length(times)/POINTS_max))]

  table(report_points%in%times)#check all report values are in times.

  

  

  # STATE####

  # Subject specific UPDATES to the initial value of state varibles

  state<-state_fun()

  

  All_Dose<-data.frame(time=times)%>%

    mutate(Level=DERM,

           BWt=BW_scenario,

           ddOSE=((DERM*BWt)/initial_params[["MWPAR"]]),#total dermal dose (umol); use when dose is ug/kg

           pulse1=pulse(t=time,

                        p=initial_params[["YEAR"]]*24,

                        w=initial_params[["W2"]]*24),

           pulse2=pulse(t=time,

                        p=7*24,

                        w=initial_params[["D2"]]*24),

           pulse3=pulse(t=time,

                        p=24,

                        w=initial_params[["P2"]]),

           pulse=pulse1*pulse2*pulse3,

           DDOSE=ddOSE*pulse,

           is.change=c(1,diff(pulse)))%>%

    filter(is.change!=0)

  

  #~~~~APPLY MODEL~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~#### 

  # Do parallel for speed

  c1<-makeCluster(min(cores,n_distinct(All_Dose$Level))) # cluster for parallel 

  timestamp()

  modelOutput<-parLapply(c1,split(All_Dose,All_Dose$Level), function (LL,ini_par,st,t){

    #load data into cores

    source("human_pbpk.R")

    # Create dataframe of "events"that describe the dosing, which informs the

    # ODE function, and needs to have columns "var" = the state_variable that needs

    # to be changed,"time"= when the changes occurs,"value"=the value being changed

    # to,& "method"= how the new value interacts with the previous state variable

    # value. See ?deSolve::lsodes and ?deSolve::events.

    

    eventDat<-rbind(data.frame(var="TDDOSE",time=LL$time,

                               value=LL$DDOSE,	 

                               method="add",stringsAsFactors = FALSE),  # ("replace", "add", "multiply")

                    data.frame(var="ASURF",time=LL$time,

                               value=LL$DDOSE,	 

                               method="replace",stringsAsFactors = FALSE),

                    data.frame(var="DDOSE",time=LL$time,

                               value=LL$DDOSE,	 

                               method="add",stringsAsFactors = FALSE)

    )

    

    # DERIVITIVE ####

    # RUN MODEL 

    modelOutput<- ode(y = st, times = t,  #method = "lsodes",

                      func = Human_Model, parms = ini_par,

                      events = list(data = eventDat[order(eventDat$time),]))

    result <- within(as.data.frame(modelOutput),{Level<-LL$Level[[1]]})

    return(result)

  },ini_par=initial_params,st=state,t=times)

  stopCluster(c1)

  timestamp()

  ModelOutput<-do.call(rbind,modelOutput)##make big dataframe for evaluation

  

  return(min(ModelOutput$RBCCE))

}



just_run_model <-function(dose){

  

  DERM <- dose			# dermal dose (ug/kg/day)

  

  # TIMING COMMANDS ####

  MAXT=0.1       #maximum time step

  times<-seq(initial_params[["TSTART"]],initial_params[["TSTOP"]],by=MAXT)#

  

  # max number of points to write out to file

  POINTS_max<-10000  

  # if the more than 10000 timesteps, select evently spaced 10000 of them for reporting

  report_points<-if(length(times)<=POINTS_max) times else 

    times[seq(1,length(times),by=round(length(times)/POINTS_max))]

  table(report_points%in%times)#check all report values are in times.

  

  

  # STATE####

  # Subject specific UPDATES to the initial value of state varibles

  state<-state_fun()

  

  All_Dose<-data.frame(time=times)%>%

    mutate(Level=DERM,

           BWt=BW_scenario,

           ddOSE=((DERM*BWt)/initial_params[["MWPAR"]]),#total dermal dose (umol); use when dose is ug/kg

           pulse1=pulse(t=time,

                        p=initial_params[["YEAR"]]*24,

                        w=initial_params[["W2"]]*24),

           pulse2=pulse(t=time,

                        p=7*24,

                        w=initial_params[["D2"]]*24),

           pulse3=pulse(t=time,

                        p=24,

                        w=initial_params[["P2"]]),

           pulse=pulse1*pulse2*pulse3,

           DDOSE=ddOSE*pulse,

           is.change=c(1,diff(pulse)))%>%

    filter(is.change!=0)

  

  #~~~~APPLY MODEL~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~#### 

  # Do parallel for speed

  c1<-makeCluster(min(cores,n_distinct(All_Dose$Level))) # cluster for parallel 

  timestamp()

  modelOutput<-parLapply(c1,split(All_Dose,All_Dose$Level), function (LL,ini_par,st,t){

    #load data into cores

    source("human_pbpk.R")

    # Create dataframe of "events"that describe the dosing, which informs the

    # ODE function, and needs to have columns "var" = the state_variable that needs

    # to be changed,"time"= when the changes occurs,"value"=the value being changed

    # to,& "method"= how the new value interacts with the previous state variable

    # value. See ?deSolve::lsodes and ?deSolve::events.

    

    eventDat<-rbind(data.frame(var="TDDOSE",time=LL$time,

                               value=LL$DDOSE,	 

                               method="add",stringsAsFactors = FALSE),  # ("replace", "add", "multiply")

                    data.frame(var="ASURF",time=LL$time,

                               value=LL$DDOSE,	 

                               method="replace",stringsAsFactors = FALSE),

                    data.frame(var="DDOSE",time=LL$time,

                               value=LL$DDOSE,	 

                               method="add",stringsAsFactors = FALSE)

    )

    

    # DERIVITIVE ####

    # RUN MODEL 

    modelOutput<- ode(y = st, times = t,  #method = "lsodes",

                      func = Human_Model, parms = ini_par,

                      events = list(data = eventDat[order(eventDat$time),]))

    result <- within(as.data.frame(modelOutput),{Level<-LL$Level[[1]]})

    return(result)

  },ini_par=initial_params,st=state,t=times)

  stopCluster(c1)

  timestamp()

  ModelOutput<-do.call(rbind,modelOutput)##make big dataframe for evaluation

  

  return(ModelOutput)

}



PODcost <- function(test_dose){

  

  # POD calculation

  test_result <- minRBCCE(test_dose*1000)

  test_error <- (test_result - 90.0)

  

  print(sprintf("%f  %f",test_dose,test_result))

  flush.console()

  return(test_error*test_error)

}



cost <- function(test_dose){

  

  test_result <- avgCBL(test_dose*1000)

  

  test_error <- (test_result - ac_50)

  

  print(sprintf("%f  %f",test_dose,test_result))

  flush.console()

  return(test_error*test_error)

}



final_dose <- optim(par = 7500, PODcost, method = "Brent",lower = 1000, upper = 50000, control = list(reltol = 1e-3))



# run the model for the calculated dose!

dose <- final_dose$par # mg/kg/day

ModelOutput <- just_run_model(dose*1000)



dose # mg/kg/day

min(ModelOutput$RBCCE)

flush.console()


#clear workspace

rm(list = ls())



#set the working directory to the location of these scripts

#setwd(dirname(rstudioapi::getActiveDocumentContext()$path))



ac_50 = -999

scenario_number = 51

BW_scenario = 69

subject_age = 21

derm_pct = 0.01/8

Ndays = 123

dpw = 7

hpd = 5





#Environment####

library(dplyr)

library(tidyr)

library(parallel)

# number of cores avaiable on current machine

tot_cores<-detectCores(all.tests = FALSE, logical = TRUE)  

cores<-tot_cores-1 # leave one core for other tasks 



source("human_pbpk.R") # Loads model and base parameters

source("malathion_human_parameters.R") # male and female specific parameters



# Intial_parameters####

sex = 1						 # 0=male, 1= Female

params<-c(params[!names(params)%in%names(human_parameters[[sex+1]])],

          human_parameters[[sex+1]])



# case-specific parameters

params[["TSTART"]]<-0.0             # START SIMULATION (HR)

params[["TSTOP"]]=Ndays*24      			 # Simulation duration 

params[["BWSW"]] = 1   	 				# Switch for age (set =0) or set (set =1) if bwt provided

params[["BWST"]]= BW_scenario   	 				# kg

params[["AGE0"]]=subject_age

params[["DERMPERCNT"]]=derm_pct     

params[["DZONE"]]=1             #turn dermal on

params[["TCHNG"]] = Ndays*24 					# Total exposure duration - h 

params[["DZONE"]] = 1						 # Turning dermal exposures on/off



params[["W2"]] = Ndays               #days exposed per year

params[["D2"]] = dpw                #days exposed per week

params[["P2"]] = hpd                #hours exposed per day



# combine or replace "base" parameters with case specific human parameters, carring out any calcuated paramters which are function of other specific case parameters 

initial_params <- initial_params_fun(params)



# get blood concentration resulting from dose

# dermal dose based on scenario 33

avgCBLO <-function(dose){

          

          DERM <- dose			# dermal dose (ug/kg/day)

        

        # TIMING COMMANDS ####

        MAXT=0.1       #maximum time step

        times<-seq(initial_params[["TSTART"]],initial_params[["TSTOP"]],by=MAXT)#

        

        # max number of points to write out to file

        POINTS_max<-10000  

        # if the more than 10000 timesteps, select evently spaced 10000 of them for reporting

        report_points<-if(length(times)<=POINTS_max) times else 

          times[seq(1,length(times),by=round(length(times)/POINTS_max))]

        table(report_points%in%times)#check all report values are in times.

        

        

        # STATE####

        # Subject specific UPDATES to the initial value of state varibles

        state<-state_fun()

        

        All_Dose<-data.frame(time=times)%>%

          mutate(Level=DERM,

                 BWt=sapply(time,BWT_fun),

                 ddOSE=((DERM*BWt)/initial_params[["MWOXON"]]),#total dermal dose (umol); use when dose is ug/kg

                 pulse1=pulse(t=time,

                              p=initial_params[["YEAR"]]*24,

                              w=initial_params[["W2"]]*24),

                 pulse2=pulse(t=time,

                              p=7*24,

                              w=initial_params[["D2"]]*24),

                 pulse3=pulse(t=time,

                              p=24,

                              w=initial_params[["P2"]]),

                 pulse=pulse1*pulse2*pulse3,

                 DDOSEO=ddOSE*pulse,

                 is.change=c(1,diff(pulse)))%>%

          filter(is.change!=0)

        

        #~~~~APPLY MODEL~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~#### 

        # Do parallel for speed

        c1<-makeCluster(min(cores,n_distinct(All_Dose$Level))) # cluster for parallel 

        timestamp()

        modelOutput<-parLapply(c1,split(All_Dose,All_Dose$Level), function (LL,ini_par,st,t){

          #load data into cores

          source("human_pbpk.R")

          # Create dataframe of "events"that describe the dosing, which informs the

          # ODE function, and needs to have columns "var" = the state_variable that needs

          # to be changed,"time"= when the changes occurs,"value"=the value being changed

          # to,& "method"= how the new value interacts with the previous state variable

          # value. See ?deSolve::lsodes and ?deSolve::events.

          

          eventDat<-rbind(data.frame(var="TDDOSEO",time=LL$time,

                                     value=LL$DDOSEO,	 

                                     method="add",stringsAsFactors = FALSE),  # ("replace", "add", "multiply")

                          data.frame(var="ASURFO",time=LL$time,

                                     value=LL$DDOSEO,	 

                                     method="replace",stringsAsFactors = FALSE),

                          data.frame(var="DDOSEO",time=LL$time,

                                     value=LL$DDOSEO,	 

                                     method="add",stringsAsFactors = FALSE)

          )

          

          # DERIVITIVE ####

          # RUN MODEL 

          modelOutput<- ode(y = st, times = t,  #method = "lsodes",

                            func = Human_Model, parms = ini_par,

                            events = list(data = eventDat[order(eventDat$time),]))

          result <- within(as.data.frame(modelOutput),{Level<-LL$Level[[1]]})

          return(result)

        },ini_par=initial_params,st=state,t=times)

        stopCluster(c1)

        timestamp()

        ModelOutput<-do.call(rbind,modelOutput)##make big dataframe for evaluation

        

        return(mean(tail(ModelOutput$CBLO,240)))

}



just_run_model <-function(dose){

  

  DERM <- dose			# dermal dose (ug/kg/day)

  

  # TIMING COMMANDS ####

  MAXT=0.1       #maximum time step

  times<-seq(initial_params[["TSTART"]],initial_params[["TSTOP"]],by=MAXT)#

  

  # max number of points to write out to file

  POINTS_max<-10000  

  # if the more than 10000 timesteps, select evently spaced 10000 of them for reporting

  report_points<-if(length(times)<=POINTS_max) times else 

    times[seq(1,length(times),by=round(length(times)/POINTS_max))]

  table(report_points%in%times)#check all report values are in times.

  

  

  # STATE####

  # Subject specific UPDATES to the initial value of state varibles

  state<-state_fun()

  

  All_Dose<-data.frame(time=times)%>%

    mutate(Level=DERM,

           BWt=sapply(time,BWT_fun),

           ddOSE=((DERM*BWt)/initial_params[["MWOXON"]]),#total dermal dose (umol); use when dose is ug/kg

           pulse1=pulse(t=time,

                        p=initial_params[["YEAR"]]*24,

                        w=initial_params[["W2"]]*24),

           pulse2=pulse(t=time,

                        p=7*24,

                        w=initial_params[["D2"]]*24),

           pulse3=pulse(t=time,

                        p=24,

                        w=initial_params[["P2"]]),

           pulse=pulse1*pulse2*pulse3,

           DDOSEO=ddOSE*pulse,

           is.change=c(1,diff(pulse)))%>%

    filter(is.change!=0)

  

  #~~~~APPLY MODEL~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~#### 

  # Do parallel for speed

  c1<-makeCluster(min(cores,n_distinct(All_Dose$Level))) # cluster for parallel 

  timestamp()

  modelOutput<-parLapply(c1,split(All_Dose,All_Dose$Level), function (LL,ini_par,st,t){

    #load data into cores

    source("human_pbpk.R")

    # Create dataframe of "events"that describe the dosing, which informs the

    # ODE function, and needs to have columns "var" = the state_variable that needs

    # to be changed,"time"= when the changes occurs,"value"=the value being changed

    # to,& "method"= how the new value interacts with the previous state variable

    # value. See ?deSolve::lsodes and ?deSolve::events.

    

    eventDat<-rbind(data.frame(var="TDDOSEO",time=LL$time,

                               value=LL$DDOSEO,	 

                               method="add",stringsAsFactors = FALSE),  # ("replace", "add", "multiply")

                    data.frame(var="ASURFO",time=LL$time,

                               value=LL$DDOSEO,	 

                               method="replace",stringsAsFactors = FALSE),

                    data.frame(var="DDOSEO",time=LL$time,

                               value=LL$DDOSEO,	 

                               method="add",stringsAsFactors = FALSE)

    )

    

    # DERIVITIVE ####

    # RUN MODEL 

    modelOutput<- ode(y = st, times = t,  #method = "lsodes",

                      func = Human_Model, parms = ini_par,

                      events = list(data = eventDat[order(eventDat$time),]))

    result <- within(as.data.frame(modelOutput),{Level<-LL$Level[[1]]})

    return(result)

  },ini_par=initial_params,st=state,t=times)

  stopCluster(c1)

  timestamp()

  ModelOutput<-do.call(rbind,modelOutput)##make big dataframe for evaluation

  

  return(ModelOutput)

}





cost <- function(test_dose){

  

  # POD calculation

  test_result <- minRBCCE(test_dose*1000)

  test_error <- (test_result - 90.0)

  

  print(sprintf("%f  %f",test_dose,test_result))

  flush.console()

  return(test_error*test_error)

}





final_dose <- optim(par = 600, cost, method = "Brent",lower = 1e2, upper = 3e6, control = list(reltol = 1e-3))



# run the model for the calculated dose!

dose <- final_dose$par # mg/kg/day

ModelOutput <- just_run_model(dose*1000)



dose # mg/kg/day

min(ModelOutput$RBCCE)




#clear workspace

rm(list = ls())



#set the working directory to the location of these scripts

#setwd(dirname(rstudioapi::getActiveDocumentContext()$path))



ac_50 = -999

scenario_number = 51

BW_scenario = 69 #kg

subject_age = 21

derm_pct = 0.01/8

Ndays <- 123

dpw = 7

hpd = 5



#Environment####

library(dplyr)

library(tidyr)

library(parallel)

# number of cores avaiable on current machine

tot_cores<-detectCores(all.tests = FALSE, logical = TRUE)  

cores<-tot_cores-1 # leave one core for other tasks 



source("human_pbpk.R") # Loads model and base parameters

source("malathion_human_parameters.R") # male and female specific parameters



# Intial_parameters####

sex = 1						 # 0=male, 1= Female

params<-c(params[!names(params)%in%names(human_parameters[[sex+1]])],

          human_parameters[[sex+1]])



# case-specific parameters

params[["TSTART"]]<-0.0             # START SIMULATION (HR)

params[["TSTOP"]]=Ndays*24      			 # Simulation duration 

params[["BWSW"]] = 1   	 				# Switch for age (set =0) or set (set =1) if bwt provided

params[["BWST"]]= BW_scenario   	 				# kg

params[["AGE0"]]= subject_age

params[["DERMPERCNT"]]=derm_pct   

params[["DZONE"]]=1             #turn dermal on

params[["TCHNG"]] = Ndays*24 					# Total exposure duration - h 

params[["DZONE"]] = 1						 # Turning dermal exposures on/off



params[["W2"]] = Ndays               #days exposed per year

params[["D2"]] = dpw                #days exposed per week

params[["P2"]] = hpd                #hours exposed per day



# combine or replace "base" parameters with case specific human parameters, carring out any calcuated paramters which are function of other specific case parameters 

initial_params <- initial_params_fun(params)



# get blood concentration resulting from dose

# dermal dose based on scenario 33

avgCBL <-function(dose){

          

          DERM <- dose			# dermal dose (ug/kg/day)

        

        # TIMING COMMANDS ####

        MAXT=0.1       #maximum time step

        times<-seq(initial_params[["TSTART"]],initial_params[["TSTOP"]],by=MAXT)#

        

        # max number of points to write out to file

        POINTS_max<-10000  

        # if the more than 10000 timesteps, select evently spaced 10000 of them for reporting

        report_points<-if(length(times)<=POINTS_max) times else 

          times[seq(1,length(times),by=round(length(times)/POINTS_max))]

        table(report_points%in%times)#check all report values are in times.

        

        

        # STATE####

        # Subject specific UPDATES to the initial value of state varibles

        state<-state_fun()

        

        All_Dose<-data.frame(time=times)%>%

          mutate(Level=DERM,

                 BWt=BW_scenario,

                 ddOSE=((DERM*BWt)/initial_params[["MWPAR"]]),#total dermal dose (umol); use when dose is ug/kg

                 pulse1=pulse(t=time,

                              p=initial_params[["YEAR"]]*24,

                              w=initial_params[["W2"]]*24),

                 pulse2=pulse(t=time,

                              p=7*24,

                              w=initial_params[["D2"]]*24),

                 pulse3=pulse(t=time,

                              p=24,

                              w=initial_params[["P2"]]),

                 pulse=pulse1*pulse2*pulse3,

                 DDOSE=ddOSE*pulse,

                 is.change=c(1,diff(pulse)))%>%

          filter(is.change!=0)

        

        #~~~~APPLY MODEL~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~#### 

        # Do parallel for speed

        c1<-makeCluster(min(cores,n_distinct(All_Dose$Level))) # cluster for parallel 

        timestamp()

        modelOutput<-parLapply(c1,split(All_Dose,All_Dose$Level), function (LL,ini_par,st,t){

          #load data into cores

          source("human_pbpk.R")

          # Create dataframe of "events"that describe the dosing, which informs the

          # ODE function, and needs to have columns "var" = the state_variable that needs

          # to be changed,"time"= when the changes occurs,"value"=the value being changed

          # to,& "method"= how the new value interacts with the previous state variable

          # value. See ?deSolve::lsodes and ?deSolve::events.

          

          eventDat<-rbind(data.frame(var="TDDOSE",time=LL$time,

                                     value=LL$DDOSE,	 

                                     method="add",stringsAsFactors = FALSE),  # ("replace", "add", "multiply")

                          data.frame(var="ASURF",time=LL$time,

                                     value=LL$DDOSE,	 

                                     method="replace",stringsAsFactors = FALSE),

                          data.frame(var="DDOSE",time=LL$time,

                                     value=LL$DDOSE,	 

                                     method="add",stringsAsFactors = FALSE)

          )

          

          # DERIVITIVE ####

          # RUN MODEL 

          modelOutput<- ode(y = st, times = t,  #method = "lsodes",

                            func = Human_Model, parms = ini_par,

                            events = list(data = eventDat[order(eventDat$time),]))

          result <- within(as.data.frame(modelOutput),{Level<-LL$Level[[1]]})

          return(result)

        },ini_par=initial_params,st=state,t=times)

        stopCluster(c1)

        timestamp()

        ModelOutput<-do.call(rbind,modelOutput)##make big dataframe for evaluation

        

        return(mean(tail(ModelOutput$CBL,240)))

}



minRBCCE <-function(dose){

  

  DERM <- dose			# dermal dose (ug/kg/day)

  

  # TIMING COMMANDS ####

  MAXT=0.1       #maximum time step

  times<-seq(initial_params[["TSTART"]],initial_params[["TSTOP"]],by=MAXT)#

  

  # max number of points to write out to file

  POINTS_max<-10000  

  # if the more than 10000 timesteps, select evently spaced 10000 of them for reporting

  report_points<-if(length(times)<=POINTS_max) times else 

    times[seq(1,length(times),by=round(length(times)/POINTS_max))]

  table(report_points%in%times)#check all report values are in times.

  

  

  # STATE####

  # Subject specific UPDATES to the initial value of state varibles

  state<-state_fun()

  

  All_Dose<-data.frame(time=times)%>%

    mutate(Level=DERM,

           BWt=BW_scenario,

           ddOSE=((DERM*BWt)/initial_params[["MWPAR"]]),#total dermal dose (umol); use when dose is ug/kg

           pulse1=pulse(t=time,

                        p=initial_params[["YEAR"]]*24,

                        w=initial_params[["W2"]]*24),

           pulse2=pulse(t=time,

                        p=7*24,

                        w=initial_params[["D2"]]*24),

           pulse3=pulse(t=time,

                        p=24,

                        w=initial_params[["P2"]]),

           pulse=pulse1*pulse2*pulse3,

           DDOSE=ddOSE*pulse,

           is.change=c(1,diff(pulse)))%>%

    filter(is.change!=0)

  

  #~~~~APPLY MODEL~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~#### 

  # Do parallel for speed

  c1<-makeCluster(min(cores,n_distinct(All_Dose$Level))) # cluster for parallel 

  timestamp()

  modelOutput<-parLapply(c1,split(All_Dose,All_Dose$Level), function (LL,ini_par,st,t){

    #load data into cores

    source("human_pbpk.R")

    # Create dataframe of "events"that describe the dosing, which informs the

    # ODE function, and needs to have columns "var" = the state_variable that needs

    # to be changed,"time"= when the changes occurs,"value"=the value being changed

    # to,& "method"= how the new value interacts with the previous state variable

    # value. See ?deSolve::lsodes and ?deSolve::events.

    

    eventDat<-rbind(data.frame(var="TDDOSE",time=LL$time,

                               value=LL$DDOSE,	 

                               method="add",stringsAsFactors = FALSE),  # ("replace", "add", "multiply")

                    data.frame(var="ASURF",time=LL$time,

                               value=LL$DDOSE,	 

                               method="replace",stringsAsFactors = FALSE),

                    data.frame(var="DDOSE",time=LL$time,

                               value=LL$DDOSE,	 

                               method="add",stringsAsFactors = FALSE)

    )

    

    # DERIVITIVE ####

    # RUN MODEL 

    modelOutput<- ode(y = st, times = t,  #method = "lsodes",

                      func = Human_Model, parms = ini_par,

                      events = list(data = eventDat[order(eventDat$time),]))

    result <- within(as.data.frame(modelOutput),{Level<-LL$Level[[1]]})

    return(result)

  },ini_par=initial_params,st=state,t=times)

  stopCluster(c1)

  timestamp()

  ModelOutput<-do.call(rbind,modelOutput)##make big dataframe for evaluation

  

  return(min(ModelOutput$RBCCE))

}



just_run_model <-function(dose){

  

  DERM <- dose			# dermal dose (ug/kg/day)

  

  # TIMING COMMANDS ####

  MAXT=0.1       #maximum time step

  times<-seq(initial_params[["TSTART"]],initial_params[["TSTOP"]],by=MAXT)#

  

  # max number of points to write out to file

  POINTS_max<-10000  

  # if the more than 10000 timesteps, select evently spaced 10000 of them for reporting

  report_points<-if(length(times)<=POINTS_max) times else 

    times[seq(1,length(times),by=round(length(times)/POINTS_max))]

  table(report_points%in%times)#check all report values are in times.

  

  

  # STATE####

  # Subject specific UPDATES to the initial value of state varibles

  state<-state_fun()

  

  All_Dose<-data.frame(time=times)%>%

    mutate(Level=DERM,

           BWt=BW_scenario,

           ddOSE=((DERM*BWt)/initial_params[["MWPAR"]]),#total dermal dose (umol); use when dose is ug/kg

           pulse1=pulse(t=time,

                        p=initial_params[["YEAR"]]*24,

                        w=initial_params[["W2"]]*24),

           pulse2=pulse(t=time,

                        p=7*24,

                        w=initial_params[["D2"]]*24),

           pulse3=pulse(t=time,

                        p=24,

                        w=initial_params[["P2"]]),

           pulse=pulse1*pulse2*pulse3,

           DDOSE=ddOSE*pulse,

           is.change=c(1,diff(pulse)))%>%

    filter(is.change!=0)

  

  #~~~~APPLY MODEL~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~#### 

  # Do parallel for speed

  c1<-makeCluster(min(cores,n_distinct(All_Dose$Level))) # cluster for parallel 

  timestamp()

  modelOutput<-parLapply(c1,split(All_Dose,All_Dose$Level), function (LL,ini_par,st,t){

    #load data into cores

    source("human_pbpk.R")

    # Create dataframe of "events"that describe the dosing, which informs the

    # ODE function, and needs to have columns "var" = the state_variable that needs

    # to be changed,"time"= when the changes occurs,"value"=the value being changed

    # to,& "method"= how the new value interacts with the previous state variable

    # value. See ?deSolve::lsodes and ?deSolve::events.

    

    eventDat<-rbind(data.frame(var="TDDOSE",time=LL$time,

                               value=LL$DDOSE,	 

                               method="add",stringsAsFactors = FALSE),  # ("replace", "add", "multiply")

                    data.frame(var="ASURF",time=LL$time,

                               value=LL$DDOSE,	 

                               method="replace",stringsAsFactors = FALSE),

                    data.frame(var="DDOSE",time=LL$time,

                               value=LL$DDOSE,	 

                               method="add",stringsAsFactors = FALSE)

    )

    

    # DERIVITIVE ####

    # RUN MODEL 

    modelOutput<- ode(y = st, times = t,  #method = "lsodes",

                      func = Human_Model, parms = ini_par,

                      events = list(data = eventDat[order(eventDat$time),]))

    result <- within(as.data.frame(modelOutput),{Level<-LL$Level[[1]]})

    return(result)

  },ini_par=initial_params,st=state,t=times)

  stopCluster(c1)

  timestamp()

  ModelOutput<-do.call(rbind,modelOutput)##make big dataframe for evaluation

  

  return(ModelOutput)

}



PODcost <- function(test_dose){

  

  # POD calculation

  test_result <- minRBCCE(test_dose*1000)

  test_error <- (test_result - 90.0)

  

  print(sprintf("%f  %f",test_dose,test_result))

  flush.console()

  return(test_error*test_error)

}



cost <- function(test_dose){

  

  test_result <- avgCBL(test_dose*1000)

  

  test_error <- (test_result - ac_50)

  

  print(sprintf("%f  %f",test_dose,test_result))

  flush.console()

  return(test_error*test_error)

}



final_dose <- optim(par = 4500, PODcost, method = "Brent",lower = 750, upper = 50000, control = list(reltol = 1e-3))



dose <- final_dose$par # mg/kg/day

ModelOutput <- just_run_model(dose*1000)



dose # mg/kg/day

min(ModelOutput$RBCCE)

flush.console()


#clear workspace

rm(list = ls())



#set the working directory to the location of these scripts

#setwd(dirname(rstudioapi::getActiveDocumentContext()$path))



ac_50 = -999

scenario_number = 52

BW_scenario = 32

subject_age = 6

derm_pct = 0.01/8

Ndays = 123

dpw = 7

hpd = 1.9



#Environment####

library(dplyr)

library(tidyr)

library(parallel)

# number of cores avaiable on current machine

tot_cores<-detectCores(all.tests = FALSE, logical = TRUE)  

cores<-tot_cores-1 # leave one core for other tasks 



source("human_pbpk.R") # Loads model and base parameters

source("malathion_human_parameters.R") # male and female specific parameters



# Intial_parameters####

sex = 1						 # 0=male, 1= Female

params<-c(params[!names(params)%in%names(human_parameters[[sex+1]])],

          human_parameters[[sex+1]])



# case-specific parameters

params[["TSTART"]]<-0.0             # START SIMULATION (HR)

params[["TSTOP"]]=Ndays*24      			 # Simulation duration

params[["BWSW"]] = 1   	 				# Switch for age (set =0) or set (set =1) if bwt provided

params[["BWST"]]= BW_scenario   	 				# kg

params[["AGE0"]]=subject_age

params[["DERMPERCNT"]]=derm_pct     

params[["DZONE"]]=1             #turn dermal on

params[["TCHNG"]] = Ndays*24 					# Total exposure duration - h 

params[["DZONE"]] = 1						 # Turning dermal exposures on/off



params[["W2"]] = Ndays               #days exposed per year

params[["D2"]] = dpw                #days exposed per week

params[["P2"]] = hpd                #hours exposed per day



# combine or replace "base" parameters with case specific human parameters, carring out any calcuated paramters which are function of other specific case parameters 

initial_params <- initial_params_fun(params)



# get blood concentration resulting from dose

# dermal dose based on scenario 33

avgCBLO <-function(dose){

          

          DERM <- dose			# dermal dose (ug/kg/day)

        

        # TIMING COMMANDS ####

        MAXT=0.1       #maximum time step

        times<-seq(initial_params[["TSTART"]],initial_params[["TSTOP"]],by=MAXT)#

        

        # max number of points to write out to file

        POINTS_max<-10000  

        # if the more than 10000 timesteps, select evently spaced 10000 of them for reporting

        report_points<-if(length(times)<=POINTS_max) times else 

          times[seq(1,length(times),by=round(length(times)/POINTS_max))]

        table(report_points%in%times)#check all report values are in times.

        

        

        # STATE####

        # Subject specific UPDATES to the initial value of state varibles

        state<-state_fun()

        

        All_Dose<-data.frame(time=times)%>%

          mutate(Level=DERM,

                 BWt=sapply(time,BWT_fun),

                 ddOSE=((DERM*BWt)/initial_params[["MWOXON"]]),#total dermal dose (umol); use when dose is ug/kg

                 pulse1=pulse(t=time,

                              p=initial_params[["YEAR"]]*24,

                              w=initial_params[["W2"]]*24),

                 pulse2=pulse(t=time,

                              p=7*24,

                              w=initial_params[["D2"]]*24),

                 pulse3=pulse(t=time,

                              p=24,

                              w=initial_params[["P2"]]),

                 pulse=pulse1*pulse2*pulse3,

                 DDOSEO=ddOSE*pulse,

                 is.change=c(1,diff(pulse)))%>%

          filter(is.change!=0)

        

        #~~~~APPLY MODEL~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~#### 

        # Do parallel for speed

        c1<-makeCluster(min(cores,n_distinct(All_Dose$Level))) # cluster for parallel 

        timestamp()

        modelOutput<-parLapply(c1,split(All_Dose,All_Dose$Level), function (LL,ini_par,st,t){

          #load data into cores

          source("human_pbpk.R")

          # Create dataframe of "events"that describe the dosing, which informs the

          # ODE function, and needs to have columns "var" = the state_variable that needs

          # to be changed,"time"= when the changes occurs,"value"=the value being changed

          # to,& "method"= how the new value interacts with the previous state variable

          # value. See ?deSolve::lsodes and ?deSolve::events.

          

          eventDat<-rbind(data.frame(var="TDDOSEO",time=LL$time,

                                     value=LL$DDOSEO,	 

                                     method="add",stringsAsFactors = FALSE),  # ("replace", "add", "multiply")

                          data.frame(var="ASURFO",time=LL$time,

                                     value=LL$DDOSEO,	 

                                     method="replace",stringsAsFactors = FALSE),

                          data.frame(var="DDOSEO",time=LL$time,

                                     value=LL$DDOSEO,	 

                                     method="add",stringsAsFactors = FALSE)

          )

          

          # DERIVITIVE ####

          # RUN MODEL 

          modelOutput<- ode(y = st, times = t,  #method = "lsodes",

                            func = Human_Model, parms = ini_par,

                            events = list(data = eventDat[order(eventDat$time),]))

          result <- within(as.data.frame(modelOutput),{Level<-LL$Level[[1]]})

          return(result)

        },ini_par=initial_params,st=state,t=times)

        stopCluster(c1)

        timestamp()

        ModelOutput<-do.call(rbind,modelOutput)##make big dataframe for evaluation

        

        return(mean(tail(ModelOutput$CBLO,240)))

}



just_run_model <-function(dose){

  

  DERM <- dose			# dermal dose (ug/kg/day)

  

  # TIMING COMMANDS ####

  MAXT=0.1       #maximum time step

  times<-seq(initial_params[["TSTART"]],initial_params[["TSTOP"]],by=MAXT)#

  

  # max number of points to write out to file

  POINTS_max<-10000  

  # if the more than 10000 timesteps, select evently spaced 10000 of them for reporting

  report_points<-if(length(times)<=POINTS_max) times else 

    times[seq(1,length(times),by=round(length(times)/POINTS_max))]

  table(report_points%in%times)#check all report values are in times.

  

  

  # STATE####

  # Subject specific UPDATES to the initial value of state varibles

  state<-state_fun()

  

  All_Dose<-data.frame(time=times)%>%

    mutate(Level=DERM,

           BWt=sapply(time,BWT_fun),

           ddOSE=((DERM*BWt)/initial_params[["MWOXON"]]),#total dermal dose (umol); use when dose is ug/kg

           pulse1=pulse(t=time,

                        p=initial_params[["YEAR"]]*24,

                        w=initial_params[["W2"]]*24),

           pulse2=pulse(t=time,

                        p=7*24,

                        w=initial_params[["D2"]]*24),

           pulse3=pulse(t=time,

                        p=24,

                        w=initial_params[["P2"]]),

           pulse=pulse1*pulse2*pulse3,

           DDOSEO=ddOSE*pulse,

           is.change=c(1,diff(pulse)))%>%

    filter(is.change!=0)

  

  #~~~~APPLY MODEL~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~#### 

  # Do parallel for speed

  c1<-makeCluster(min(cores,n_distinct(All_Dose$Level))) # cluster for parallel 

  timestamp()

  modelOutput<-parLapply(c1,split(All_Dose,All_Dose$Level), function (LL,ini_par,st,t){

    #load data into cores

    source("human_pbpk.R")

    # Create dataframe of "events"that describe the dosing, which informs the

    # ODE function, and needs to have columns "var" = the state_variable that needs

    # to be changed,"time"= when the changes occurs,"value"=the value being changed

    # to,& "method"= how the new value interacts with the previous state variable

    # value. See ?deSolve::lsodes and ?deSolve::events.

    

    eventDat<-rbind(data.frame(var="TDDOSEO",time=LL$time,

                               value=LL$DDOSEO,	 

                               method="add",stringsAsFactors = FALSE),  # ("replace", "add", "multiply")

                    data.frame(var="ASURFO",time=LL$time,

                               value=LL$DDOSEO,	 

                               method="replace",stringsAsFactors = FALSE),

                    data.frame(var="DDOSEO",time=LL$time,

                               value=LL$DDOSEO,	 

                               method="add",stringsAsFactors = FALSE)

    )

    

    # DERIVITIVE ####

    # RUN MODEL 

    modelOutput<- ode(y = st, times = t,  #method = "lsodes",

                      func = Human_Model, parms = ini_par,

                      events = list(data = eventDat[order(eventDat$time),]))

    result <- within(as.data.frame(modelOutput),{Level<-LL$Level[[1]]})

    return(result)

  },ini_par=initial_params,st=state,t=times)

  stopCluster(c1)

  timestamp()

  ModelOutput<-do.call(rbind,modelOutput)##make big dataframe for evaluation

  

  return(ModelOutput)

}





cost <- function(test_dose){

  

  # POD calculation

  test_result <- minRBCCE(test_dose*1000)

  test_error <- (test_result - 90.0)

  

  print(sprintf("%f  %f",test_dose,test_result))

  flush.console()

  return(test_error*test_error)

}





final_dose <- optim(par = 600, cost, method = "Brent",lower = 1e2, upper = 3e6, control = list(reltol = 1e-3))



# run the model for the calculated dose!

dose <- final_dose$par # mg/kg/day

ModelOutput <- just_run_model(dose*1000)



dose # mg/kg/day

min(ModelOutput$RBCCE)




#clear workspace

rm(list = ls())



#set the working directory to the location of these scripts

#setwd(dirname(rstudioapi::getActiveDocumentContext()$path))



ac_50 = -999

scenario_number = 52

BW_scenario = 32 #kg

subject_age = 6

derm_pct = 0.01/8

Ndays <- 123

dpw = 7

hpd = 1.9



#Environment####

library(dplyr)

library(tidyr)

library(parallel)

# number of cores avaiable on current machine

tot_cores<-detectCores(all.tests = FALSE, logical = TRUE)  

cores<-tot_cores-1 # leave one core for other tasks 



source("human_pbpk.R") # Loads model and base parameters

source("malathion_human_parameters.R") # male and female specific parameters



# Intial_parameters####

sex = 1						 # 0=male, 1= Female

params<-c(params[!names(params)%in%names(human_parameters[[sex+1]])],

          human_parameters[[sex+1]])



# case-specific parameters

params[["TSTART"]]<-0.0             # START SIMULATION (HR)

params[["TSTOP"]]=Ndays*24      			 # Simulation duration

params[["BWSW"]] = 1   	 				# Switch for age (set =0) or set (set =1) if bwt provided

params[["BWST"]]= BW_scenario   	 				# kg

params[["AGE0"]]=subject_age

params[["DERMPERCNT"]]=derm_pct     

params[["DZONE"]]=1             #turn dermal on

params[["TCHNG"]] = Ndays*24 					# Total exposure duration - h 

params[["DZONE"]] = 1						 # Turning dermal exposures on/off



params[["W2"]] = Ndays               #days exposed per year

params[["D2"]] = dpw                #days exposed per week

params[["P2"]] = hpd                #hours exposed per day



# combine or replace "base" parameters with case specific human parameters, carring out any calcuated paramters which are function of other specific case parameters 

initial_params <- initial_params_fun(params)



# get blood concentration resulting from dose

# dermal dose based on scenario 33

avgCBL <-function(dose){

          

        DERM <- dose			# dermal dose (ug/kg/day)

        

        # TIMING COMMANDS ####

        MAXT=0.1       #maximum time step

        times<-seq(initial_params[["TSTART"]],initial_params[["TSTOP"]],by=MAXT)#

        

        # max number of points to write out to file

        POINTS_max<-10000  

        # if the more than 10000 timesteps, select evently spaced 10000 of them for reporting

        report_points<-if(length(times)<=POINTS_max) times else 

          times[seq(1,length(times),by=round(length(times)/POINTS_max))]

        table(report_points%in%times)#check all report values are in times.

        

        

        # STATE####

        # Subject specific UPDATES to the initial value of state varibles

        state<-state_fun()

        

        All_Dose<-data.frame(time=times)%>%

          mutate(Level=DERM,

                 BWt=BW_scenario,

                 ddOSE=((DERM*BWt)/initial_params[["MWPAR"]]),#total dermal dose (umol); use when dose is ug/kg

                 pulse1=pulse(t=time,

                              p=initial_params[["YEAR"]]*24,

                              w=initial_params[["W2"]]*24),

                 pulse2=pulse(t=time,

                              p=7*24,

                              w=initial_params[["D2"]]*24),

                 pulse3=pulse(t=time,

                              p=24,

                              w=initial_params[["P2"]]),

                 pulse=pulse1*pulse2*pulse3,

                 DDOSE=ddOSE*pulse,

                 is.change=c(1,diff(pulse)))%>%

          filter(is.change!=0)

        

        #~~~~APPLY MODEL~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~#### 

        # Do parallel for speed

        c1<-makeCluster(min(cores,n_distinct(All_Dose$Level))) # cluster for parallel 

        timestamp()

        modelOutput<-parLapply(c1,split(All_Dose,All_Dose$Level), function (LL,ini_par,st,t){

          #load data into cores

          source("human_pbpk.R")

          # Create dataframe of "events"that describe the dosing, which informs the

          # ODE function, and needs to have columns "var" = the state_variable that needs

          # to be changed,"time"= when the changes occurs,"value"=the value being changed

          # to,& "method"= how the new value interacts with the previous state variable

          # value. See ?deSolve::lsodes and ?deSolve::events.

          

          eventDat<-rbind(data.frame(var="TDDOSE",time=LL$time,

                                     value=LL$DDOSE,	 

                                     method="add",stringsAsFactors = FALSE),  # ("replace", "add", "multiply")

                          data.frame(var="ASURF",time=LL$time,

                                     value=LL$DDOSE,	 

                                     method="replace",stringsAsFactors = FALSE),

                          data.frame(var="DDOSE",time=LL$time,

                                     value=LL$DDOSE,	 

                                     method="add",stringsAsFactors = FALSE)

          )

          

          # DERIVITIVE ####

          # RUN MODEL 

          modelOutput<- ode(y = st, times = t,  #method = "lsodes",

                            func = Human_Model, parms = ini_par,

                            events = list(data = eventDat[order(eventDat$time),]))

          result <- within(as.data.frame(modelOutput),{Level<-LL$Level[[1]]})

          return(result)

        },ini_par=initial_params,st=state,t=times)

        stopCluster(c1)

        timestamp()

        ModelOutput<-do.call(rbind,modelOutput)##make big dataframe for evaluation

        

        return(mean(tail(ModelOutput$CBL,240)))

}



minRBCCE <-function(dose){

  

  DERM <- dose			# dermal dose (ug/kg/day)

  

  # TIMING COMMANDS ####

  MAXT=0.1       #maximum time step

  times<-seq(initial_params[["TSTART"]],initial_params[["TSTOP"]],by=MAXT)#

  

  # max number of points to write out to file

  POINTS_max<-10000  

  # if the more than 10000 timesteps, select evently spaced 10000 of them for reporting

  report_points<-if(length(times)<=POINTS_max) times else 

    times[seq(1,length(times),by=round(length(times)/POINTS_max))]

  table(report_points%in%times)#check all report values are in times.

  

  

  # STATE####

  # Subject specific UPDATES to the initial value of state varibles

  state<-state_fun()

  

  All_Dose<-data.frame(time=times)%>%

    mutate(Level=DERM,

           BWt=BW_scenario,

           ddOSE=((DERM*BWt)/initial_params[["MWPAR"]]),#total dermal dose (umol); use when dose is ug/kg

           pulse1=pulse(t=time,

                        p=initial_params[["YEAR"]]*24,

                        w=initial_params[["W2"]]*24),

           pulse2=pulse(t=time,

                        p=7*24,

                        w=initial_params[["D2"]]*24),

           pulse3=pulse(t=time,

                        p=24,

                        w=initial_params[["P2"]]),

           pulse=pulse1*pulse2*pulse3,

           DDOSE=ddOSE*pulse,

           is.change=c(1,diff(pulse)))%>%

    filter(is.change!=0)

  

  #~~~~APPLY MODEL~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~#### 

  # Do parallel for speed

  c1<-makeCluster(min(cores,n_distinct(All_Dose$Level))) # cluster for parallel 

  timestamp()

  modelOutput<-parLapply(c1,split(All_Dose,All_Dose$Level), function (LL,ini_par,st,t){

    #load data into cores

    source("human_pbpk.R")

    # Create dataframe of "events"that describe the dosing, which informs the

    # ODE function, and needs to have columns "var" = the state_variable that needs

    # to be changed,"time"= when the changes occurs,"value"=the value being changed

    # to,& "method"= how the new value interacts with the previous state variable

    # value. See ?deSolve::lsodes and ?deSolve::events.

    

    eventDat<-rbind(data.frame(var="TDDOSE",time=LL$time,

                               value=LL$DDOSE,	 

                               method="add",stringsAsFactors = FALSE),  # ("replace", "add", "multiply")

                    data.frame(var="ASURF",time=LL$time,

                               value=LL$DDOSE,	 

                               method="replace",stringsAsFactors = FALSE),

                    data.frame(var="DDOSE",time=LL$time,

                               value=LL$DDOSE,	 

                               method="add",stringsAsFactors = FALSE)

    )

    

    # DERIVITIVE ####

    # RUN MODEL 

    modelOutput<- ode(y = st, times = t,  #method = "lsodes",

                      func = Human_Model, parms = ini_par,

                      events = list(data = eventDat[order(eventDat$time),]))

    result <- within(as.data.frame(modelOutput),{Level<-LL$Level[[1]]})

    return(result)

  },ini_par=initial_params,st=state,t=times)

  stopCluster(c1)

  timestamp()

  ModelOutput<-do.call(rbind,modelOutput)##make big dataframe for evaluation

  

  return(min(ModelOutput$RBCCE))

}



just_run_model <-function(dose){

  

  DERM <- dose			# dermal dose (ug/kg/day)

  

  # TIMING COMMANDS ####

  MAXT=0.1       #maximum time step

  times<-seq(initial_params[["TSTART"]],initial_params[["TSTOP"]],by=MAXT)#

  

  # max number of points to write out to file

  POINTS_max<-10000  

  # if the more than 10000 timesteps, select evently spaced 10000 of them for reporting

  report_points<-if(length(times)<=POINTS_max) times else 

    times[seq(1,length(times),by=round(length(times)/POINTS_max))]

  table(report_points%in%times)#check all report values are in times.

  

  

  # STATE####

  # Subject specific UPDATES to the initial value of state varibles

  state<-state_fun()

  

  All_Dose<-data.frame(time=times)%>%

    mutate(Level=DERM,

           BWt=BW_scenario,

           ddOSE=((DERM*BWt)/initial_params[["MWPAR"]]),#total dermal dose (umol); use when dose is ug/kg

           pulse1=pulse(t=time,

                        p=initial_params[["YEAR"]]*24,

                        w=initial_params[["W2"]]*24),

           pulse2=pulse(t=time,

                        p=7*24,

                        w=initial_params[["D2"]]*24),

           pulse3=pulse(t=time,

                        p=24,

                        w=initial_params[["P2"]]),

           pulse=pulse1*pulse2*pulse3,

           DDOSE=ddOSE*pulse,

           is.change=c(1,diff(pulse)))%>%

    filter(is.change!=0)

  

  #~~~~APPLY MODEL~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~#### 

  # Do parallel for speed

  c1<-makeCluster(min(cores,n_distinct(All_Dose$Level))) # cluster for parallel 

  timestamp()

  modelOutput<-parLapply(c1,split(All_Dose,All_Dose$Level), function (LL,ini_par,st,t){

    #load data into cores

    source("human_pbpk.R")

    # Create dataframe of "events"that describe the dosing, which informs the

    # ODE function, and needs to have columns "var" = the state_variable that needs

    # to be changed,"time"= when the changes occurs,"value"=the value being changed

    # to,& "method"= how the new value interacts with the previous state variable

    # value. See ?deSolve::lsodes and ?deSolve::events.

    

    eventDat<-rbind(data.frame(var="TDDOSE",time=LL$time,

                               value=LL$DDOSE,	 

                               method="add",stringsAsFactors = FALSE),  # ("replace", "add", "multiply")

                    data.frame(var="ASURF",time=LL$time,

                               value=LL$DDOSE,	 

                               method="replace",stringsAsFactors = FALSE),

                    data.frame(var="DDOSE",time=LL$time,

                               value=LL$DDOSE,	 

                               method="add",stringsAsFactors = FALSE)

    )

    

    # DERIVITIVE ####

    # RUN MODEL 

    modelOutput<- ode(y = st, times = t,  #method = "lsodes",

                      func = Human_Model, parms = ini_par,

                      events = list(data = eventDat[order(eventDat$time),]))

    result <- within(as.data.frame(modelOutput),{Level<-LL$Level[[1]]})

    return(result)

  },ini_par=initial_params,st=state,t=times)

  stopCluster(c1)

  timestamp()

  ModelOutput<-do.call(rbind,modelOutput)##make big dataframe for evaluation

  

  return(ModelOutput)

}



PODcost <- function(test_dose){

  

  # POD calculation

  test_result <- minRBCCE(test_dose*1000)

  test_error <- (test_result - 90.0)

  

  print(sprintf("%f  %f",test_dose,test_result))

  flush.console()

  return(test_error*test_error)

}



cost <- function(test_dose){

  

  test_result <- avgCBL(test_dose*1000)

  

  test_error <- (test_result - ac_50)

  

  print(sprintf("%f  %f",test_dose,test_result))

  flush.console()

  return(test_error*test_error)

}



final_dose <- optim(par = 4500, PODcost, method = "Brent",lower = 500, upper = 50000, control = list(reltol = 1e-3))



dose <- final_dose$par # mg/kg/day

ModelOutput <- just_run_model(dose*1000)



dose # mg/kg/day

min(ModelOutput$RBCCE)

flush.console()


#clear workspace

rm(list = ls())



#set the working directory to the location of these scripts

#setwd(dirname(rstudioapi::getActiveDocumentContext()$path))



ac_50 = -999

scenario_number = 53

BW_scenario = 69

subject_age = 21

derm_pct = 0.01/8

Ndays = 123

dpw = 7

hpd = 1.5



#Environment####

library(dplyr)

library(tidyr)

library(parallel)

# number of cores avaiable on current machine

tot_cores<-detectCores(all.tests = FALSE, logical = TRUE)  

cores<-tot_cores-1 # leave one core for other tasks 



source("human_pbpk.R") # Loads model and base parameters

source("malathion_human_parameters.R") # male and female specific parameters



# Intial_parameters####

sex = 1						 # 0=male, 1= Female

params<-c(params[!names(params)%in%names(human_parameters[[sex+1]])],

          human_parameters[[sex+1]])



# case-specific parameters

params[["TSTART"]]<-0.0             # START SIMULATION (HR)

params[["TSTOP"]]=Ndays*24      			 # Simulation duration 

params[["BWSW"]] = 1   	 				# Switch for age (set =0) or set (set =1) if bwt provided

params[["BWST"]]= BW_scenario   	 				# kg

params[["AGE0"]]=subject_age

params[["DERMPERCNT"]]=derm_pct     

params[["DZONE"]]=1             #turn dermal on

params[["TCHNG"]] = Ndays*24 					# Total exposure duration - h 

params[["DZONE"]] = 1						 # Turning dermal exposures on/off



params[["W2"]] = Ndays               #days exposed per year

params[["D2"]] = dpw                #days exposed per week

params[["P2"]] = hpd                #hours exposed per day



# combine or replace "base" parameters with case specific human parameters, carring out any calcuated paramters which are function of other specific case parameters 

initial_params <- initial_params_fun(params)



# get blood concentration resulting from dose

# dermal dose based on scenario 33

avgCBLO <-function(dose){

          

          DERM <- dose			# dermal dose (ug/kg/day)

        

        # TIMING COMMANDS ####

        MAXT=0.1       #maximum time step

        times<-seq(initial_params[["TSTART"]],initial_params[["TSTOP"]],by=MAXT)#

        

        # max number of points to write out to file

        POINTS_max<-10000  

        # if the more than 10000 timesteps, select evently spaced 10000 of them for reporting

        report_points<-if(length(times)<=POINTS_max) times else 

          times[seq(1,length(times),by=round(length(times)/POINTS_max))]

        table(report_points%in%times)#check all report values are in times.

        

        

        # STATE####

        # Subject specific UPDATES to the initial value of state varibles

        state<-state_fun()

        

        All_Dose<-data.frame(time=times)%>%

          mutate(Level=DERM,

                 BWt=sapply(time,BWT_fun),

                 ddOSE=((DERM*BWt)/initial_params[["MWOXON"]]),#total dermal dose (umol); use when dose is ug/kg

                 pulse1=pulse(t=time,

                              p=initial_params[["YEAR"]]*24,

                              w=initial_params[["W2"]]*24),

                 pulse2=pulse(t=time,

                              p=7*24,

                              w=initial_params[["D2"]]*24),

                 pulse3=pulse(t=time,

                              p=24,

                              w=initial_params[["P2"]]),

                 pulse=pulse1*pulse2*pulse3,

                 DDOSEO=ddOSE*pulse,

                 is.change=c(1,diff(pulse)))%>%

          filter(is.change!=0)

        

        #~~~~APPLY MODEL~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~#### 

        # Do parallel for speed

        c1<-makeCluster(min(cores,n_distinct(All_Dose$Level))) # cluster for parallel 

        timestamp()

        modelOutput<-parLapply(c1,split(All_Dose,All_Dose$Level), function (LL,ini_par,st,t){

          #load data into cores

          source("human_pbpk.R")

          # Create dataframe of "events"that describe the dosing, which informs the

          # ODE function, and needs to have columns "var" = the state_variable that needs

          # to be changed,"time"= when the changes occurs,"value"=the value being changed

          # to,& "method"= how the new value interacts with the previous state variable

          # value. See ?deSolve::lsodes and ?deSolve::events.

          

          eventDat<-rbind(data.frame(var="TDDOSEO",time=LL$time,

                                     value=LL$DDOSEO,	 

                                     method="add",stringsAsFactors = FALSE),  # ("replace", "add", "multiply")

                          data.frame(var="ASURFO",time=LL$time,

                                     value=LL$DDOSEO,	 

                                     method="replace",stringsAsFactors = FALSE),

                          data.frame(var="DDOSEO",time=LL$time,

                                     value=LL$DDOSEO,	 

                                     method="add",stringsAsFactors = FALSE)

          )

          

          # DERIVITIVE ####

          # RUN MODEL 

          modelOutput<- ode(y = st, times = t,  #method = "lsodes",

                            func = Human_Model, parms = ini_par,

                            events = list(data = eventDat[order(eventDat$time),]))

          result <- within(as.data.frame(modelOutput),{Level<-LL$Level[[1]]})

          return(result)

        },ini_par=initial_params,st=state,t=times)

        stopCluster(c1)

        timestamp()

        ModelOutput<-do.call(rbind,modelOutput)##make big dataframe for evaluation

        

        return(mean(tail(ModelOutput$CBLO,240)))

}



just_run_model <-function(dose){

  

  DERM <- dose			# dermal dose (ug/kg/day)

  

  # TIMING COMMANDS ####

  MAXT=0.1       #maximum time step

  times<-seq(initial_params[["TSTART"]],initial_params[["TSTOP"]],by=MAXT)#

  

  # max number of points to write out to file

  POINTS_max<-10000  

  # if the more than 10000 timesteps, select evently spaced 10000 of them for reporting

  report_points<-if(length(times)<=POINTS_max) times else 

    times[seq(1,length(times),by=round(length(times)/POINTS_max))]

  table(report_points%in%times)#check all report values are in times.

  

  

  # STATE####

  # Subject specific UPDATES to the initial value of state varibles

  state<-state_fun()

  

  All_Dose<-data.frame(time=times)%>%

    mutate(Level=DERM,

           BWt=sapply(time,BWT_fun),

           ddOSE=((DERM*BWt)/initial_params[["MWOXON"]]),#total dermal dose (umol); use when dose is ug/kg

           pulse1=pulse(t=time,

                        p=initial_params[["YEAR"]]*24,

                        w=initial_params[["W2"]]*24),

           pulse2=pulse(t=time,

                        p=7*24,

                        w=initial_params[["D2"]]*24),

           pulse3=pulse(t=time,

                        p=24,

                        w=initial_params[["P2"]]),

           pulse=pulse1*pulse2*pulse3,

           DDOSEO=ddOSE*pulse,

           is.change=c(1,diff(pulse)))%>%

    filter(is.change!=0)

  

  #~~~~APPLY MODEL~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~#### 

  # Do parallel for speed

  c1<-makeCluster(min(cores,n_distinct(All_Dose$Level))) # cluster for parallel 

  timestamp()

  modelOutput<-parLapply(c1,split(All_Dose,All_Dose$Level), function (LL,ini_par,st,t){

    #load data into cores

    source("human_pbpk.R")

    # Create dataframe of "events"that describe the dosing, which informs the

    # ODE function, and needs to have columns "var" = the state_variable that needs

    # to be changed,"time"= when the changes occurs,"value"=the value being changed

    # to,& "method"= how the new value interacts with the previous state variable

    # value. See ?deSolve::lsodes and ?deSolve::events.

    

    eventDat<-rbind(data.frame(var="TDDOSEO",time=LL$time,

                               value=LL$DDOSEO,	 

                               method="add",stringsAsFactors = FALSE),  # ("replace", "add", "multiply")

                    data.frame(var="ASURFO",time=LL$time,

                               value=LL$DDOSEO,	 

                               method="replace",stringsAsFactors = FALSE),

                    data.frame(var="DDOSEO",time=LL$time,

                               value=LL$DDOSEO,	 

                               method="add",stringsAsFactors = FALSE)

    )

    

    # DERIVITIVE ####

    # RUN MODEL 

    modelOutput<- ode(y = st, times = t,  #method = "lsodes",

                      func = Human_Model, parms = ini_par,

                      events = list(data = eventDat[order(eventDat$time),]))

    result <- within(as.data.frame(modelOutput),{Level<-LL$Level[[1]]})

    return(result)

  },ini_par=initial_params,st=state,t=times)

  stopCluster(c1)

  timestamp()

  ModelOutput<-do.call(rbind,modelOutput)##make big dataframe for evaluation

  

  return(ModelOutput)

}







cost <- function(test_dose){

  

  # POD calculation

  test_result <- minRBCCE(test_dose*1000)

  test_error <- (test_result - 90.0)

  

  print(sprintf("%f  %f",test_dose,test_result))

  flush.console()

  return(test_error*test_error)

}





final_dose <- optim(par = 600, cost, method = "Brent",lower = 1e2, upper = 3e6, control = list(reltol = 1e-3))



# run the model for the calculated dose!

dose <- final_dose$par # mg/kg/day

ModelOutput <- just_run_model(dose*1000)



dose # mg/kg/day

min(ModelOutput$RBCCE)




#clear workspace

rm(list = ls())



#set the working directory to the location of these scripts

#setwd(dirname(rstudioapi::getActiveDocumentContext()$path))



ac_50 = -999

scenario_number = 53

BW_scenario = 69 #kg

subject_age = 21

derm_pct = 0.01/8

Ndays <- 123

dpw = 7

hpd = 1.5



#Environment####

library(dplyr)

library(tidyr)

library(parallel)

# number of cores avaiable on current machine

tot_cores<-detectCores(all.tests = FALSE, logical = TRUE)  

cores<-tot_cores-1 # leave one core for other tasks 



source("human_pbpk.R") # Loads model and base parameters

source("malathion_human_parameters.R") # male and female specific parameters



# Intial_parameters####

sex = 1						 # 0=male, 1= Female

params<-c(params[!names(params)%in%names(human_parameters[[sex+1]])],

          human_parameters[[sex+1]])



# case-specific parameters

params[["TSTART"]]<-0.0             # START SIMULATION (HR)

params[["TSTOP"]]=Ndays*24      			 # Simulation duration 

params[["BWSW"]] = 1   	 				# Switch for age (set =0) or set (set =1) if bwt provided

params[["BWST"]]= BW_scenario   	 				# kg

params[["AGE0"]]=subject_age

params[["DERMPERCNT"]]=derm_pct     

params[["DZONE"]]=1             #turn dermal on

params[["TCHNG"]] = Ndays*24 					# Total exposure duration - h 

params[["DZONE"]] = 1						 # Turning dermal exposures on/off



params[["W2"]] = Ndays               #days exposed per year

params[["D2"]] = dpw                #days exposed per week

params[["P2"]] = hpd                #hours exposed per day



# combine or replace "base" parameters with case specific human parameters, carring out any calcuated paramters which are function of other specific case parameters 

initial_params <- initial_params_fun(params)



# get blood concentration resulting from dose

# dermal dose based on scenario 33

avgCBL <-function(dose){

          

          DERM <- dose			# dermal dose (ug/kg/day)

        

        # TIMING COMMANDS ####

        MAXT=0.1       #maximum time step

        times<-seq(initial_params[["TSTART"]],initial_params[["TSTOP"]],by=MAXT)#

        

        # max number of points to write out to file

        POINTS_max<-10000  

        # if the more than 10000 timesteps, select evently spaced 10000 of them for reporting

        report_points<-if(length(times)<=POINTS_max) times else 

          times[seq(1,length(times),by=round(length(times)/POINTS_max))]

        table(report_points%in%times)#check all report values are in times.

        

        

        # STATE####

        # Subject specific UPDATES to the initial value of state varibles

        state<-state_fun()

        

        All_Dose<-data.frame(time=times)%>%

          mutate(Level=DERM,

                 BWt=BW_scenario,

                 ddOSE=((DERM*BWt)/initial_params[["MWPAR"]]),#total dermal dose (umol); use when dose is ug/kg

                 pulse1=pulse(t=time,

                              p=initial_params[["YEAR"]]*24,

                              w=initial_params[["W2"]]*24),

                 pulse2=pulse(t=time,

                              p=7*24,

                              w=initial_params[["D2"]]*24),

                 pulse3=pulse(t=time,

                              p=24,

                              w=initial_params[["P2"]]),

                 pulse=pulse1*pulse2*pulse3,

                 DDOSE=ddOSE*pulse,

                 is.change=c(1,diff(pulse)))%>%

          filter(is.change!=0)

        

        #~~~~APPLY MODEL~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~#### 

        # Do parallel for speed

        c1<-makeCluster(min(cores,n_distinct(All_Dose$Level))) # cluster for parallel 

        timestamp()

        modelOutput<-parLapply(c1,split(All_Dose,All_Dose$Level), function (LL,ini_par,st,t){

          #load data into cores

          source("human_pbpk.R")

          # Create dataframe of "events"that describe the dosing, which informs the

          # ODE function, and needs to have columns "var" = the state_variable that needs

          # to be changed,"time"= when the changes occurs,"value"=the value being changed

          # to,& "method"= how the new value interacts with the previous state variable

          # value. See ?deSolve::lsodes and ?deSolve::events.

          

          eventDat<-rbind(data.frame(var="TDDOSE",time=LL$time,

                                     value=LL$DDOSE,	 

                                     method="add",stringsAsFactors = FALSE),  # ("replace", "add", "multiply")

                          data.frame(var="ASURF",time=LL$time,

                                     value=LL$DDOSE,	 

                                     method="replace",stringsAsFactors = FALSE),

                          data.frame(var="DDOSE",time=LL$time,

                                     value=LL$DDOSE,	 

                                     method="add",stringsAsFactors = FALSE)

          )

          

          # DERIVITIVE ####

          # RUN MODEL 

          modelOutput<- ode(y = st, times = t,  #method = "lsodes",

                            func = Human_Model, parms = ini_par,

                            events = list(data = eventDat[order(eventDat$time),]))

          result <- within(as.data.frame(modelOutput),{Level<-LL$Level[[1]]})

          return(result)

        },ini_par=initial_params,st=state,t=times)

        stopCluster(c1)

        timestamp()

        ModelOutput<-do.call(rbind,modelOutput)##make big dataframe for evaluation

        

        return(mean(tail(ModelOutput$CBL,240)))

}



minRBCCE <-function(dose){

  

  DERM <- dose			# dermal dose (ug/kg/day)

  

  # TIMING COMMANDS ####

  MAXT=0.1       #maximum time step

  times<-seq(initial_params[["TSTART"]],initial_params[["TSTOP"]],by=MAXT)#

  

  # max number of points to write out to file

  POINTS_max<-10000  

  # if the more than 10000 timesteps, select evently spaced 10000 of them for reporting

  report_points<-if(length(times)<=POINTS_max) times else 

    times[seq(1,length(times),by=round(length(times)/POINTS_max))]

  table(report_points%in%times)#check all report values are in times.

  

  

  # STATE####

  # Subject specific UPDATES to the initial value of state varibles

  state<-state_fun()

  

  All_Dose<-data.frame(time=times)%>%

    mutate(Level=DERM,

           BWt=BW_scenario,

           ddOSE=((DERM*BWt)/initial_params[["MWPAR"]]),#total dermal dose (umol); use when dose is ug/kg

           pulse1=pulse(t=time,

                        p=initial_params[["YEAR"]]*24,

                        w=initial_params[["W2"]]*24),

           pulse2=pulse(t=time,

                        p=7*24,

                        w=initial_params[["D2"]]*24),

           pulse3=pulse(t=time,

                        p=24,

                        w=initial_params[["P2"]]),

           pulse=pulse1*pulse2*pulse3,

           DDOSE=ddOSE*pulse,

           is.change=c(1,diff(pulse)))%>%

    filter(is.change!=0)

  

  #~~~~APPLY MODEL~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~#### 

  # Do parallel for speed

  c1<-makeCluster(min(cores,n_distinct(All_Dose$Level))) # cluster for parallel 

  timestamp()

  modelOutput<-parLapply(c1,split(All_Dose,All_Dose$Level), function (LL,ini_par,st,t){

    #load data into cores

    source("human_pbpk.R")

    # Create dataframe of "events"that describe the dosing, which informs the

    # ODE function, and needs to have columns "var" = the state_variable that needs

    # to be changed,"time"= when the changes occurs,"value"=the value being changed

    # to,& "method"= how the new value interacts with the previous state variable

    # value. See ?deSolve::lsodes and ?deSolve::events.

    

    eventDat<-rbind(data.frame(var="TDDOSE",time=LL$time,

                               value=LL$DDOSE,	 

                               method="add",stringsAsFactors = FALSE),  # ("replace", "add", "multiply")

                    data.frame(var="ASURF",time=LL$time,

                               value=LL$DDOSE,	 

                               method="replace",stringsAsFactors = FALSE),

                    data.frame(var="DDOSE",time=LL$time,

                               value=LL$DDOSE,	 

                               method="add",stringsAsFactors = FALSE)

    )

    

    # DERIVITIVE ####

    # RUN MODEL 

    modelOutput<- ode(y = st, times = t,  #method = "lsodes",

                      func = Human_Model, parms = ini_par,

                      events = list(data = eventDat[order(eventDat$time),]))

    result <- within(as.data.frame(modelOutput),{Level<-LL$Level[[1]]})

    return(result)

  },ini_par=initial_params,st=state,t=times)

  stopCluster(c1)

  timestamp()

  ModelOutput<-do.call(rbind,modelOutput)##make big dataframe for evaluation

  

  return(min(ModelOutput$RBCCE))

}



just_run_model <-function(dose){

  

  DERM <- dose			# dermal dose (ug/kg/day)

  

  # TIMING COMMANDS ####

  MAXT=0.1       #maximum time step

  times<-seq(initial_params[["TSTART"]],initial_params[["TSTOP"]],by=MAXT)#

  

  # max number of points to write out to file

  POINTS_max<-10000  

  # if the more than 10000 timesteps, select evently spaced 10000 of them for reporting

  report_points<-if(length(times)<=POINTS_max) times else 

    times[seq(1,length(times),by=round(length(times)/POINTS_max))]

  table(report_points%in%times)#check all report values are in times.

  

  

  # STATE####

  # Subject specific UPDATES to the initial value of state varibles

  state<-state_fun()

  

  All_Dose<-data.frame(time=times)%>%

    mutate(Level=DERM,

           BWt=BW_scenario,

           ddOSE=((DERM*BWt)/initial_params[["MWPAR"]]),#total dermal dose (umol); use when dose is ug/kg

           pulse1=pulse(t=time,

                        p=initial_params[["YEAR"]]*24,

                        w=initial_params[["W2"]]*24),

           pulse2=pulse(t=time,

                        p=7*24,

                        w=initial_params[["D2"]]*24),

           pulse3=pulse(t=time,

                        p=24,

                        w=initial_params[["P2"]]),

           pulse=pulse1*pulse2*pulse3,

           DDOSE=ddOSE*pulse,

           is.change=c(1,diff(pulse)))%>%

    filter(is.change!=0)

  

  #~~~~APPLY MODEL~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~#### 

  # Do parallel for speed

  c1<-makeCluster(min(cores,n_distinct(All_Dose$Level))) # cluster for parallel 

  timestamp()

  modelOutput<-parLapply(c1,split(All_Dose,All_Dose$Level), function (LL,ini_par,st,t){

    #load data into cores

    source("human_pbpk.R")

    # Create dataframe of "events"that describe the dosing, which informs the

    # ODE function, and needs to have columns "var" = the state_variable that needs

    # to be changed,"time"= when the changes occurs,"value"=the value being changed

    # to,& "method"= how the new value interacts with the previous state variable

    # value. See ?deSolve::lsodes and ?deSolve::events.

    

    eventDat<-rbind(data.frame(var="TDDOSE",time=LL$time,

                               value=LL$DDOSE,	 

                               method="add",stringsAsFactors = FALSE),  # ("replace", "add", "multiply")

                    data.frame(var="ASURF",time=LL$time,

                               value=LL$DDOSE,	 

                               method="replace",stringsAsFactors = FALSE),

                    data.frame(var="DDOSE",time=LL$time,

                               value=LL$DDOSE,	 

                               method="add",stringsAsFactors = FALSE)

    )

    

    # DERIVITIVE ####

    # RUN MODEL 

    modelOutput<- ode(y = st, times = t,  #method = "lsodes",

                      func = Human_Model, parms = ini_par,

                      events = list(data = eventDat[order(eventDat$time),]))

    result <- within(as.data.frame(modelOutput),{Level<-LL$Level[[1]]})

    return(result)

  },ini_par=initial_params,st=state,t=times)

  stopCluster(c1)

  timestamp()

  ModelOutput<-do.call(rbind,modelOutput)##make big dataframe for evaluation

  

  return(ModelOutput)

}



PODcost <- function(test_dose){

  

  # POD calculation

  test_result <- minRBCCE(test_dose*1000)

  test_error <- (test_result - 90.0)

  

  print(sprintf("%f  %f",test_dose,test_result))

  flush.console()

  return(test_error*test_error)

}



cost <- function(test_dose){

  

  test_result <- avgCBL(test_dose*1000)

  

  test_error <- (test_result - ac_50)

  

  print(sprintf("%f  %f",test_dose,test_result))

  flush.console()

  return(test_error*test_error)

}



final_dose <- optim(par = 13500, PODcost, method = "Brent",lower = 2500, upper = 100000, control = list(reltol = 1e-3))



dose <- final_dose$par # mg/kg/day

ModelOutput <- just_run_model(dose*1000)



dose # mg/kg/day

min(ModelOutput$RBCCE)

flush.console()


#clear workspace

rm(list = ls())



#set the working directory to the location of these scripts

#setwd(dirname(rstudioapi::getActiveDocumentContext()$path))



ac_50 = -999

scenario_number = 54

BW_scenario = 11

subject_age = 1.5

derm_pct = 0.01/8

Ndays = 123

dpw = 7

hpd = 1.5



#Environment####

library(dplyr)

library(tidyr)

library(parallel)

# number of cores avaiable on current machine

tot_cores<-detectCores(all.tests = FALSE, logical = TRUE)  

cores<-tot_cores-1 # leave one core for other tasks 



source("human_pbpk.R") # Loads model and base parameters

source("malathion_human_parameters.R") # male and female specific parameters



# Intial_parameters####

sex = 1						 # 0=male, 1= Female

params<-c(params[!names(params)%in%names(human_parameters[[sex+1]])],

          human_parameters[[sex+1]])



# case-specific parameters

params[["TSTART"]]<-0.0             # START SIMULATION (HR)

params[["TSTOP"]]=Ndays*24      			 # Simulation duration 

params[["BWSW"]] = 1   	 				# Switch for age (set =0) or set (set =1) if bwt provided

params[["BWST"]]= BW_scenario   	 				# kg

params[["AGE0"]]=subject_age

params[["DERMPERCNT"]]=derm_pct     

params[["DZONE"]]=1             #turn dermal on

params[["TCHNG"]] = Ndays*24 					# Total exposure duration - h 

params[["DZONE"]] = 1						 # Turning dermal exposures on/off



params[["W2"]] = Ndays               #days exposed per year

params[["D2"]] = dpw                #days exposed per week

params[["P2"]] = hpd                #hours exposed per day



# combine or replace "base" parameters with case specific human parameters, carring out any calcuated paramters which are function of other specific case parameters 

initial_params <- initial_params_fun(params)



# get blood concentration resulting from dose

# dermal dose based on scenario 33

avgCBLO <-function(dose){

          

          DERM <- dose			# dermal dose (ug/kg/day)

        

        # TIMING COMMANDS ####

        MAXT=0.1       #maximum time step

        times<-seq(initial_params[["TSTART"]],initial_params[["TSTOP"]],by=MAXT)#

        

        # max number of points to write out to file

        POINTS_max<-10000  

        # if the more than 10000 timesteps, select evently spaced 10000 of them for reporting

        report_points<-if(length(times)<=POINTS_max) times else 

          times[seq(1,length(times),by=round(length(times)/POINTS_max))]

        table(report_points%in%times)#check all report values are in times.

        

        

        # STATE####

        # Subject specific UPDATES to the initial value of state varibles

        state<-state_fun()

        

        All_Dose<-data.frame(time=times)%>%

          mutate(Level=DERM,

                 BWt=sapply(time,BWT_fun),

                 ddOSE=((DERM*BWt)/initial_params[["MWOXON"]]),#total dermal dose (umol); use when dose is ug/kg

                 pulse1=pulse(t=time,

                              p=initial_params[["YEAR"]]*24,

                              w=initial_params[["W2"]]*24),

                 pulse2=pulse(t=time,

                              p=7*24,

                              w=initial_params[["D2"]]*24),

                 pulse3=pulse(t=time,

                              p=24,

                              w=initial_params[["P2"]]),

                 pulse=pulse1*pulse2*pulse3,

                 DDOSEO=ddOSE*pulse,

                 is.change=c(1,diff(pulse)))%>%

          filter(is.change!=0)

        

        #~~~~APPLY MODEL~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~#### 

        # Do parallel for speed

        c1<-makeCluster(min(cores,n_distinct(All_Dose$Level))) # cluster for parallel 

        timestamp()

        modelOutput<-parLapply(c1,split(All_Dose,All_Dose$Level), function (LL,ini_par,st,t){

          #load data into cores

          source("human_pbpk.R")

          # Create dataframe of "events"that describe the dosing, which informs the

          # ODE function, and needs to have columns "var" = the state_variable that needs

          # to be changed,"time"= when the changes occurs,"value"=the value being changed

          # to,& "method"= how the new value interacts with the previous state variable

          # value. See ?deSolve::lsodes and ?deSolve::events.

          

          eventDat<-rbind(data.frame(var="TDDOSEO",time=LL$time,

                                     value=LL$DDOSEO,	 

                                     method="add",stringsAsFactors = FALSE),  # ("replace", "add", "multiply")

                          data.frame(var="ASURFO",time=LL$time,

                                     value=LL$DDOSEO,	 

                                     method="replace",stringsAsFactors = FALSE),

                          data.frame(var="DDOSEO",time=LL$time,

                                     value=LL$DDOSEO,	 

                                     method="add",stringsAsFactors = FALSE)

          )

          

          # DERIVITIVE ####

          # RUN MODEL 

          modelOutput<- ode(y = st, times = t,  #method = "lsodes",

                            func = Human_Model, parms = ini_par,

                            events = list(data = eventDat[order(eventDat$time),]))

          result <- within(as.data.frame(modelOutput),{Level<-LL$Level[[1]]})

          return(result)

        },ini_par=initial_params,st=state,t=times)

        stopCluster(c1)

        timestamp()

        ModelOutput<-do.call(rbind,modelOutput)##make big dataframe for evaluation

        

        return(mean(tail(ModelOutput$CBLO,240)))

}



just_run_model <-function(dose){

  

  DERM <- dose			# dermal dose (ug/kg/day)

  

  # TIMING COMMANDS ####

  MAXT=0.1       #maximum time step

  times<-seq(initial_params[["TSTART"]],initial_params[["TSTOP"]],by=MAXT)#

  

  # max number of points to write out to file

  POINTS_max<-10000  

  # if the more than 10000 timesteps, select evently spaced 10000 of them for reporting

  report_points<-if(length(times)<=POINTS_max) times else 

    times[seq(1,length(times),by=round(length(times)/POINTS_max))]

  table(report_points%in%times)#check all report values are in times.

  

  

  # STATE####

  # Subject specific UPDATES to the initial value of state varibles

  state<-state_fun()

  

  All_Dose<-data.frame(time=times)%>%

    mutate(Level=DERM,

           BWt=sapply(time,BWT_fun),

           ddOSE=((DERM*BWt)/initial_params[["MWOXON"]]),#total dermal dose (umol); use when dose is ug/kg

           pulse1=pulse(t=time,

                        p=initial_params[["YEAR"]]*24,

                        w=initial_params[["W2"]]*24),

           pulse2=pulse(t=time,

                        p=7*24,

                        w=initial_params[["D2"]]*24),

           pulse3=pulse(t=time,

                        p=24,

                        w=initial_params[["P2"]]),

           pulse=pulse1*pulse2*pulse3,

           DDOSEO=ddOSE*pulse,

           is.change=c(1,diff(pulse)))%>%

    filter(is.change!=0)

  

  #~~~~APPLY MODEL~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~#### 

  # Do parallel for speed

  c1<-makeCluster(min(cores,n_distinct(All_Dose$Level))) # cluster for parallel 

  timestamp()

  modelOutput<-parLapply(c1,split(All_Dose,All_Dose$Level), function (LL,ini_par,st,t){

    #load data into cores

    source("human_pbpk.R")

    # Create dataframe of "events"that describe the dosing, which informs the

    # ODE function, and needs to have columns "var" = the state_variable that needs

    # to be changed,"time"= when the changes occurs,"value"=the value being changed

    # to,& "method"= how the new value interacts with the previous state variable

    # value. See ?deSolve::lsodes and ?deSolve::events.

    

    eventDat<-rbind(data.frame(var="TDDOSEO",time=LL$time,

                               value=LL$DDOSEO,	 

                               method="add",stringsAsFactors = FALSE),  # ("replace", "add", "multiply")

                    data.frame(var="ASURFO",time=LL$time,

                               value=LL$DDOSEO,	 

                               method="replace",stringsAsFactors = FALSE),

                    data.frame(var="DDOSEO",time=LL$time,

                               value=LL$DDOSEO,	 

                               method="add",stringsAsFactors = FALSE)

    )

    

    # DERIVITIVE ####

    # RUN MODEL 

    modelOutput<- ode(y = st, times = t,  #method = "lsodes",

                      func = Human_Model, parms = ini_par,

                      events = list(data = eventDat[order(eventDat$time),]))

    result <- within(as.data.frame(modelOutput),{Level<-LL$Level[[1]]})

    return(result)

  },ini_par=initial_params,st=state,t=times)

  stopCluster(c1)

  timestamp()

  ModelOutput<-do.call(rbind,modelOutput)##make big dataframe for evaluation

  

  return(ModelOutput)

}





cost <- function(test_dose){

  

  # POD calculation

  test_result <- minRBCCE(test_dose*1000)

  test_error <- (test_result - 90.0)

  

  print(sprintf("%f  %f",test_dose,test_result))

  flush.console()

  return(test_error*test_error)

}





final_dose <- optim(par = 600, cost, method = "Brent",lower = 1e2, upper = 3e6, control = list(reltol = 1e-3))



# run the model for the calculated dose!

dose <- final_dose$par # mg/kg/day

ModelOutput <- just_run_model(dose*1000)



dose # mg/kg/day

min(ModelOutput$RBCCE)




#clear workspace

rm(list = ls())



#set the working directory to the location of these scripts

#setwd(dirname(rstudioapi::getActiveDocumentContext()$path))



ac_50 = -999

scenario_number = 54

derm_pct = 0.01/8

subject_age <- 1.5

BW_scenario = 11

Ndays <- 123

dpw = 7

hpd = 1.5



#Environment####

library(dplyr)

library(tidyr)

library(parallel)

# number of cores avaiable on current machine

tot_cores<-detectCores(all.tests = FALSE, logical = TRUE)  

cores<-tot_cores-1 # leave one core for other tasks 



source("human_pbpk.R") # Loads model and base parameters

source("malathion_human_parameters.R") # male and female specific parameters



# Intial_parameters####

sex = 1						 # 0=male, 1= Female

params<-c(params[!names(params)%in%names(human_parameters[[sex+1]])],

          human_parameters[[sex+1]])



# case-specific parameters

params[["TSTART"]]<-0.0             # START SIMULATION (HR)

params[["TSTOP"]]=Ndays*24      			 # Simulation duration

params[["BWSW"]] = 1   	 				# Switch for age (set =0) or set (set =1) if bwt provided

params[["BWST"]]= BW_scenario   	 				# kg

params[["AGE0"]]=subject_age

params[["DERMPERCNT"]]=derm_pct    

params[["DZONE"]]=1             #turn dermal on

params[["TCHNG"]] = Ndays*24 					# Total exposure duration - h 

params[["DZONE"]] = 1						 # Turning dermal exposures on/off



params[["W2"]] = Ndays               #days exposed per year

params[["D2"]] = dpw                #days exposed per week

params[["P2"]] = hpd                #hours exposed per day



# combine or replace "base" parameters with case specific human parameters, carring out any calcuated paramters which are function of other specific case parameters 

initial_params <- initial_params_fun(params)



# get blood concentration resulting from dose

# dermal dose based on scenario 33

avgCBL <-function(dose){

          

          DERM <- dose			# dermal dose (ug/kg/day)

        

        # TIMING COMMANDS ####

        MAXT=0.1       #maximum time step

        times<-seq(initial_params[["TSTART"]],initial_params[["TSTOP"]],by=MAXT)#

        

        # max number of points to write out to file

        POINTS_max<-10000  

        # if the more than 10000 timesteps, select evently spaced 10000 of them for reporting

        report_points<-if(length(times)<=POINTS_max) times else 

          times[seq(1,length(times),by=round(length(times)/POINTS_max))]

        table(report_points%in%times)#check all report values are in times.

        

        

        # STATE####

        # Subject specific UPDATES to the initial value of state varibles

        state<-state_fun()

        

        All_Dose<-data.frame(time=times)%>%

          mutate(Level=DERM,

                 BWt=BW_scenario,

                 ddOSE=((DERM*BWt)/initial_params[["MWPAR"]]),#total dermal dose (umol); use when dose is ug/kg

                 pulse1=pulse(t=time,

                              p=initial_params[["YEAR"]]*24,

                              w=initial_params[["W2"]]*24),

                 pulse2=pulse(t=time,

                              p=7*24,

                              w=initial_params[["D2"]]*24),

                 pulse3=pulse(t=time,

                              p=24,

                              w=initial_params[["P2"]]),

                 pulse=pulse1*pulse2*pulse3,

                 DDOSE=ddOSE*pulse,

                 is.change=c(1,diff(pulse)))%>%

          filter(is.change!=0)

        

        #~~~~APPLY MODEL~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~#### 

        # Do parallel for speed

        c1<-makeCluster(min(cores,n_distinct(All_Dose$Level))) # cluster for parallel 

        timestamp()

        modelOutput<-parLapply(c1,split(All_Dose,All_Dose$Level), function (LL,ini_par,st,t){

          #load data into cores

          source("human_pbpk.R")

          # Create dataframe of "events"that describe the dosing, which informs the

          # ODE function, and needs to have columns "var" = the state_variable that needs

          # to be changed,"time"= when the changes occurs,"value"=the value being changed

          # to,& "method"= how the new value interacts with the previous state variable

          # value. See ?deSolve::lsodes and ?deSolve::events.

          

          eventDat<-rbind(data.frame(var="TDDOSE",time=LL$time,

                                     value=LL$DDOSE,	 

                                     method="add",stringsAsFactors = FALSE),  # ("replace", "add", "multiply")

                          data.frame(var="ASURF",time=LL$time,

                                     value=LL$DDOSE,	 

                                     method="replace",stringsAsFactors = FALSE),

                          data.frame(var="DDOSE",time=LL$time,

                                     value=LL$DDOSE,	 

                                     method="add",stringsAsFactors = FALSE)

          )

          

          # DERIVITIVE ####

          # RUN MODEL 

          modelOutput<- ode(y = st, times = t,  #method = "lsodes",

                            func = Human_Model, parms = ini_par,

                            events = list(data = eventDat[order(eventDat$time),]))

          result <- within(as.data.frame(modelOutput),{Level<-LL$Level[[1]]})

          return(result)

        },ini_par=initial_params,st=state,t=times)

        stopCluster(c1)

        timestamp()

        ModelOutput<-do.call(rbind,modelOutput)##make big dataframe for evaluation

        

        return(mean(tail(ModelOutput$CBL,240)))

}



minRBCCE <-function(dose){

  

  DERM <- dose			# dermal dose (ug/kg/day)

  

  # TIMING COMMANDS ####

  MAXT=0.1       #maximum time step

  times<-seq(initial_params[["TSTART"]],initial_params[["TSTOP"]],by=MAXT)#

  

  # max number of points to write out to file

  POINTS_max<-10000  

  # if the more than 10000 timesteps, select evently spaced 10000 of them for reporting

  report_points<-if(length(times)<=POINTS_max) times else 

    times[seq(1,length(times),by=round(length(times)/POINTS_max))]

  table(report_points%in%times)#check all report values are in times.

  

  

  # STATE####

  # Subject specific UPDATES to the initial value of state varibles

  state<-state_fun()

  

  All_Dose<-data.frame(time=times)%>%

    mutate(Level=DERM,

           BWt=BW_scenario,

           ddOSE=((DERM*BWt)/initial_params[["MWPAR"]]),#total dermal dose (umol); use when dose is ug/kg

           pulse1=pulse(t=time,

                        p=initial_params[["YEAR"]]*24,

                        w=initial_params[["W2"]]*24),

           pulse2=pulse(t=time,

                        p=7*24,

                        w=initial_params[["D2"]]*24),

           pulse3=pulse(t=time,

                        p=24,

                        w=initial_params[["P2"]]),

           pulse=pulse1*pulse2*pulse3,

           DDOSE=ddOSE*pulse,

           is.change=c(1,diff(pulse)))%>%

    filter(is.change!=0)

  

  #~~~~APPLY MODEL~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~#### 

  # Do parallel for speed

  c1<-makeCluster(min(cores,n_distinct(All_Dose$Level))) # cluster for parallel 

  timestamp()

  modelOutput<-parLapply(c1,split(All_Dose,All_Dose$Level), function (LL,ini_par,st,t){

    #load data into cores

    source("human_pbpk.R")

    # Create dataframe of "events"that describe the dosing, which informs the

    # ODE function, and needs to have columns "var" = the state_variable that needs

    # to be changed,"time"= when the changes occurs,"value"=the value being changed

    # to,& "method"= how the new value interacts with the previous state variable

    # value. See ?deSolve::lsodes and ?deSolve::events.

    

    eventDat<-rbind(data.frame(var="TDDOSE",time=LL$time,

                               value=LL$DDOSE,	 

                               method="add",stringsAsFactors = FALSE),  # ("replace", "add", "multiply")

                    data.frame(var="ASURF",time=LL$time,

                               value=LL$DDOSE,	 

                               method="replace",stringsAsFactors = FALSE),

                    data.frame(var="DDOSE",time=LL$time,

                               value=LL$DDOSE,	 

                               method="add",stringsAsFactors = FALSE)

    )

    

    # DERIVITIVE ####

    # RUN MODEL 

    modelOutput<- ode(y = st, times = t,  #method = "lsodes",

                      func = Human_Model, parms = ini_par,

                      events = list(data = eventDat[order(eventDat$time),]))

    result <- within(as.data.frame(modelOutput),{Level<-LL$Level[[1]]})

    return(result)

  },ini_par=initial_params,st=state,t=times)

  stopCluster(c1)

  timestamp()

  ModelOutput<-do.call(rbind,modelOutput)##make big dataframe for evaluation

  

  return(min(ModelOutput$RBCCE))

}



just_run_model <-function(dose){

  

  DERM <- dose			# dermal dose (ug/kg/day)

  

  # TIMING COMMANDS ####

  MAXT=0.1       #maximum time step

  times<-seq(initial_params[["TSTART"]],initial_params[["TSTOP"]],by=MAXT)#

  

  # max number of points to write out to file

  POINTS_max<-10000  

  # if the more than 10000 timesteps, select evently spaced 10000 of them for reporting

  report_points<-if(length(times)<=POINTS_max) times else 

    times[seq(1,length(times),by=round(length(times)/POINTS_max))]

  table(report_points%in%times)#check all report values are in times.

  

  

  # STATE####

  # Subject specific UPDATES to the initial value of state varibles

  state<-state_fun()

  

  All_Dose<-data.frame(time=times)%>%

    mutate(Level=DERM,

           BWt=BW_scenario,

           ddOSE=((DERM*BWt)/initial_params[["MWPAR"]]),#total dermal dose (umol); use when dose is ug/kg

           pulse1=pulse(t=time,

                        p=initial_params[["YEAR"]]*24,

                        w=initial_params[["W2"]]*24),

           pulse2=pulse(t=time,

                        p=7*24,

                        w=initial_params[["D2"]]*24),

           pulse3=pulse(t=time,

                        p=24,

                        w=initial_params[["P2"]]),

           pulse=pulse1*pulse2*pulse3,

           DDOSE=ddOSE*pulse,

           is.change=c(1,diff(pulse)))%>%

    filter(is.change!=0)

  

  #~~~~APPLY MODEL~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~#### 

  # Do parallel for speed

  c1<-makeCluster(min(cores,n_distinct(All_Dose$Level))) # cluster for parallel 

  timestamp()

  modelOutput<-parLapply(c1,split(All_Dose,All_Dose$Level), function (LL,ini_par,st,t){

    #load data into cores

    source("human_pbpk.R")

    # Create dataframe of "events"that describe the dosing, which informs the

    # ODE function, and needs to have columns "var" = the state_variable that needs

    # to be changed,"time"= when the changes occurs,"value"=the value being changed

    # to,& "method"= how the new value interacts with the previous state variable

    # value. See ?deSolve::lsodes and ?deSolve::events.

    

    eventDat<-rbind(data.frame(var="TDDOSE",time=LL$time,

                               value=LL$DDOSE,	 

                               method="add",stringsAsFactors = FALSE),  # ("replace", "add", "multiply")

                    data.frame(var="ASURF",time=LL$time,

                               value=LL$DDOSE,	 

                               method="replace",stringsAsFactors = FALSE),

                    data.frame(var="DDOSE",time=LL$time,

                               value=LL$DDOSE,	 

                               method="add",stringsAsFactors = FALSE)

    )

    

    # DERIVITIVE ####

    # RUN MODEL 

    modelOutput<- ode(y = st, times = t,  #method = "lsodes",

                      func = Human_Model, parms = ini_par,

                      events = list(data = eventDat[order(eventDat$time),]))

    result <- within(as.data.frame(modelOutput),{Level<-LL$Level[[1]]})

    return(result)

  },ini_par=initial_params,st=state,t=times)

  stopCluster(c1)

  timestamp()

  ModelOutput<-do.call(rbind,modelOutput)##make big dataframe for evaluation

  

  return(ModelOutput)

}



PODcost <- function(test_dose){

  

  # POD calculation

  test_result <- minRBCCE(test_dose*1000)

  test_error <- (test_result - 90.0)

  

  print(sprintf("%f  %f",test_dose,test_result))

  flush.console()

  return(test_error*test_error)

}



cost <- function(test_dose){

  

  test_result <- avgCBL(test_dose*1000)

  

  test_error <- (test_result - ac_50)

  

  print(sprintf("%f  %f",test_dose,test_result))

  flush.console()

  return(test_error*test_error)

}



final_dose <- optim(par = 7500, PODcost, method = "Brent",lower = 1000, upper = 50000, control = list(reltol = 1e-3))



# run the model for the calculated dose!

dose <- final_dose$par # mg/kg/day

ModelOutput <- just_run_model(dose*1000)



dose # mg/kg/day

min(ModelOutput$RBCCE)

flush.console()


# ======================== Script  Information =================================

# Translate Pharmacokinetic Models (PBPK) models from ascIX format to R Format. 

# Human Model
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#

# HISTORY:----
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#  -----------	   -------------------------------------------------------------
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# Envrionment ####

library(deSolve) # This solve the derivtive. 

if(!file.exists("Output")) dir.create("Output") #create output folder if it doesn't exist.





##Human model code



##PROGRAM parent_lifestage



#Abbreviations: 

  

#PAR--parent

#OXON--oxon

#MCA--metabolite 

#AChE--acetylcholinesterase

#BuChE--butyrlcholinesterase

#CaE--carboxylesterase



#skin compartment/dermal exposure for parent only

#lung compartment/inhalation exposure for parent only



#compartments included for liver, kidney, brain, fat, and lumped for slow and rapidly perfused. 

#exposure routes:  oral, dermal, inhalation (parent); oral (oxon)

#bioactivation (PAR -> OXON) occurs in liver

#inhibition of B-esterases (AChE, BuChE, CaE) described in liver, kidney, brain, plasma, RBCs. 



#detoxification of PAR occurs in liver, kidney, brain, plasma, RBCs (to metabolites; these are modeled as a single compartment). 

#detoxification of oxon by B-esterases is stoichiometric; the oxon-enzyme complex serves as a "trap" for the oxon.

#CaE assumed to undergo reactivation; AChE and BuChE assumed to undergo reactivation/aging.

#catalytic detoxification of oxon in liver, brain, kidney

 



# Constants####

# These are "Base" parameters, that get updated by run-specific parameters where needed

# case-specific constants should be in human parameters file

params<-{c(

 AGE0=0.0,   #INITIAL AGE

 BWSW=0.0, #SWITCH FOR AGE (SET =0) OR SET (SET =1) DETERMINATION OF BW

 BWST=0.0, #SET VALUE OF BW (KG)



# GOMPERTZ EQUATION PARAMETERS

 B1=0.0,

 B2=0.0,

 B3=0.0,

 B4=0.0,

 B5=0.0,

 B6=0.0,

 B7=0.0,

 B8=0.0,

 AGE1=0.0,

 AGE2=0.0,

 AGE3=0.0,

 SEX=0  ,



VBLC=0.0,                 #BLOOD

VBMC=0.0,             # BONE MARROW (IN SLOW)

VPC=0.0,                # PANCREAS (IN RAPID)



# COMPARTMENT VOLUME POLYNOMIAL PARAMETERS

VB0=0.0, VB1=0.0, VB2=0.0, VB3=0.0, VB4=0.0,

 VB5=0.0, VB6=0.0,

 VH0=0.0, VH1=0.0, VH2=0.0, VH3=0.0, VH4=0.0,

 VBL0=0.0, VBL1=0.0, VBL2=0.0,

 VF0=0.0, VF1=0.0, VF2=0.0, VF3=0.0, VF4=0.0,

 VF5=0.0, VF6=0.0,

 VA0=0.0, VA1=0.0, VA2=0.0, VA3=0.0, VA4=0.0,

 VA5=0.0, VA6=0.0,

 VK0=0.0, VK1=0.0,  VK2=0.0,

 VSP0=0.0, VSP1=0.0, VSP2=0.0,

 VL0=0.0, VL1=0.0, VL2=0.0,

 VGI0=0.0, VGI1=0.0, VGI2=0.0, VGI3=0.0,

 VM0=0.0, VM1=0.0, VM2=0.0, VM3=0.0, VM4=0.0,

 VSK0=0.0, VSK1=0.0, VSK2=0.0, VSK3=0.0,

 VSK4=0.0, VSK5=0.0,





# BLOOD FLOW TO EACH COMPARTMENT (L/H/KG) 

QFC=0.0,    #FAT

QHC=0.0,    #LIVER

QSC=0.0,    #SLOWLY PERFUSED

QBRC=0.0,   #BRAIN

QKC=0.0,    #KIDNEY

QRC=0.0,    #RAPIDLY PERFUSED



#PARTITION COEFFICIENTS (TISSUE:BLOOD)

#PARENT

  PparF = 0.0,    #FAT:PLASMA

  PparR = 0.0,    #RICHLY PERFUSED:PLASMA

  PparL = 0.0,    #LIVER:PLASMA

  PparK = 0.0,    #KIDNEY:PLASMA

  PparBR = 0.0,   #BRAIN:PLASMA

  PparS = 0.0 ,   #SLOWLY PERFUSED:PLASMA

  PparLung = 0.0, #LUNG:PLASMA



#OXON

   PoxonF = 0.0,   #FAT:PLASMA

   PoxonR = 0.0,   #RICHLY PERFUSED:PLASMA

   PoxonL = 0.0,   #LIVER:PLASMA

   PoxonK = 0.0,   #KIDNEY:PLASMA

   PoxonBR = 0.0,  #BRAIN:PLASMA

   PoxonS = 0.0,   #SLOWLY PERFUSED:PLASMA



#VOLUMES OF DISTRIBUTION FOR METABOLITE COMPARTMENTS (L)

  V1 = 0.0,      #MCA + DCA 



#CONSTANT HCT=0.0   #HEMATOCRIT



#METABOLISM PARAMETERS

  #MAXIMUM RATES OF METABOLISM (UMOL/HR/KG TISSUE)

  #PARENT DETOXIFICATION 

  VMAXparLC = 0.0 ,     #LIVER

  VMAXparLC_adult = 0.0, #LIVER ADULT

  VMAXparLC_juvenile = 0.0, #LIVER JUVENILE

  VMAXparBRC = 0.0,     #BRAIN

  VmaxparBRC_adult=0.0, #BRAIN ADULT

  VmaxparBRC_juvenile=0.0, #BRAIN JUVENILE

  VMAXparKC = 0.0 ,     #KIDNEY 

  VMAXparKC_adult = 0.0, #KIDNEY ADULT

  VMAXparKC_juvenile = 0.0, #KIDNEY JUVENILE



  #PARENT OXIDATION--PARENT TO OXON

  VMAXparoxonC = 0.0 ,     #LIVER 

  VMAXparoxonC_adult = 0,0, #LIVER ADULT

  VMAXparoxonC_juvenile = 0,0, #LIVER JUVENILE

  

  #OXON DETOX

  VMAXoxonLC = 0.0 ,    #LIVER

  VMAXoxonBRC = 0.0 ,    #BRAIN

  VMAXoxonKC = 0.0,     #KIDNEY



  #AFFINITY CONSTANTS (UMOL/L)

  #PARENT DETOXIFICATION

  KMparL = 0.0,    #LIVER

  KMparBR = 0.0,   #BRAIN

  KMparK = 0.0,    #KIDNEY



  #PARENT OXIDATION--PARENT TO OXON

  KMparoxon = 0.0,  #LIVER



  #OXON DETOX

  KMoxonL = 0.0,        #LIVER

  KMoxonBR = 0.0,        #BRAIN

  KMoxonK = 0.0,        #KIDNEY



  #CLEARANCE RATES

  CRparLC = 0.0,               #clearance rate parent in liver

  CRparKC = 0.0,               #clearance rate parent in kidney

  CRparBRC = 0.0,               #clearance rate parent in brain

  CRparPLC = 0.0,#	           #clearance rate parent in plasma (L/hr/L plasma)	

  CRoxonLC = 0.0,#      #clearance rate oxon in liver

  CRoxonKC = 0.0,              #clearance rate oxon in kidney

  CRoxonBRC = 0,0,              #clearance rate oxon in brain

  CRoxonPLC = 0.0,             #clearance rate oxon in plasma



 #PHARMACODYNAMICS--ESTERASE INHIBITION

  #ENZYME TURNOVER RATES (UMOL HYDROLYSIS/H/UMOL ACTIVE SITES)--NOT CHEMICAL SPECIFIC

  TRCE=0.0,   #ACHE (ALL TISSUES)

  TRBE=0.0,   #BUCHE (ALL TISSUE)

  TRCR=0.0,    #CAE  (ALL TISSUES)



 #ENZYME ACTIVITIES (UMOL/HR/KG TISSUE)--NOT CHEMICAL-SPECIFIC

  #ACHE

  BACHE=0.0,    #BRAIN ACHE

  HACHE=0.0,    #LIVER ACHE

  BLACHE=0.0,   #PLASMA ACHE

  RBCHE=0.0,    #RBC ACHE

  KACHE=0.0,    #KIDNEY ACHE



  #BUCHE

  BBUCE=0.0,    #BRAIN BUCHE

  HBUCE=0.0,    #LIVER BUCHE

  BLBUCE=0.0,   #PLASMA BUCHE

  KBUCE=0.0,    #KIDNEY BUCHE



  #CAE

  BRCE=0.0,     #BRAIN CAE

  HECE=0.0,    #LIVER CAE

  PLOCE=0.0,    #PLASMA CAE

  KECE=0.0,     #KIDNEY CAE

 

  

#CHEMICAL-SPECIFIC PARAMETERS FOR INHIBITION

  #LIVER ACHE RATE CONSTANTS

   KDHCE=0.0, # DEGRADATION OF ESTERASE (/HR)

   KIHCE=0.0, # INHIBITION OF ESTERASE (PER UMOL/L/HR)

   KRHCE=0.0, # REACTIVATION OF ESTERASE (/HR)

   KAHCE=0.0, # AGING OF ESTERASE (/HR)



 #LIVER BUCHE RATE CONSTANTS

   KDHBE=0.0, # DEGRADATION OF ESTERASE (/HR)

   KIHBE=0.0, # INHIBITION OF ESTERASE (PER UMOL/L/HR)

   KRHBE=0.0, # REACTIVATION OF ESTERASE (/HR)

   KAHBE=0.0, # AGING OF ESTERASE (/HR)



 #LIVER CAE RATE CONSTANTS

   KDHCR=0.0, # DEGRADATION OF ESTERASE (/HR)

   KIHCR=0.0, # INHIBITION OF ESTERASE (PER UMOL/L/HR)

   KAHCR=0.0, # AGING OF ESTERASE (/HR)



 #BRAIN ACHE RATE CONSTANTS

  KDBCE=0.0,  # DEGRADATION OF ESTERASE (/HR)

  KIBCE=0.0,  # INHIBITION OF ESTERASE (PER UMOL/L/HR)

  KRBCE=0.0,  # REACTIVATION OF ESTERASE (/HR)

  KABCE=0.0,  # AGING OF ESTERASE (/HR)



 #BRAIN BUCHE RATE CONSTANTS

  KDBBE=0.0,  # DEGRADATION OF ESTERASE (/HR)

  KIBBE=0.0,  # INHIBITION OF ESTERASE (PER UMOL/L/HR)

  KRBBE=0.0,  # REACTIVATION OF ESTERASE (/HR)

  KABBE=0.0,  # AGING OF ESTERASE (/HR)



 #BRAIN CAE RATE CONSTANTS

  KDBCR=0.0,  #DEGRADATION OF ESTERASE (/HR)

  KIBCR=0.0,  #INHIBITION OF ESTERASE (PER UMOL/L/HR)

  KRBCR=0.0,  #REACTIVATION OF ESTERASE (/HR)

  KABCR=0.0,  #AGING OF ESTERASE (/HR)



#KIDNEY ACHE RATE CONSTANTS

 KDKCE=0.0, # DEGRADATION OF ESTERASE (/HR)

 KIKCE=0.0, # INHIBITION OF ESTERASE (PER UMOL/L/HR)

 KRKCE=0.0, # HR-1;REACTIVATION OF ESTERASE

 KAKCE=0.0, # AGING OF ESTERASE (/HR)



#KIDNEY BUCHE RATE CONSTANTS

 KDKBE=0.0, # DEGRADATION OF ESTERASE (/HR)

 KIKBE=0.0, # INHIBITION OF ESTERASE (PER UMOL/L/HR)

 KRKBE=0.0, # REACTIVATION OF ESTERASE (/HR)

 KAKBE=0.0, # AGING OF ESTERASE (/HR)



#KIDNEY CAE RATE CONSTANTS

 KDKCR=0.0, # DEGRADATION OF ESTERASE (/HR)

 KIKCR=0.0, # INHIBITION OF ESTERASE (PER UMOL/L/HR)

 KRKCR=0.0, # REACTIVATION OF ESTERASE (/HR)

 KAKCR=0.0, # AGING OF ESTERASE (/HR)



#PLASMA ACHE RATE CONSTANTS

 KDBLCE=0.0,    # DEGRADATION OF ESTERASE (/HR)

 KIBLCE=0.0,    # INHIBITION OF ESTERASE (PER UMOL/L/HR)

 KRBLCE=0.0,    # REACTIVATION OF ESTERASE (/HR)

 KABLCE=0.0,    # AGING OF ESTERASE (/HR)



#PLASMA BUCHE RATE CONSTANTS

 KDBLBE=0.0,    # DEGRADATION OF ESTERASE (/HR)

 KIBLBE=0.0,    # INHIBITION OF ESTERASE (PER UMOL/L/HR)

 KRBLBE=0.0,    # REACTIVATION OF ESTERASE (/HR)

 KABLBE=0.0,   # AGING OF ESTERASE (/HR)



#PLASMA CAE RATE CONSTANTS

 KDBLCR=0.0,    # DEGRADATION OF ESTERASE (/HR)

 KIBLCR=0.0,    # INHIBITION OF ESTERASE (PER UMOL/L/HR)

 KRBLCR=0.0,    # REACTIVATION OF ESTERASE (/HR)

 KABLCR=0.0,    # AGING OF ESTERASE (/HR)



#RBC ACHE RATE CONSTANTS

 KDRBCE=0.0,   # DEGRADATION OF ESTERASE (/HR)

 KIRBCE=0.0,   # INHIBITION OF ESTERASE (PER UMOL/L/HR)

 KRRBCE=0.0,   # REACTIVATION OF ESTERASE (/HR)

 KARBCE=0.0,    # AGING OF ESTERASE (/HR)



#UPTAKE PARAMETERS

#PARENT

 KAS=0.0,     #TRANSFER STOMACH TO LIVER (/H)

 KSI=0.0,      #TRANSFER STOMACH TO INTESTINE (/H)

 KAI=0.0,      #TRANSFER INTESTINE TO LIVER (/H)

 FA=0.0,       #FRACTIONAL ORAL ABSORPTION

 KMUC=0.0,     #RATE CONSTANT FOR SWALLOWING PART OF AN INHALED DOSE (/H); MUCOCILLARY CLEARANCE

 FRACIN=0.0,   #FRACTION TO DEEP LUNG



#OXON

 KASO=0.0 ,      #TRANSFER STOMACH TO LIVER (/H)

 KSIO=0.0 ,      #TRANSFER STOMACH TO INTESTINE (/H)

 KAIO=0.0 ,      #TRANSFER INTESTINE TO LIVER (/H)

 FAO=0.0 ,       #FRACTIONAL ORAL ABSORPTION



#ELIMINATION RATE CONSTANTS FOR METABOLITE COMPARTMENT (/H)

 KE1=0.0,  #MCA + DCA



#INHALATION PARAMETERS

CI=0, #air concentration (umol/L)

QALV=0, #breathing rate (L/hr)

IZONE=0, #turn inhalation on



#DERMAL PARAMETERS

DERMPERCNT = 0, #percent dermal absorption (percent per hour)

DZONE=0, #turn dermal on





#MOLECULAR WEIGHTS

 MWPAR=0.0, #MOLECULAR WT OF PARENT (G/MOL)

 MWOXON=0.0, #MOLECULAR WT OF OXON (G/MOL)

  

#oral dose for child exposure

  W4 = 21,  #days exposed per year

  D4 = 7,   #days per week exposed

  P4 = 1.5,  #hr per day exposed



#DERMAL EXPOSURE

  YEAR = 364,      #DAYS

  W2 = 21,         #DAYS EXPOSED PER YEAR

  D2 = 5,          #DAYS EXPOSED/WEEK

  P2 = 8,          #HR EXPOSED/DAY



#INHALATION EXPOSURES#

  W3 = 21,      #DAYS EXPOSED PER YEAR

  D3 = 5,       #DAYS EXPOSED PER WEEK

  P3 = 8        #HR EXPOSED PER DAY



)}







# initial_Params_fun####

# calculates initial parameter values from previous defined values

initial_params_fun <-function(params){ within(as.list(params),{

  # Age dependent B4 & B8 for humans (Luecke 2007)

  if((AGE0 >= AGE1) & (AGE0 < AGE2)) {

      B4X<-B4

      B8X<-0

    } else { 

      if ((AGE0 >= AGE3)) {

        B4X<-0

        B8X<-B8

      }else{

          B4X<-0

          B8X<-0}}



  # Initial BWT (kg) (Luecke 2007)

  BWT<-if (AGE0 >= AGE2) {

    B5*exp((B6/B7)*(1-exp(-B7*AGE0)))+B8X*(AGE0-AGE3)

  }else{

    B1*exp((B2/B3)*(1-exp(-B3*AGE0)))+B4X*(AGE0-AGE1)

  }

  BWT<-BWT*(1.-BWSW)+BWST*BWSW   #use calculated or preset body weight depending on BWSW

  # BWT kg to grams for compartment volume calculations

  BWTG=BWT*1000			

  LBWT=BWT*1000



  # Initial Height (HT: fit to CDC growth chart	(human))	

  HT=19.994+(5.5408*BWT)-(0.0671*BWT**2)+0.0003*BWT**3



  # Initial compartment volumes (frac of BWT)(developed by Luecke 2007 & Young 2009; Described in Smith et al., 2013)

  #Brain

  VBRC=VB0+(VB1*LBWT)+(VB2*LBWT**2)+(VB3*LBWT**3)+(VB4*LBWT**4)+(VB5*LBWT**5)+(VB6*LBWT**6)

  #Liver

  VHC=VH0+(VH1*BWTG)+(VH2*BWTG**2)+(VH3*BWTG**3)+(VH4*BWTG**4)	

  #Blood

  VBLC=VBL0+(VBL1*BWTG)+(VBL2*BWTG**2)				

  #Fat

  VFC=VF0+(VF1*BWTG)+(VF2*BWTG**2)+(VF3*BWTG**3)+(VF4*BWTG**4)+(VF5*BWTG**5)+(VF6*BWTG**6)	

  #Adipose

  VAC=VA0+(VA1*BWTG)+(VA2*BWTG**2)+(VA3*BWTG**3)+(VA4*BWTG**4)+(VA5*BWTG**5)+(VA6*BWTG**6)	

  #Kidney

  VKC=VK0+(VK1*BWTG)+(VK2*BWTG**2)				

  #Spleen (in rapidly perfused tissues)

  VSPC=VSP0+(VSP1*BWTG)+(VSP2*BWTG**2) 	

  #Lung (in rapidly perfused tissues)		

  VLC=VL0+(VL1*BWTG)+(VL2*BWTG**2)				

  #GI, both stomach and intestine (in rapidly perfused tissues)

  VGIC=VGI0+(VGI1*BWTG)+(VGI2*BWTG**2)+(VGI3*BWTG**3)		

  #Muscle (in slowly perfused tissues)

  VMC=VM0+(VM1*BWTG)+(VM2*BWTG**2)+(VM3*BWTG**3)+(VM4*BWTG**4)

  #Skin  

  VSKC=VSK0+(VSK1*BWTG)+(VSK2*BWTG**2)+(VSK3*BWTG**3)+(VSK4*BWTG**4)+(VSK5*BWTG**5)



# VRC=VKC+VSPC+VLC+VGIC+VPC			      # Rapid

  VRC=VSPC+VLC+VGIC+VPC			      # Rapid

  VSC=VMC+VSKC+VBMC+(VAC-VFC)				# Slow



  # Compartment volumes (L)

  VBR=VBRC*BWT        #brain

  VH=VHC*BWT          #liver

  VBL=VBLC*BWT        #blood

  VAB=0.46*VBL        #arterial blood

  VF=VFC*BWT          #fat

  VR=VRC*BWT          #rapidly perfused

  VS=VSC*BWT          #slowly perfused

  VL=VLC*BWT           #lung

  VPLAS=VBL*(1-HCT)   #plasma

  VRBC=VBL*HCT        #RBC

  VK=VKC*BWT          #kidney



  # Blood flow to each compartment (L/h)

  QF=QFC*VF     #fat

  QH=QHC*VH     #liver

  QR=QRC*VR     #rapidly perfused

  QS=QSC*VS     #slowly perfused

  QBR=QBRC*VBR  #brain

  QK=QKC*VK     #kidney

  

  

  QC=QF+QH+QR+QS+QBR+QK 	#Total cardiac output (L/h)



#scaling for Vmax for parent detoxification (umol/hr/kg tissue to umol/hr)

  if(AGE0>18) {

    VMAXparLC=VMAXparLC_adult

    KMparL=KMparL_adult

  } else {

    VMAXparLC=VMAXparLC_juvenile

    KMparL=KMparL_juvenile

  }

  VMAXparL = VMAXparLC * VH                    #liver parent detox

  VMAXparBR = VMAXparBRC * VBR                 #brain parent detox

  if(AGE0>18) {

    VMAXparKC=VMAXparKC_adult

    KMparK=KMparK_adult

  } else {

    VMAXparKC=VMAXparKC_juvenile

    KMparK=KMparK_juvenile

  }

  VMAXparK = VMAXparKC * VK                    #kidney parent detox



  #oxidation- parent to oxon

  if(AGE0>18) {

    VMAXparoxonC=VMAXparoxonC_adult

    KMparoxon=KMparoxon_adult

  } else {

    VMAXparoxonC=VMAXparoxonC_juvenile

    KMparoxon=KMparoxon_juvenile

  }

  VMAXparoxon = VMAXparoxonC * VH             #liver parent to oxon



  #oxon detox

  VMAXoxonL = VMAXoxonLC*VH                    #liver oxon detox

  VMAXoxonBR = VMAXoxonBRC*VBR                 #brain oxon detox

  VMAXoxonK = VMAXoxonKC*VK                    #kidney oxon detox



  #clearance rates

  CRparPL = CRparPLC * VBL * (1-HCT)       #plasma parent detox

  CRoxonPL = CRoxonPLC * VBL* (1-HCT)      #plasma oxon detox

  CRparL = CRparLC * VH                    #liver parent detox

  CRoxonL = CRoxonLC * VH                  #liver oxon detox

  CRparK = CRparKC * VK                    #kidney parent detox

  CRoxonK = CRoxonKC * VK                  #kidney oxon detox

  CRparBR = CRparBRC * VBR                 #brain parent detox

  CRoxonBR = CRoxonBRC * VBR                #brain oxon detox

  

  #Enzyme activity (umol/h) in tissues

  #AChE

  SBACH=BACHE*VBR             #brain

  SHACH=HACHE*VH	            #liver

  SBLACH=BLACHE*VBL*(1-HCT)   #plasma

  SRBACH=RBCHE*VBL*HCT        #RBC

  SKACH=KACHE*VK              #kidney



  #BuChE

  SBBUC=BBUCE*VBR             #brain

  SHBUC=HBUCE*VH	            #liver

  SBLBUC=BLBUCE*VBL*(1-HCT)   #plasma

  SKBUC=KBUCE*VK              #kidney



  #CaE

  SBRCE=BRCE*VBR	            #brain

  SHECE=HECE*VH			          #liver

  SPLOCE=PLOCE*VBL*(1-HCT)    #plasma

  SKACE=KECE*VK               #kidney



  #calculation of esterase binding sites (umol)

  #AChE

  IBCE=SBACH/TRCE		#total brain AchE (umol)

  IHCE=SHACH/TRCE		#total liver AchE (umol)

  IBLCE=SBLACH/TRCE	#total plasma AchE (umol)

  IRBCE=SRBACH/TRCE	#total RBC AChE (umol)

  IKCE=SKACH/TRCE		#total kidney AchE (umol)



  #BuChE

  IBBE=SBBUC/TRBE		#total brain BuChE (umol)

  IHBE=SHBUC/TRBE		#total liver BuChE (umol)

  IBLBE=SBLBUC/TRBE	#total plasma BuChE (umol)

  IKBE=SKBUC/TRBE		#total kidney BuChE (umol)



  #CaE

  IBCR=SBRCE/TRCR		#total brain CaE (umol)

  IHCR=SHECE/TRCR		#total liver CaE (umol)

  IBLCR=SPLOCE/TRCR	#total plasma CaE (umol)

  IKCR=SKACE/TRCR		#total kidney CaE (umol)





  #calculation of enzyme synthesis rates in tissues (umol/hr)

  #liver

  KSHCE=IHCE*KDHCE	#AChE

  KSHBE=IHBE*KDHBE	#BuChE

  KSHCR=IHCR*KDHCR	#CaE

  #brain

  KSBCE=IBCE*KDBCE	#AChE

  KSBBE=IBBE*KDBBE	#BuChE

  KSBCR=IBCR*KDBCR	#CaE

  #kidney

  KSKCE=IKCE*KDKCE	#AChE

  KSKBE=IKBE*KDKBE	#BuChE

  KSKCR=IKCR*KDKCR	#CaE

  #plasma

  KSBLCE=IBLCE*KDBLCE	#AChE

  KSBLBE=IBLBE*KDBLBE	#BuChE

  KSBLCR=IBLCR*KDBLCR	#CaE

  #RBC

  KSRBCE=KDRBCE*IRBCE	#AChE



})}#End Initial parameter function





# TIME-dependent functions####

# Age 

AGE_fun<-function(t,age0=AGE0) age0+t/8766		# Human age (Y)

  ## use as "AGE<-AGe_fun()"  



# Body Weight Function

BWT_fun<-function(t,ini_par=initial_params){

  AGE<-AGE_fun(t,age0=ini_par[["AGE0"]])

  if((AGE >= ini_par[["AGE1"]]) & (AGE < ini_par[["AGE2"]])) {

        B4X<-ini_par[["B4"]]

        B8X<-0 

        } else {

          if (AGE >= ini_par[["AGE3"]]) {

              B4X<-0

              B8X<-ini_par[["B8"]]

          } else {

            B4X<-0

            B8X<-0}}

    # BWT (kg) Gompertz (Luecke 2007)

    if(AGE >= ini_par[["AGE2"]]) {					

      BWT=ini_par[["B5"]]*exp((ini_par[["B6"]]/ini_par[["B7"]])*

           (1-exp(-ini_par[["B7"]]*(AGE-ini_par[["AGE2"]]))))+

              B8X*(AGE-ini_par[["AGE3"]])		

      }else{

        BWT=ini_par[["B1"]]*exp((ini_par[["B2"]]/ini_par[["B3"]])*

            (1-exp(-ini_par[["B3"]]*AGE)))+B4X*(AGE-ini_par[["AGE1"]])}

    BWT=BWT*(1.-ini_par[["BWSW"]])+ini_par[["BWST"]]*ini_par[["BWSW"]]

    return(BWT)

}

  

      

# State ####

# state variables:

# IN ASCIX the "INTEG operator marks the variable as a state variable."

# That is in xxx=INTEG(yyyy), yyyy is the state varible, while xxxx is the rate (dervitive)

# The function below as been set up so that dxxx is the dertivitve.

state<-c(

  ODOSE=0,ADOSEM=0,ADOSEO=0,ODOSEO=0,ODOSEPAR=0,ODOSEOXON =0,  # Oral Doses

  DDOSE=0,TDDOSE=0,#dermal dose

  DDOSEO=0,TDDOSEO=0,#dermal dose oxon

  ASTOM =0,# receives Oral dose

  AINTM=0,ALM =0,ALM1 =0,ALM2 =0,AKM =0,AKM2 =0,AFM =0,ASMAL =0,ABRM =0,

  APB =0,ARM =0,

  ASURF=0,# receives Dermal dose 

  ASURFO=0, #receives dermal dose

  ADL=0,#

  ADLO=0,

  ASTOMO =0,AINTO =0,ALO =0,AALOD =0,AHCE=0,ANHCE=0,HOCE=0,AHPCE=0,AHBE=0,

  ANHBE=0,HOBE=0,AHPBE=0,AHCR=0,ANHCR=0,HOCR=0,AHPCR=0,AFO =0,ASO =0,ARO=0,ABRO =0,

  APOB =0,ABCE=0,ANBCE=0,BOCE=0,ABPCE=0,ABBE=0,ANBBE=0,BOBE=0,ABPBE=0,ABCR=0,ANBCR=0,

  BOCR=0,ABPCR=0,AKO =0,AAKOD =0,AKCE=0,ANKCE=0,KOCE=0,AKPCE=0,AKBE=0,ANKBE=0,KOBE=0,

  AKPBE=0,AKCR=0,ANKCR=0,KOCR=0,AKPCR=0,ABLCE=0,ANBLCE=0,BLOCE=0,ABLPCE=0,

  ABLBE=0,ANBLBE=0,BLOBE=0,ABLPBE=0,ABLCR=0,ANBLCR=0,BLOCR=0,ABLPCR=0,ARBCE=0,ANRBCE=0,

  RBCOCE=0,ARBPCE=0,AMCA =0,A1 =0,AMCAEX =0,APL=0,APLO=0,ARBC=0,ARBCO=0,

  APD=0,APOD=0,AEXCO=0,   #dermal

  CI=0, AINH=0,    #inhalation

  CI_OXON=0,AINH_OXON=0

)



state_fun<-function(st=state,ini_p=initial_params){

  # fills in states with initial values

  st[["AHCE"]]<-ini_p$IHCE    

  st[["ANHCE"]]<-ini_p$IHCE 

  st[["AHBE"]]<-ini_p$IHBE  

  st[["ANHBE"]]<-ini_p$IHBE  

  st[["AHCR"]]<-ini_p$IHCR   

  st[["ANHCR"]]<-ini_p$IHCR  

  st[["ABCE"]]<-ini_p$IBCE   

  st[["ANBCE"]]<-ini_p$IBCE  

  st[["ABBE"]]<-ini_p$IBBE   

  st[["ANBBE"]]<-ini_p$IBBE

  st[["ABCR"]]<-ini_p$IBCR  

  st[["ANBCR"]]<-ini_p$IBCR 

  st[["AKCE"]]<-ini_p$IKCE 

  st[["ANKCE"]]<-ini_p$IKCE

  st[["AKBE"]]<-ini_p$IKBE 

  st[["ANKBE"]]<-ini_p$IKBE

  st[["AKCR"]]<-ini_p$IKCR 

  st[["ANKCR"]]<-ini_p$IKCR

  st[["ABLCE"]]<-ini_p$IBLCE

  st[["ANBLCE"]]<-ini_p$IBLCE

  st[["ABLBE"]]<-ini_p$IBLBE 

  st[["ANBLBE"]]<-ini_p$IBLBE

  st[["ABLCR"]]<-ini_p$IBLCR 

  st[["ANBLCR"]]<-ini_p$IBLCR

  st[["ARBCE"]]<-ini_p$IRBCE 

  st[["ANRBCE"]]<-ini_p$IRBCE

  st[["CI"]]<-ini_p$CI

  return(st)

}  





# A function to mimic the "pulse train" determining dose on/off times for events  

pulse<-function(t,p,w){

  #t is the times, p= period, w= width

  rep_len(

  c(rep(1,which(near(w,t))),

    rep(0, if(any(near(p,t))) which(near(p,t))-which(near(w,t)) else 0  )),

  length.out = length(t)

  )

}



  

# Model####

Human_Model <- function(t,state,parameters){

  with(

    as.list(c(state,parameters)),{

# Dynamic ####

    # Depends on time

    # Age dependent B4 & B8 for humans (Luecke 2007)

    AGE<-AGE_fun(t,age0=AGE0)

    if((AGE >= AGE1) & (AGE < AGE2)) {

        B4X<-B4

        B8X<-0 

        } else {

          if (AGE >= AGE3) {

              B4X<-0

              B8X<-B8

          } else {

            B4X<-0

            B8X<-0}}

    # BWT (kg) Gompertz (Luecke 2007)

    if(AGE >= AGE2) {					

      BWT=B5*exp((B6/B7)*(1-exp(-B7*(AGE-AGE2))))+B8X*(AGE-AGE3)		

      }else{

        BWT=B1*exp((B2/B3)*(1-exp(-B3*AGE)))+B4X*(AGE-AGE1)}

    BWT=BWT*(1.-BWSW)+BWST*BWSW

    BWTG=BWT*1000		# BWT kg to grams for compartment volume calculations

    LBWT=BWT*1000

    # Compartment volumes (frac of BWT)

    #brain

    VBRC=VB0+(VB1*LBWT)+(VB2*LBWT**2)+(VB3*LBWT**3)+(VB4*LBWT**4)+(VB5*LBWT**5)+(VB6*LBWT**6)

    #liver

    VHC=VH0+(VH1*BWTG)+(VH2*BWTG**2)+(VH3*BWTG**3)+(VH4*BWTG**4)	

    #blood

    VBLC=VBL0+(VBL1*BWTG)+(VBL2*BWTG**2)				

    #fat--this is lipid content only

    VFC=VF0+(VF1*BWTG)+(VF2*BWTG**2)+(VF3*BWTG**3)+(VF4*BWTG**4)+(VF5*LBWT**5)+(VF6*LBWT**6)	

    #adipose--this is all tissue associated with adipose tissue (connective and lipid)

    VAC=VA0+(VA1*BWTG)+(VA2*BWTG**2)+(VA3*BWTG**3)+(VA4*BWTG**4)+(VA5*BWTG**5)+(VA6*BWTG**6)	

    #kidney

    VKC=VK0+(VK1*BWTG)+(VK2*BWTG**2)			

    #spleen (in rapidly perfused)

    VSPC=VSP0+(VSP1*BWTG)+(VSP2*BWTG**2)

    #lung

    VLC=VL0+(VL1*BWTG)+(VL2*BWTG**2)

    #intestines (in rapidly perfused)

    VGIC=VGI0+(VGI1*BWTG)+(VGI2*BWTG**2)+(VGI3*BWTG**3)		

    #muscle (in slowly perfused)

    VMC=VM0+(VM1*BWTG)+(VM2*BWTG**2)+(VM3*BWTG**3)+(VM4*BWTG**4)

    #skin (in slowly perfused)

    VSKC=VSK0+(VSK1*BWTG)+(VSK2*BWTG**2)+(VSK3*BWTG**3)+(VSK4*BWTG**4)+(VSK5*BWTG**5)

    VRC=VSPC+VGIC+VPC					      #Rapid

#    VRC=VKC+VSPC+VGIC+VPC					      # Rapid

    VSC=VMC+VSKC+VBMC+(VAC-VFC)					# Slow

    # Compartment volumes (L)

    VBR=VBRC*BWT      #brain

    VH=VHC*BWT        #liver

    VBL=VBLC*BWT      #blood

    VPLAS=VBL*(1-HCT) #plasma

    VRBC=VBL*HCT      #RBC

    VF=VFC*BWT        #fat

    VR=VRC*BWT        #rapidly perfused

    VS=VSC*BWT        #slow perfused

    VK=VKC*BWT        #kidney

    VL=VLC*BWT	    #lung



    VTOTCOMPARTMENTS=(VLC+VFC+VSC+VRC+VBRC+VBLC+VKC+VHC)

    BWTOTAL=(0.9*BWT)-(VL+VF+VS+VR+VBR+VBL+VK+VH) #should <10 for a human???



    # Blood flow to each compartment (L/h)

    QF=QFC*VF 

    QH=QHC*VH

    QR=QRC*VR

    QS=QSC*VS  

    QBr=QBRC*VBR

    QK=QKC*VK

    

    QC=QF+QH+QR+QS+QBr+QK 	#total cardiac output (L/h)



    #scaling for Vmax for parent detoxification (umol/hr/kg tissue to umol/hr)

    VMAXparL = VMAXparLC * VH                    #liver parent detox

    VMAXparBR = VMAXparBRC * VBR                 #brain parent detox

    VMAXparK = VMAXparKC * VK                    #kidney parent detox

    

    #oxidation--parent to oxon

    VMAXparoxon = VMAXparoxonC * VH             #liver parent to oxon

    

    #oxon detox

    VMAXoxonL = VMAXoxonLC*VH                    #liver oxon detox

    VMAXoxonBR = VMAXoxonBRC*VBR                 #brain oxon detox

    VMAXoxonK = VMAXoxonKC*VK                    #kidney oxon detox

    

    #clearance rates

    CRparPL = CRparPLC * VBL * (1-HCT)       #plasma parent detox

    CRoxonPL = CRoxonPLC *VBL*(1-HCT)        #plasma oxon detox





#Enzyme activity (umol/h) in tissues

#AChE

SBACH=BACHE*VBR             #brain

SHACH=HACHE*VH	          #liver

SBLACH=BLACHE*VBL*(1-HCT)   #plasma

SRBACH=RBCHE*VBL*HCT        #RBC

SKACH=KACHE*VK              #kidney



#BuChE

SBBUC=BBUCE*VBR             #brain

SHBUC=HBUCE*VH	          #liver

SBLBUC=BLBUCE*VBL*(1-HCT)   #plasma

SKBUC=KBUCE*VK              #kidney



#CaE

SBRCE=BRCE*VBR	          #brain

SHECE=HECE*VH		    #liver

SPLOCE=PLOCE*VBL*(1-HCT)    #plasma

SKACE=KECE*VK               #kidney



#calculation of esterase binding sites (umol)

#AChE

IBCE=SBACH/TRCE		#total brain AchE (umol)

IHCE=SHACH/TRCE		#total liver AchE (umol)

IBLCE=SBLACH/TRCE	      #total plasma AchE (umol)

IRBCE=SRBACH/TRCE	      #total RBC AChE (umol)

IKCE=SKACH/TRCE		#total kidney AchE (umol)



#BuChE

IBBE=SBBUC/TRBE		#total brain BuChE (umol)

IHBE=SHBUC/TRBE		#total liver BuChE (umol)

IBLBE=SBLBUC/TRBE	      #total plasma BuChE (umol)

IKBE=SKBUC/TRBE		#total kidney BuChE (umol)



#CaE

IBCR=SBRCE/TRCR		#total brain CaE (umol)

IHCR=SHECE/TRCR		#total liver CaE (umol)

IBLCR=SPLOCE/TRCR	      #total plasma CaE (umol)

IKCR=SKACE/TRCR		#total kidney CaE (umol)





#calculation of enzyme synthesis rates in tissues (umol/hr)

#liver

KSHCE=IHCE*KDHCE	#AChE

KSHBE=IHBE*KDHBE	#BuChE

KSHCR=IHCR*KDHCR	#CaE

#brain

KSBCE=IBCE*KDBCE	#AChE

KSBBE=IBBE*KDBBE	#BuChE

KSBCR=IBCR*KDBCR	#CaE

#kidney

KSKCE=IKCE*KDKCE	#AChE

KSKBE=IKBE*KDKBE	#BuChE

KSKCR=IKCR*KDKCR	#CaE

#plasma

KSBLCE=IBLCE*KDBLCE	#AChE

KSBLBE=IBLBE*KDBLBE	#BuChE

KSBLCR=IBLCR*KDBLCR	#CaE

#RBC

KSRBCE=KDRBCE*IRBCE	#AChE



#DERIVATIVE#####

#--------------------------------------------------------------.

#parent compound ####

#--------------------------------------------------------------.

## Oral Exposure####

#STOMACH

RSTOM = -KAS*ASTOM-KSI*ASTOM    #RATE OF CHANGE PARENT IN STOMACH (UMOL/HR)

DASTOM = RSTOM                              #AMOUNT PARENT IN STOMACH (UMOL)



## ORAL DOSE(S) ADDED TO ASTOM VIA EVENTS

DODOSE<- 0

DADOSEM<-0

DODOSEPAR<-0



#INTESTINE

RINST = KSI*ASTOM - KAI*AINTM               #RATE OF PARENT CHANGE IN INTESTINE (UMOL/HR) 

DAINTM=RINST                                #AMOUNT PARENT IN INTESTINE (UMOL)



#PLASMA & RBC 

CPL=APL/VPLAS				        #CONC PARENT IN PLASMA (UMOL/L)

CRBC=ARBC/VRBC  					  #CONC PARENT IN RBCS (UMOL/L)



RAPD=CRparPL*CPL      #RATE OF PARENT CHANGE CATALYTIC DETOX IN PLASMA (UMOL/HR)

DAPD=RAPD						  #AMT OF PARENT CATALYTIC DETOX IN PLASMA (UMOL)



#LIVER

CLM = ALM/VH                                  #CONC PARENT IN LIVER (UMOL/L)

CVLM = CLM/PparL                              #CONC PARENT IN VENOUS BLOOD LEAVING LIVER (UMOL/L)



#LIVER METABOLISM OF PAR BY CYPS--OXIDATION

RALM1 = (VMAXparoxon*CVLM*FuPAR)/(KMparoxon+CVLM*FuPAR)     #RATE OF OXON FORMATION (UMOL/HR)

DALM1 = RALM1                                   #AMT OXON FORMED (UMOL)



#LIVER FROM OXON (partial due to ordering, see below)

CLO = ALO/VH                                  #OXON CONC IN LIVER (UMOL/L)

CVLO = CLO/PparL                              #OXON CONC IN VENOUS BLOOD LEAVING LIVER (UMOL/L)



#LIVER DETOXICATION OF PARENT

if(USEKM_PARL) {

  if(USECOMINH_PARL) {

    RALM2 = (VMAXparL*CVLM*FuPAR*(FCXB*(AHCR/ANHCR)+(1-FCXB)))/(KMparL+CVLM*FuPAR)           #RATE OF PARENT LIVER METABOLISM (umol/hr)

    DALM2 = RALM2                                   #AMT OF METABOLITE FORMED (mol)

  } else {        

    RALM2 = (VMAXparL*CVLM*FuPAR)/(KMparL+CVLM*FuPAR)           #RATE OF PARENT LIVER METABOLISM (umol/hr)

    DALM2 = RALM2                                   #AMT OF METABOLITE FORMED (mol)

  }

} else {

  if(USECOMINH_PARL) {

    RALM2 = CRparL*CVLM*FuPAR*(FCXB*(AHCR/ANHCR)+(1-FCXB))     #RATE OF PARENT LIVER METABOLISM (umol/hr)

    DALM2 = RALM2

  } else {

    RALM2 = CRparL*CVLM*FuPAR                       #RATE OF PARENT LIVER METABOLISM (umol/hr)

    DALM2 = RALM2                                    #AMT OF METABOLITE FORMED (mol)

  }

}                                #AMOUNT OF METABOLITES FORMED IN LIVER (UMOL)



#LIVER RATE OF CHANGE

RALM=QH*CPL-QH*CVLM+KAI*AINTM+KAS*ASTOM-RALM1-RALM2    #RATE OF PARENT CHANGE IN LIVER (UMOL/HR)

DALM = RALM                                            #AMT PARENT IN LIVER (UMOL)



#KIDNEY

CKM = AKM/VK                                         #CONC PARENT IN KIDNEY (UMOL/L)

CVKM = CKM/PparK                                     #CONC PARENT IN VENOUS BLOOD LEAVING KIDNEY (UMOL/L)



#KIDNEY (FROM OXON, partial due to ordering, see below)

CKO = AKO/VK                                      #OXON CONC IN KIDNEY (UMOL/L)

CVKO = CKO/PoxonK                                  #OXON CONC IN VENOUS BLOOD LEAVING KIDNEY  (UMOL/L)



#KIDNEY- CATALYTIC METABOLISM OF PARENT

if(USEKM_PARK) {

  if(USECOMINH_PARK) {

    RAKM2 = VMAXparK*CVKM*FuPAR*(FCXB*(AKCR/ANKCR)+(1-FCXB))/(KMparK+CVKM*FuPAR)               #RATE OF METABOLITES FORMED IN KIDNEY (UMOL/HR)

    DAKM2 = RAKM2  

  } else {  

    RAKM2 = VMAXparK*CVKM*FuPAR/(KMparK+CVKM*FuPAR)               #RATE OF METABOLITES FORMED IN KIDNEY (UMOL/HR)

    DAKM2 = RAKM2                                     #AMOUNT OF METABOLITES FORMED IN KIDNEY (UMOL)

  }

} else {

  if(USECOMINH_PARK) {

    RAKM2 = CRparK*CVKM*FuPAR*(FCXB*(AKCR/ANKCR)+(1-FCXB))       #RATE OF METABOLITES FORMED IN KIDNEY (UMOL/HR)

    DAKM2 = RAKM2                                     #AMOUNT OF METABOLITES FORMED IN KIDNEY (UMOL)

  } else {   

    RAKM2 = CRparK*CVKM*FuPAR                                #RATE OF METABOLITES FORMED IN KIDNEY (UMOL/HR)

    DAKM2 = RAKM2                                       #AMOUNT OF METABOLITES FORMED IN KIDNEY (UMOL)

  }  

}



#KIDNEY RATE OF CHANGE

RAKM = QK*CPL-QK*CVKM - RAKM2                     #RATE OF PARENT CHANGE IN KIDNEY (UMOL/HR)

DAKM = RAKM                                       #AMT PARENT IN KIDNEY (UMOL)



#FAT

CFM = AFM/VF                    #CONC PARENT IN FAT (UMOL/L)

CVFM = CFM/PparF                #CONC PARENT IN VENOUS BLOOD LEAVING FAT (UMOL/L)

RAFM = QF*CPL-QF*CVFM           #RATE OF PARENT CHANGE IN FAT (UMOL/HR)

DAFM = RAFM                     #AMT PARENT IN FAT (UMOL)



#SLOWLY PERFUSED

CSM = ASMAL/VS                  #CONC PARENT IN SLOWLY PERFUSED (UMOL/L)

CVSM = CSM/PparS                #CONC PARENT IN VENOUS BLOOD LEAVING SLOWLY PERFUSED (UMOL/L)

RASM = QS*CPL-QS*CVSM           #RATE OF PARENT CHANGE IN SLOWLY PERFUSED (UMOL/HR)

DASMAL = RASM                   #AMT PARENT IN SLOWLY PERFUSED (UMOL)



#BRAIN

CBRM = ABRM/VBR                 #CONC PARENT IN BRAIN (UMOL/L)

CVBRM = CBRM/PparBR             #CONC PARENT IN VENOUS BLOOD LEAVING BRAIN (UMOL/L)



#BRAIN - OXON (partial due to ordering)

CBRO = ABRO/VBR                             #OXON CONC IN BRAIN (UMOL/L)

CVBRO = CBRO/VBR                            #OXON CONC IN VENOUS BLOOD LEAVING BRAIN (UMOL/L)



#BRAIN - PARENT CATALYTIC METABOLISM

if(USEKM_PARB) {

  if(USECOMINH_PARB) {

    RAPB = (VMAXparBR*CVBRM*FuPAR*(FCXB*(ABCR/ANBCR)+(1-FCXB)))/(KMparBR+CVBRM*FuPAR)  	   #RATE OF CHANGE PARENT CATALYTIC DETOX IN BRAIN

    DAPB=RAPB 					                           #AMT OF PARENT CATALYTIC DETOX IN BRAIN

  } else {  

    RAPB = (VMAXparBR*CVBRM*FuPAR)/(KMparBR+CVBRM*FuPAR)  	   #RATE OF CHANGE PARENT CATALYTIC DETOX IN BRAIN

    DAPB=RAPB 					                           #AMT OF PARENT CATALYTIC DETOX IN BRAIN

  }

} else {

  if(USECOMINH_PARB) {

    RAPB = CRparBR*CVBRM*FuPAR*(FCXB*(ABCR/ANBCR)+(1-FCXB))   #RATE OF CHANGE PARENT CATALYTIC DETOX IN BRAIN

    DAPB = RAPB                                   #AMT OF PARENT CATALYTIC DETOX IN BRAIN

  } else {  

    RAPB = CRparBR*CVBRM*FuPAR                          #RATE OF CHANGE PARENT CATALYTIC DETOX IN BRAIN

    DAPB = RAPB                                   #AMT OF PARENT CATALYTIC DETOX IN BRAIN

  }

}



#BRAIN - RATE OF CHANGE

RABRM = QBR*CPL-QBR*CVBRM-RAPB           #RATE OF PARENT CHANGE IN BRAIN (UMOL/HR)

DABRM = RABRM                              #AMT PARENT IN BRAIN (UMOL)



#RAPIDLY PERFUSED TISSUES

CRM = ARM/VR                               #CONC PARENT IN RAPIDLY PERFUSED (UMOL/L)

CVRM = CRM/PparR                           #CONC PARENT IN VENOUS BLOOD LEAVING RAPIDLY PERFUSED (UMOL/L)

RARM = QR*CPL-QR*CVRM                      #RATE OF PARENT CHANGE IN RAPIDLY PERFUSED (UMOL/HR)

DARM = RARM                                #AMT PARENT IN RAPIDLY PERFUSED (UMOL)



#PLASMA

CV=(QH*CVLM+QF*CVFM+QK*CVKM+QS*CVSM+QBR*CVBRM+QR*CVRM)/QC   #CONC PARENT IN VENOUS PLASMA (UMOL/L)



#PLASMA (FROM OXON, DUE TO ORDERING)

CPLO=APLO/VPLAS



## DERMAL EXPOSURE####    

RASURF=-DERMPERCNT*ASURF*DZONE                          #RATE OF PARENT CHANGE AT SKIN SURFACE (UMOL/HR)

DASURF=RASURF                                           #AMT PARENT AT SKIN SURFACE (UMOL)

DDDOSE<-RASURF                                          #Cumulative amount at surface

DTDDOSE<-0                                              #Tracks cumulative total dermal dose

RADL=DERMPERCNT*ASURF*DZONE                             #RATE OF PARENT UPTAKE INTO SKIN TISSUE FROM SKIN SURFACE (UMOL/HR)

DADL=RADL                                               #AMT PARENT UPTAKE (UMOL)



#INHALATION EXPOSURES

RINH <- IZONE*QALV*ABS_INH*CI                     #RATE OF INHALATION UMOLE/HR

DINH <- RINH                              #RATE OF INHALATION, UMOLE/HR

DCI <- 0                                  #CI is constant





# Tissues####

#PLASMA

RAPL=QC*(CV-CPL)-PTORBC*(CPL-CRBC/PparRBC)-RAPD+RADL+RINH          #RATE OF PARENT CHANGE IN PLASMA (UMOL/HR)

DAPL=RAPL                     						                        #AMOUNT PARENT IN PLASMA (UMOL)



#RBC

RRBC=PTORBC*(CPL-CRBC/PparRBC)							#RATE OF PARENT CHANGE IN RBC (UMOL/HR)

DRBC=RRBC										            #AMT PARENT IN RBC (UMOL/HR)



#WHOLE BLOOD

ABL=APL+ARBC									#AMT PARENT IN MIXED BLOOD (UMOL)

CBL=ABL/VBL										#CONC PARENT IN MIXED BLOOD (UMOL/L)



#WHOLE BLOOD (FROM OXON, PARTIAL DUE TO ORDERING)

ABLO=ARBCO+APLO							 #MASS OXON IN WHOLE BLOOD (UMOL)

CBLO=ABLO/VBL							 #CONC OXON IN WHOLE BLOOD (UMOL/L)



#-------------------------------------------------------------------------------.

#OXON####

#-------------------------------------------------------------------------------.



## Oral Exposure####

#STOMACH

RASTOMO = -KSIO*ASTOMO-KASO*ASTOMO     #RATE OF OXON CHANGE IN STOMACH (UMOL/HR) 

DASTOMO = RASTOMO                     #AMT OXON IN STOMACH (UMOL)



#ODOSEO, ADOSEO, ODOSEOXON Added to ASTOMO via Events

DODOSEO<-0  #ODOSEO

DODOSEOXON<-0 #ODOSEOXON

DADOSEO<-0 #ADOSEO



#INTESTINE

RAINTO = -KAIO*AINTO+KSIO*ASTOMO                  #RATE OF OXON CHANGE IN INTESTINE (UMOL/HR)

DAINTO = RAINTO                                   #AMOUNT OXON IN INTESTINE (UMOL)



#LIVER

RHPCE=AHCE*KIHCE*CLO*FuOXON                              #RATE OF OXON CONSUMPTION BY LIVER ACHE (UMOL/HR)

DAHPCE=RHPCE                                      #AMT OF OXON CONSUMED BY LIVER ACHE (UMOL)



RHPBE=AHBE*KIHBE*CLO*FuOXON                              #RATE OF OXON CONSUMPTION BY LIVER BCHE (UMOL/HR)

DAHPBE=RHPBE                                      #AMT OF OXON CONSUMED BY LIVER BCHE (UMOL)



RHPCR=AHCR*KIHCR*CLO*FuOXON                              #RATE OF OXON CONSUMPTION BY LIVER CAE  (UMOL/HR)

DAHPCR=RHPCR                                      #AMT OF OXON CONSUMED BY LIVER CAE (UMOL)







#OXON DETOX--CATALYTIC

if (USEKM_OXONL) {

  RALOD = (VMAXoxonL*CVLO*FuOXON)/(KMoxonL+CVLO*FuOXON)            #RATE OXON CATALYTIC DETOX IN LIVER

  DAALOD = RALOD                                     #AMT OF OXON CATALYTIC DETOX IN LIVER

} else {

  RALOD = CRoxonL*CVLO*FuOXON                               #RATE OXON CATALYTIC DETOX IN LIVER

  DAALOD = RALOD                                     #AMT OF OXON CATALYTIC DETOX IN LIVER

}	



#LIVER RATE OF CHANGE

RALO = QH*(CPLO-CVLO)+KAIO*AINTO+KASO*ASTOMO-RALOD+RALM1-(RHPCE+RHPBE+RHPCR) #RATE OF CHANGE IN LIVER (UMOL/HR)

DALO = RALO                                                                  #AMT IN LIVER (UMOL)



#ACHE ACTIVITY--LIVER

RHCE=KSHCE-AHCE*(KDHCE+KIHCE*CLO*FuOXON)+HOCE*KRHCE      #RATE OF ACHE ACTIVITY (UMOL/HR)

DAHCE=RHCE                                        #LIVER ACHE ACTIVITY (UMOL)

RNHCE=KSHCE-ANHCE*KDHCE                           #RATE OF BASELINE ACHE ACTIVITY (UMOL/HR)

DANHCE=RNHCE                                      #AMT OF BASELINE ACHE (UMOL)

RHOCE=AHCE*KIHCE*CLO*FuOXON-HOCE*(KAHCE+KRHCE)           #RATE OF ACHE INHIBITION (UMOL/HR)

DHOCE=RHOCE                                       #AMT OF LIVER ACHE INHIBITED (UMOL)



#BUCHE ACTIVITY--LIVER

RHBE=KSHBE-AHBE*(KDHBE+KIHBE*CLO*FuOXON)+HOBE*KRHBE      #RATE OF BUCHE ACTIVITY (UMOL/HR)

DAHBE=RHBE                                        #LIVER BUCHE ACTIVITY (UMOL)

RNHBE=KSHBE-ANHBE*KDHBE                           #RATE OF BASELINE BUCHE ACT (UMOL/HR)

DANHBE=RNHBE                                      #AMT OF BASELINE BUCHE (UMOL)

RHOBE=AHBE*KIHBE*CLO*FuOXON-HOBE*(KAHBE+KRHBE)           #RATE OF BUCHE INHIBITION (UMOL/HR)

DHOBE=RHOBE                                       #AMOUNT OF LIVER BUCHE INHIBITED (UMOL)



#CAE ACTIVITY--LIVER

RHCR=KSHCR-AHCR*(KDHCR+KIHCR*CLO*FuOXON)+HOCR*KRHCR      #RATE OF CAE ACTIVITY (UMOL/HR)

DAHCR=RHCR                                        #LIVER CAE ACTIVITY (UMOL)

RNHCR=KSHCR-ANHCR*KDHCR                           #RATE OF BASELINE CAE ACT (UMOL/HR)

DANHCR=RNHCR                                      #AMT OF BASELINE CAE (UMOL)

RHOCR=AHCR*KIHCR*CLO*FuOXON-HOCR*(KAHCR+KRHCR)           #RATE OF CAE INHIBITION (UMOL/HR)

DHOCR=RHOCR                                       #AMOUNT OF LIVER CAE INHIBITED (UMOL)



#LIVER B-ESTERASE (ACHE, BUCHE, AND CAE) ACTIVITY

HBE=AHCE+AHBE+AHCR                                #TOTAL B-ESTERASE=ACHE+BUCHE+CAE (UMOL)

IHE=100*(HBE/(ANHCE+ANHBE+ANHCR))                 #% TOTAL B-ESTERASE INHIBITION

HCE=100*(AHCE/ANHCE)                              #% ACHE INHIBITION

HBES=100*(AHBE/ANHBE)                             #% BUCHE INHIBITION

HCR=100*(AHCR/ANHCR)                              #% CAE INHIBITION



#FAT

CFO = AFO/VF                                      #CONC OXON IN FAT (UMOL/L)

CVFO = CFO/PoxonF                                 #CONC OXON IN VENOUS BLOOD LEAVING FAT (UMOL/L)

RAFO = QF*CPLO-QF*CVFO                            #RATE OF PARENT CHANGE IN FAT (UMOL/HR)

DAFO = RAFO                                       #AMT IN PARENT FAT (UMOL)



#SLOWLY PERFUSED

CSO = ASO/VS                            #CONC OXON IN SLOWLY PERFUSED (UMOL/L)

CVSO = CSO/PoxonS                       #CONC OXON IN VENOUS BLOOD LEAVING SLOWLY PERFUSED (UMOL/L)

RASO = QS*CPLO-QS*CVSO                  #RATE OF OXON CHANGE IN SLOWLY PERFUSED (UMOL/HR)

DASO = RASO                             #AMT OXON IN SLOWLY PERFUSED (UMOL)



#RAPIDLY PERFUSED TISSUES

CRO = ARO/VR                          #CONC OXON IN RAPIDLY PERFUSED (UMOL/L)

CVRO = CRO/PoxonR                     #CONC OXON IN VENOUS BLOOD LEAVING RAPIDLY PERFUSED (UMOL/L)

RARO = QR*CPLO-QR*CVRO                #RATE OF OXON CHANGE IN RAPIDLY PERFUSED (UMOL/HR)

DARO = RARO                           #AMT OXON IN RAPIDLY PERFUSED (UMOL)



#BRAIN

CBRO = ABRO/VBR                                      #CONC OXON IN BRAIN (UMOL/L)

CVBRO = CBRO/PoxonBR                                  #CONC OXON IN VENOUS BLOOD LEAVING BRAIN (UMOL/L)



RBPCE=ABCE*KIBCE*CBRO*FuOXON                                #RATE OF OXON CONSUMPTION BY ACHE IN BRAIN (UMOL/HR)

DABPCE=RBPCE                                         #AMT OF OXON CONSUMED BY ACHE IN BRAIN (UMOL)



RBPBE=ABBE*KIBBE*CBRO*FuOXON                                #RATE OF OXON CONSUMPTION BY BCHE IN BRAIN (UMOL/HR)

DABPBE=RBPBE                                         #AMT OF OXON CONSUMED BY BCHE IN BRAIN (UMOL)



RBPCR=ABCR*KIBCR*CBRO*FuOXON                                #RATE OF OXON CONSUMPTION BY CAE IN BRAIN (UMOL/HR)

DABPCR=RBPCR                                        #AMT OF OXON CONSUMED BY CAE IN BRAIN (UMOL)





#BRAIN - CATALYTIC DETOX OF OXON

if (USEKM_OXONB) {

  RAPOB = (VMAXoxonBR*CVBRO*FuOXON)/(KMoxonBR+CVBRO*FuOXON)  	    #RATE OF CHANGE OXON CATALYTIC DETOX IN BRAIN

  DAPOB=RAPOB 					                            #AMT OF OXON CATALYTIC DETOX IN BRAIN

} else {

  RAPOB = CRoxonBR*CVBRO*FuOXON                      	    #RATE OF CHANGE OXON CATALYTIC DETOX IN BRAIN

  DAPOB=RAPOB 					                            #AMT OF OXON CATALYTIC DETOX IN BRAIN

}



RABRO = QBR*CPLO-QBR*CVBRO-RAPOB-(RBPCE+RBPBE+RBPCR)#RATE OF OXON CHANGE IN BRAIN (UMOL/HR)

DABRO = RABRO                                        #AMT OXON IN BRAIN (UMOL)



#ACHE ACTIVITY--BRAIN

RBCE=KSBCE-ABCE*(KDBCE+KIBCE*CBRO*FuOXON)+BOCE*KRBCE        #RATE OF ACHE ACTIVITY (UMOL/HR)

DABCE=RBCE                                           #BRAIN ACHE ACTIVITY (UMOL)

RNBCE=KSBCE-ANBCE*KDBCE                              #RATE OF BASELINE ACHE ACT (UMOL/HR)

DANBCE=RNBCE                                         #AMT OF BASELINE ACHE (UMOL)

RBOCE=ABCE*KIBCE*CBRO*FuOXON-BOCE*(KABCE+KRBCE)             #RATE OF ACHE INHIBITION (UMOL/HR)

DBOCE=RBOCE                                          #AMOUNT OF BRAIN ACHE INHIBITED (UMOL)

        

#BUCHE ACTIVITY--BRAIN

RBBE=KSBBE-ABBE*(KDBBE+KIBBE*CBRO*FuOXON)+BOBE*KRBBE        #RATE OF BUCHE ACTIVITY (UMOL/HR)

DABBE=RBBE                                           #BRAIN BUCHE ACTIVITY (UMOL)

RNBBE=KSBBE-ANBBE*KDBBE                              #RATE OF BASELINE BUCHE ACT (UMOL/HR)

DANBBE=RNBBE                                         #AMT OF BASELINE BUCHE (UMOL)

RBOBE=ABBE*KIBBE*CBRO*FuOXON-BOBE*(KABBE+KRBBE)             #RATE OF BUCHE INHIBITION (UMOL/HR)

DBOBE=RBOBE                                          #AMOUNT OF BRAIN BUCHE INHIBITED (UMOL)

        

#CAE ACTIVITY--BRAIN

RBCR=KSBCR-ABCR*(KDBCR+KIBCR*CBRO*FuOXON)+BOCR*KRBCR        #RATE OF CAE ACTIVITY (UMOL/HR)

DABCR=RBCR                                           #BRAIN CAE ACTIVITY (UMOL)

RNBCR=KSBCR-ANBCR*KDBCR                              #RATE OF BASELINE CAE ACT (UMOL/HR)

DANBCR=RNBCR                                         #AMT OF BASELINE CAE (UMOL)

RBOCR=ABCR*KIBCR*CBRO*FuOXON-BOCR*(KABCR+KRBCR)             #RATE OF CAE INHIBITION (UMOL/HR)

DBOCR=RBOCR                                          #AMOUNT OF BRAIN CAE INHIBITED (UMOL)



#BRAIN B-ESTERASE (ACHE, BUCHE, AND CAE) ACTIVITY

BBE=ABCE+ABBE+ABCR                                  #TOTAL B-ESTERASE=ACHE+BUCHE+CAE (UMOL)

IBE=100*(BBE/(ANBCE+ANBBE+ANBCR))                   #TOTAL B-ESTERASE INHIBITION

BCE=100*(ABCE/ANBCE)                                #% ACHE INHIBITION

BBES=100*(ABBE/ANBBE)                               #% BUCHE INHIBITION

BCR=100*(ABCR/ANBCR)                                #% CAE INHIBITION





#KIDNEY



RKPCE=AKCE*KIKCE*CKO*FuOXON                               #RATE OF OXON CONSUMPTION BY ACHE IN KIDNEY (UMOL/HR)

DAKPCE=RKPCE                                       #AMT OF OXON CONSUMED (UMOL)



RKPBE=AKBE*KIKBE*CKO*FuOXON                               #RATE OF OXON CONSUMPTION BY BCHE IN KIDNEY (UMOL/HR)

DAKPBE=RKPBE                                       #AMT OF OXON CONSUMED BY BCHE IN KIDNEY (UMOL)



RKPCR=AKCR*KIKCR*CKO*FuOXON                               #RATE OF OXON CONSUMPTION BY CAE IN KIDNEY (UMOL/HR)

DAKPCR=RKPCR                                       #AMT OF OXON CONSUMED BY CAE IN KIDNEY (UMOL)



#CATALYTIC OXON DETOX IN THE KIDNEY

if (USEKM_OXONK) {

  RAKOD = (VMAXoxonK*CVKO*FuOXON)/(KMoxonK+CVKO*FuOXON)	         #RATE OF OXON CATALYTIC DETOX IN KIDNEY (UMOL/HR)

  DAAKOD = RAKOD 						                       #AMT OF OXON CATALYTIC DETOX IN KIDNEY (UMOL)

} else {

  RAKOD = CRoxonK*CVKO*FuOXON                  	         #RATE OF OXON CATALYTIC DETOX IN KIDNEY (UMOL/HR)

  DAAKOD = RAKOD 						                       #AMT OF OXON CATALYTIC DETOX IN KIDNEY (UMOL)

}  



#EXCRETION FROM THE KIDNEY

REXCO = KEO*AKO

DEXCO = REXCO



#RATE OF CHANGE IN KIDNEY

RAKO = QK*CPLO-QK*CVKO-(RKPCE+RKPBE+RKPCR)-RAKOD-REXCO #RATE OF OXON CHANGE IN KIDNEY (UMOL/HR)

DAKO = RAKO                                       #AMT OXON IN KIDNEY (UMOL)



# ACHE ACTIVITY--KIDNEY

RKCE=KSKCE-AKCE*(KDKCE+KIKCE*CKO*FuOXON)+KOCE*KRKCE       #RATE OF ACHE ACTIVITY (UMOL/HR)

DAKCE=RKCE                                         #KIDNEY ACHE ACTIVITY (UMOL)

RNKCE=KSKCE-ANKCE*KDKCE                            #RATE OF BASELINE ACHE ACT (UMOL/HR)

DANKCE=RNKCE                                       #AMT OF BASELINE ACHE (UMOL)

RKOCE=AKCE*KIKCE*CKO*FuOXON-KOCE*(KAKCE+KRKCE)            #RATE OF ACHE INHIBITION (UMOL/HR)

DKOCE=RKOCE                                       #AMOUNT OF KIDNEY ACHE INHIBITED (UMOL)



# BUCHE ACTIVITY--KIDNEY

RKBE=KSKBE-AKBE*(KDKBE+KIKBE*CKO*FuOXON)+KOBE*KRKBE       #RATE OF BUCHE ACTIVITY (UMOL/HR)

DAKBE=RKBE                                         #KIDNEY BUCHE ACTIVITY (UMOL)

RNKBE=KSKBE-ANKBE*KDKBE                            #RATE OF BASELINE BUCHE ACT (UMOL/HR)

DANKBE=RNKBE                                       #AMT OF BASELINE BUCHE (UMOL)

RKOBE=AKBE*KIKBE*CKO*FuOXON-KOBE*(KAKBE+KRKBE)            #RATE OF BUCHE INHIBITION (UMOL/HR)

DKOBE=RKOBE                                        #AMOUNT OF KIDNEY BUCHE INHIBITED (UMOL)



# CAE ACTIVITY--KIDNEY

RKCR=KSKCR-AKCR*(KDKCR+KIKCR*CKO*FuOXON)+KOCR*KRKCR       #RATE OF CAE ACTIVITY (UMOL/HR)

DAKCR=RKCR                                         #KIDNEY CAE ACTIVITY (UMOL)

RNKCR=KSKCR-ANKCR*KDKCR                            #RATE OF BASELINE CAE ACT (UMOL/HR)

DANKCR=RNKCR                                       #AMT OF BASELINE CAE (UMOL)

RKOCR=AKCR*KIKCR*CKO*FuOXON-KOCR*(KAKCR+KRKCR)            #RATE OF CAE INHIBITION (UMOL/HR)

DKOCR=RKOCR                                        #AMOUNT OF KIDNEY CAE INHIBITED (UMOL)



#KIDNEY B-ESTERASE (ACHE, BUCHE, AND CAE) ACTIVITY

KBE=AKCE+AKBE+AKCR                                 #TOTAL B-ESTERASE=ACHE+BUCHE+CAE (UMOL)

IKE=100*(KBE/(ANKCE+ANKBE+ANKCR))                  #% TOTAL B-ESTERASE INHIBITION

KCE=100*(AKCE/ANKCE)                               #% ACHE INHIBITION

KBES=100*(AKBE/ANKBE)                              #% BUCHE INHIBITION

KCR=100*(AKCR/ANKCR)                               #% CAE INHIBITION



#PLASMA

CVO=(QH*CVLO+QF*CVFO+QS*CVSO+QR*CVRO+QBR*CVBRO+QK*CVKO)/QC   #CONC OXON IN VENOUS PLASMA (UMOL/L)



#RBC

CRBCO = ARBCO/VRBC                             #CONC OXON IN RBC (umol/L)

ARBCO = CRBCO*VRBC                             #AMT OXON RBC (umol)



RBLPCE=ABLCE*KIBLCE*CBLO*FuOXON                       #RATE OF OXON CONSUMPTION BY ACHE IN PLASMA (UMOL/HR)

DABLPCE=RBLPCE                                 #AMT OF OXON CONSUMED BY ACHE IN PLASMA (UMOL)



RBLPBE=ABLBE*KIBLBE*CBLO*FuOXON                       #RATE OF OXON CONSUMPTION BY BCHE IN PLASMA (UMOL/HR)

DABLPBE=RBLPBE                                 #AMT OF OXON CONSUMED BY BCHE IN PLASMA (UMOL)



RBLPCR=ABLCR*KIBLCR*CBLO*FuOXON                       #RATE OF OXON CONSUMPTION BY CAE IN PLASMA (UMOL/HR)

DABLPCR=RBLPCR                                 #AMT OF OXON CONSUMED BY CAE IN PLASMA (UMOL)



RRBPCE=ARBCE*KIRBCE*CRBCO*FuOXON                      #RATE OF OXON CONSUMPTION ACHE IN RBCS (UMOL/HR)

DARBPCE=RRBPCE                                 #AMT OF OXON CONSUMED BY ACHE IN RBCS (UMOL)



#OXON DETOXICATION IN PLASMA

if(USEKM_OXONP) {

  RAPOD=(VMAXoxonP*CPLO*FuOXON)/(KMoxonP+CPLO*FuOXON) #RATE OF CHANGE CATALYTIC OXON DETOX IN PLASMA

  DAPOD=RAPOD                           #AMT OF OXON CATALYTIC DETOX IN PLASMA

} else {

  RAPOD = CRoxonPL*CPLO*FuOXON  	    		       #RATE OF CHANGE CATALYTIC OXON DETOX IN PLASMA

  DAPOD=RAPOD 					                 #AMT OF OXON CATALYTIC DETOX IN PLASMA

}



#Inhalation exposure to oxon

RINH_OXON <- IZONE*QALV*ABS_INH*CI_OXON   # rate of oxon inhalation (umol/h) 

DINH_OXON <- RINH_OXON                    # rate of oxon inhalation (umol/h) 

DCI_OXON <- 0                             # CI_OXON is constant              



#dermal exposure to oxon (10 March 2022; DRH)

RASURFO=-DERMPERCNT*ASURFO*DZONE                          #RATE OF OXON CHANGE AT SKIN SURFACE (UMOL/HR)

DASURFO=RASURFO                                           #AMT OXON AT SKIN SURFACE (UMOL)

DDDOSEO<-RASURFO                                          #Cumulative amount at surface

DTDDOSEO<-0                                              #Tracks cumulative total dermal dose

RADLO=DERMPERCNT*ASURFO*DZONE                             #RATE OF OXON UPTAKE INTO SKIN TISSUE FROM SKIN SURFACE (UMOL/HR)

DADLO=RADLO                                               #AMT OXON UPTAKE (UMOL)



#PLASMA RATE OF CHANGE

RAPLO=QC*(CVO-CPLO)-PTORBC*(CPLO-CRBCO/PoxonRBC)-(RBLPBE+RBLPCR+RBLPCE)-RAPOD        #RATE OF CHANGE OF OXON IN PLASMA (UMOL/HR)

DAPLO=RAPLO                                               					 #AMOUNT OXON IN PLASMA (UMOL)



#RBCS

RRBCO=PTORBC*(CPLO-CRBCO/PoxonRBC)-RRBPCE		       #RATE OF OXON CHANGE IN RBC (umol/hr)

DRBCO=RRBCO                                            #AMT OXON IN RBC (umol/hr)



# ACHE ACTIVITY--PLASMA

RBLCE=KSBLCE-ABLCE*(KDBLCE+KIBLCE*CBLO*FuOXON)+BLOCE*KRBLCE  # RATE OF ACHE ACTIVITY (UMOL/HR)

DABLCE=RBLCE                                          # PLASMA ACHE ACTIVITY (UMOL)

RNBLCE=KSBLCE-ANBLCE*KDBLCE                           # RATE OF BASELINE ACHE ACT (UMOL/HR)

DANBLCE=RNBLCE                                        # AMT OF BASELINE ACHE (UMOL)

RBLOCE=ABLCE*KIBLCE*CBLO*FuOXON-BLOCE*(KABLCE+KRBLCE)        # RATE OF ACHE INHIBITION (UMOL/HR)

DBLOCE=RBLOCE                                         # AMOUNT OF PLASMA ACHE INHIBITED (UMOL)



# BUCHE ACTIVITY--PLASMA

RBLBE=KSBLBE-ABLBE*(KDBLBE+KIBLBE*CBLO*FuOXON)+BLOBE*KRBLBE  # RATE OF BUCHE ACTIVITY (UMOL/HR)

DABLBE=RBLBE                                          # PLASMA BUCHE ACTIVITY (UMOL)

RNBLBE=KSBLBE-ANBLBE*KDBLBE                           # RATE OF BASELINE BUCHE ACT (UMOL/HR)

DANBLBE=RNBLBE                                        # AMT OF BASELINE BUCHE (UMOL)

RBLOBE=ABLBE*KIBLBE*CBLO*FuOXON-BLOBE*(KABLBE+KRBLBE)        # RATE OF BUCHE INHIBITION (UMOL/HR)

DBLOBE=RBLOBE                                         # AMOUNT OF PLASMA BUCHE INHIBITED (UMOL)



# CAE ACTIVITY--PLASMA

RBLCR=KSBLCR-ABLCR*(KDBLCR+KIBLCR*CBLO*FuOXON)+BLOCR*KRBLCR  # RATE OF CAE ACTIVITY (UMOL/HR)

DABLCR=RBLCR                                          # PLASMA CAE ACTIVITY (UMOL)

RNBLCR=KSBLCR-ANBLCR*KDBLCR                           # RATE OF BASELINE CAE ACT (UMOL/HR)

DANBLCR=RNBLCR                                        # AMT OF BASELINE CAE (UMOL)

RBLOCR=ABLCR*KIBLCR*CBLO*FuOXON-BLOCR*(KABLCR+KRBLCR)        # RATE OF CAE INHIBITION (UMOL/HR)

DBLOCR=RBLOCR                                         # AMOUNT OF PLASMA CAE INHIBITED (UMOL)





# ACHE ACTIVITY--RBCS

RRBCCE=KSRBCE-ARBCE*(KDRBCE+KIRBCE*CBLO*FuOXON)+RBCOCE*KRRBCE  # RATE OF ACHE ACTIVITY (UMOL/HR)

DARBCE=RRBCCE                                           # RBC ACHE ACTIVITY (UMOL)

RNRBCCE=KSRBCE-ANRBCE*KDRBCE                            # RATE OF BASELINE ACHE ACT (UMOL/HR)

DANRBCE=RNRBCCE                                         # AMT OF BASELINE ACHE (UMOL)

RRBOCE=ARBCE*KIRBCE*CBLO*FuOXON-RBCOCE*(KARBCE+KRRBCE)         # RATE OF ACHE INHIBITION (UMOL/HR)

DRBCOCE=RRBOCE                                          # AMOUNT OF RBC ACHE INHIBITED (UMOL)





#PLASMA B-ESTERASE (ACHE, BUCHE, AND CAE) ACTIVITY

BLBE=ABLCE+ABLBE+ABLCR                        #TOTAL B-ESTERASE=ACHE+BUCHE+CAE (UMOL)

IBLE=100*(BLBE/(ANBLCE+ANBLBE+ANBLCR))        # % TOTAL B-ESTERASE INHIBITION IN PLASMA

BLCE=100*(ABLCE/ANBLCE)                       # % ACHE INHIBITION IN PLASMA

BLBES=100*(ABLBE/ANBLBE)                      # % BUCHE INHIBITION IN PLASMA

BLCR=100*(ABLCR/ANBLCR)                       # % CAE INHIBITION IN PLASMA



#RBC B-ESTERASE (ACHE ONLY)ACTIVITY

RBCCE=100*(ARBCE/ANRBCE)                      # % ACHE INHIBITION IN RBCS

RBCPERC=100-RBCCE                             # % INHIBITED VERSUS INHIBITION





#-------------------------------------------------------------------------------.

#METABOLITE EXCRETION####

#METABOLITES--COMPARTMENT 1

RAMCA = RAKM2+RAPB+RALM2+RAPD        #TOTAL RATE OF METABOLITE FORMATION (UMOL/HR)

DAMCA = RAMCA                          #AMOUNT OF METABOLITE (UMOL)

RAMCAEX = A1*KE1                       #RATE OF METABOLITE EXCRETION (UMOL/HR)

RA1 = RAMCA-RAMCAEX                    #RATE OF CHANGE OF METABOLITE IN COMPARTMENT 1 (UMOL/HR)

DA1 = RA1                              #AMOUNT OF METABOLITE IN COMPARTMENT 1 (UMOL)

CBMCA = A1/V1                          #CONCENTRATION OF METABOLITE IN COMPARTMENT 1 (UMOL/L)

DAMCAEX = RAMCAEX                      #AMOUNT OF METABOLITE EXCRETED (UMOL)





#-------------------------------------------------------------------------------.

#MASS BALANCE####

TMASSpar=ASTOM+AINTM+ALM+AKM+AFM+ASMAL+ABRM+ARM+APL+ARBC #Oral and tissues

TMASSoxon=ASTOMO+AINTO+ALO+AFO+ASO+AKO+ARO+ABRO+APLO+ARBCO         #UMOL Oral and tissues

TMASSMCA=A1+AMCAEX                                          #UMOL  detox (metabolite in compartment + excreted)    

TMASSODT=AALOD+AAKOD+APOB+APOD                             #CATALYTIC OXON DETOX  (UMOL) 

TMASSOXONNC=AHPCE+AHPBE+AHPCR+ABPCE+ABPBE+ABPCR+AKPCE+AKPBE+AKPCR+ABLPCE+ABLPBE+ABLPCR+ARBPCE     #NON-CATALYTIC OXON DETOX (UMOL)         

TMASSEXC=AEXCO                                                #OXON EXCRETION

TMASSSURF=ASURF+ASURFO                                               #MASS REMAINING ON SURFACE

TMASSTOTAL=TMASSpar+TMASSoxon+TMASSODT+TMASSOXONNC+TMASSMCA+TMASSEXC #UMOL 

 

TDOSE=ODOSE+ODOSEPAR+ODOSEOXON+ADOSEM+ADOSEO+ODOSEO+AINH+ADL+ADLO+AINH_OXON #TOTAL DOSE (UMOL) 

MASSBAL=TMASSTOTAL/(TDOSE+1E-99)  #SHOULD EQUAL 1 (OR REALLY CLOSE TO IT)

    #FROM THE ODE HELP:"THE RETURN VALUE OF FUNC SHOULD BE A LIST, WHOSE FIRST

    #ELEMENT IS A VECTOR CONTAINING THE DERIVATIVES OF Y WITH RESPECT TO TIME,

    #AND WHOSE NEXT ELEMENTS ARE GLOBAL VALUES THAT ARE REQUIRED AT EACH POINT

    #IN TIMES. THE DERIVATIVES MUST BE SPECIFIED IN THE SAME ORDER AS THE STATE

    #VARIABLES Y." 

    list(#DERVATIVES

          c(DODOSE,DADOSEM,DADOSEO,DODOSEO,DODOSEPAR,DODOSEOXON,

            DDDOSE,DTDDOSE,

            DDDOSEO,DTDDOSEO,

            DASTOM ,DAINTM,DALM ,DALM1 ,DALM2 ,DAKM ,DAKM2 ,DAFM ,DASMAL ,DABRM ,

            DAPB ,DARM ,DASURF,DADL,DASURFO,DADLO,

            DASTOMO ,DAINTO ,DALO ,DAALOD ,DAHCE,DANHCE,DHOCE,DAHPCE,

            DAHBE,DANHBE,DHOBE,DAHPBE,DAHCR,DANHCR,DHOCR,DAHPCR,DAFO ,DASO ,DARO ,

            DABRO ,DAPOB ,DABCE,DANBCE,DBOCE,DABPCE,DABBE,DANBBE,DBOBE,DABPBE,

            DABCR,DANBCR,DBOCR,DABPCR,DAKO ,DAAKOD ,DAKCE,DANKCE,DKOCE,DAKPCE,

            DAKBE,DANKBE,DKOBE,DAKPBE,DAKCR,DANKCR,DKOCR,DAKPCR,DABLCE,DANBLCE,

            DBLOCE,DABLPCE,DABLBE,DANBLBE,DBLOBE,DABLPBE,DABLCR,DANBLCR,DBLOCR,

            DABLPCR,DARBCE,DANRBCE,DRBCOCE,DARBPCE,DAMCA ,DA1 ,DAMCAEX,

            DAPL,DAPLO,DRBC,DRBCO,DAPD,DAPOD,DEXCO,

            DCI, DINH,DCI_OXON,DINH_OXON

            ),

          #'GLOBAL VALUES TO BE RETURNED.

          BCE=BCE,

          RBCCE=RBCCE,

          CBMCA=CBMCA,

          BLBES=BLBES,

          CPL=CPL,

          CPLO=CPLO,

          CLM=CLM,

          CLO=CLO,

          CKM=CKM,

          CKO=CKO,

          CBRM=CBRM,

          CBRO=CBRO,

          CFM=CFM,

          CFO=CFO,

          CSM=CSM,

          CSO=CSO,

          CRM=CRM,

          CRO=CRO,

          CRBC=CRBC,

          CRBCO=CRBCO,

          CBL=CBL,

          CBLO=CBLO,

          CV=CV,

          CVO=CVO,

          VMAXparLC=VMAXparLC,

          VMAXparLC_adult=VMAXparLC_adult,

          VMAXparLC_juvenile=VMAXparLC_juvenile,

          VMAXparL=VMAXparL,

          VMAXparoxonC=VMAXparoxonC,

          VMAXparoxon=VMAXparoxon,

          KMparL=KMparL,

          KMparL_adult=KMparL_adult,

          KMparL_juvenile=KMparL_juvenile,

          KMparoxon=KMparoxon,

          KMparoxon_adult=KMparoxon_adult,

          KMparoxon_juvenile=KMparoxon_juvenile,

          AGE0=AGE0,

          HCR=HCR,

          QC=QC,

          QALV=QALV,

          BWT=BWT,

          VTOTCOMPARTMENTS=VTOTCOMPARTMENTS,

          VLC=VLC,

          VFC=VFC,

          VSC=VSC,

          VRC=VRC,

          VBRC=VBRC,

          VBLC=VBLC,

          VKC=VKC,

          VHC=VHC,

          BWTOTAL=BWTOTAL,#SHOULD <10 FOR A HUMAN

          TDOSE=TDOSE,

          TMASSTOTAL=TMASSTOTAL,

          MASSBAL=MASSBAL,

          TMASSpar=TMASSpar,

          TMASSoxon=TMASSoxon,

          TMASSMCA=TMASSMCA,

          TMASSODT=TMASSODT,

          TMASSEXC=TMASSEXC,

          TMASSOXONNC=TMASSOXONNC,

          TMASSSURF=TMASSSURF,

          CVLM=CVLM

         )

})

}#END DERIVATIVE FUNCTION###
















# Malathion human PBPK parameters



# Gender neutral or male specific values, except for female BTW and fat available

# Set sex=1 to access female parameters



#MALE####

human_parameters_male<-c(

# Gompertz BWT Parameters (Luecke 2007)

B1=3.42826,B2=2.188189,B3=1.506303,B5=34.35453,B6=0.179781,B7=0.221175,

B4=2.462428,B8=-0.0911, AGE0=30,

AGE1=2.949004,AGE2=11,AGE3=21.66022,



# Dynamic organ volumes

# VBrC Parameters (Refit Valentine 2002 & Young 2009)

VB6=0,VB5=0,VB4=5.132e-22,VB3=-2.463e-16,VB2=4.354e-11,

VB1=-3.465e-6,VB0=1.216e-1,

# VLC (Refit Valentine 2002 & Young 2009)

VH4=1.701E-22,VH3=-7.393E-17,VH2=1.082E-11,VH1=-6.789E-7,VH0=3.917E-2,  

# VBL (Young 2009)

VBL2=6.54E-13,VBL1=-3.50E-7,VBL0=8.97E-2,

# VFC (Refit, JNS w/ Valentin 2002 & Lafortuna 2005)

VF6=-2.036e-30,VF5=1.203e-24,VF4=-2.718e-19,VF3=2.892e-14,VF2=-1.422e-09,

VF1=2.803e-05,VF0=3.484e-02,





# VAC (Fit, JNS w/ Valentin 2002 & Lafortuna 2005 fat/.8)

VA6=-2.353e-30,VA5=1.387e-24,VA4=-3.116e-19,VA3=3.268e-14,VA2=-1.542e-9,VA1=2.617e-05,

VA0=2.044e-01,

# VLC (Young 2009)

VL2=0,VL1=-4.55e-8,VL0=1.86e-2,

# VKC (Young 2009)

VK2=3.33e-13,VK1=-6.69e-8,VK0=7.26e-3,

# VSPC (Young 2009)

VSP2=0,VSP1=-5.57e-9,VSP0=3.12e-3,

# VGIC (Brown 1997, sum of stom and both intestines)

VGI3=0,VGI2=0,VGI1=0,VGI0=0.0165,

# VMC (Refit, JNS w/ Valentin 2002 & Janssen 2000)

VM4=-5.061e-21,VM3=2.052e-15,VM2=-2.865e-10,VM1=1.436e-5,VM0=1.268e-1,

# VSKC (Young 2009)

VSK5=-1.1e-27,VSK4=8.62e-22,VSK3=-2.58e-16,VSK2=3.68e-11,

VSK1=-2.56e-6,VSK0=1.03e-1,





# Constant organ volumes

VBMC=0.021,	  # Brown 1997 (red only, yellow is in adipose)

VPC=0.00148, 	# Young 2009, Brown 1997





# Blood flows (L/h/kg tissue)

QBRC=30.6,	# Price 2003

QFC=1.45,	# Luecke 2007, Cowles 1971, Price 2003

QHC=50.4,	# Hepatic art, Price 2003

QSC=1.8,	 # Bone marrow, Price 2003

QRC=61.8,	# Adrenal/spleen mean, Luecke 2007

QKC=200,   # Luecke 2007 and Brown 1997

HCT=0.45, #Timchalk 2002



#molecular weights

MWPAR=330.36,     #molecular wt of malathion (g/mol)

MWOXON=314.29,     #molecular wt of malaoxon (g/mol)





#partition coefficients (tissue:plasma)# All values calculated with EPA's httk R package

#Malathion is one of the chemicals in the httk library but a new chemical was added to 

#to represent malathion without protein binding per below.  Malaoxon is not in the chemical

#library and was added with a logp=1.38 from Leonard et al. (2016)

PparF = 19.1,#    #fat:plasma

PparR = 31.7,     #richly perfused:plasma

PparL = 31.7,     #liver:plasma

PparK = 26.1,     #kidney:plasma

PparBR = 7.5,   #brain:plasma

PparS = 5.5,     #slowly perfused:plasma

PparRBC = 2.2,   #RBC:plasma

PparLung = 1000,     #lung:plasma



#malaoxon

PoxonF = 4.9,  #fat:blood

PoxonR = 9.6,   #richly perfused:blood

PoxonL = 9.6,   #liver:blood

PoxonK = 8.6,  #kidney:blood

PoxonBR = 2.4, #brain:blood

PoxonS = 2.0,  #slowly perfused: blood

PoxonRBC = 1.5, #plasma:RBC



#Fraction of metabolism from carboxylesterase based on data from rat metabolism study showing

#roughly 90% of metabolites are from carboxylesterase pathway (Bradway and Shafik, 1977)

FCXB = 0.95,



#transfer rate from plasma to RBC

PTORBC=100,



#variable to select using KM/VMAX or clearance rate

USEKM_PARL = TRUE,

USEKM_PARK = TRUE,

USEKM_PARB = TRUE,

USEKM_PARP = FALSE,

USEKM_OXONL = FALSE,

USEKM_OXONK = TRUE,

USEKM_OXONB = FALSE,

USEKM_OXONP = FALSE,



# variable to select whether to account for competitive inhibition 

USECOMINH_PARL = TRUE,

USECOMINH_PARK = TRUE,

USECOMINH_PARB = TRUE,

USECOMINH_PARP = TRUE,



#metabolism parameters

#maximum rates of metabolism (umol/hr/kg tissue)

#malathion detoxification

VMAXparLC_adult = 511434*0.85, #697419, #liver Kassahun (2019) MRID 50927802 FITTED at 85% of measured value

VMAXparLC_juvenile = 242946*0.38, #331290, liver Kassahun (2019) MRID 50927802 FITTED at 38% of measured value

VMAXparKC_adult = 511434*0.85*0.6, #697419*0.6  #kidney (60% of liver per Talcott, 1979) FITTED at 85% per liver fit

VMAXparKC_juvenile = 242946*0.38*0.6, #331290*0.6 #kidney (60% of liver per Talcott, 1979) FITTED at 38% per liver fit

VMAXparBRC = 10000, #brain - FITTED VALUE - fits for brain not optimized because brain inhibition is not

#relevant to risk assessment



#malathion oxidation--malathion to oxon 

VMAXparoxonC_adult = 1624,     #liver - CYPS, adult Kassahun (2019) MRID 50927802

VMAXparoxonC_juvenile = 1382,  #liver - CYPS, juvenile Kassahun (2019) MRID 50927802



#oxon detox - NOT Used for liver, brain, and plasma.  Clearance rates used instead. No

#oxon metabolism assumed in kidney

VMAXoxonLC = 0,                 #liver

VMAXoxonKC = 0,                     #kidney

VMAXoxonBRC = 0,                    #brain





#affinity constants (umol/L)

#malathion detoxification

KMparL_adult = 8.17*1.5,         #liver - adult Kassahun (2019) MRID 50927802

KMparL_juvenile = 2.99*1.5,      #liver, juvenile Kassahun (2019) MRID 50927802

KMparBR = 2.0,        #brain FITTED value

KMparK_adult = 8.17*1.5,         #kidney, adult - assumed same as liver

KMparK_juvenile = 2.99*1.5,      #kidney, juvenile -assumed same as liver





#malathion oxidation--malathion to oxon

KMparoxon_adult = 12.0,       #liver, adult Kassahun (2019) MRID 50927802

KMparoxon_juvenile = 3.89,    #liver, juvenile Kassahun (2019) MRID 50927802



#oxon detox - NOT used; clearance rates used instead

KMoxonL = 0.01,         #liver

KMoxonBR = 0.01,         #brain

KMoxonK = 0.01,         #kidney



#clearance rates (only applicable if USEKM variable is TRUE)

CRparLC = 0.0,               #clearance rate parent in liver

CRparKC = 0.0,               #clearance rate parent in kidney

CRparBRC = 0.0,               #clearance rate parent in brain

CRparPLC = 0.0,	           #clearance rate parent in plasma (L/hr/L plasma)	

CRoxonLC = 10828*0.25, #10828,#      #clearance rate oxon in liver Chambers and Meek (2019) MRID 50927801 

CRoxonKC = 0.0,              #clearance rate oxon in kidney

CRoxonBRC = 500,              #clearance rate oxon in brain - FITTED Value

CRoxonPLC = 2579*0.15,#2579		       #clearance rate oxon in plasma (L/hr/L plasma) Chambers and Meek (2019) MRID 50927801 



#Plasma protein binding

FuPAR = 1.0,        #parent binding

FuOXON = 1.0,       #oxon binding



#volumes of distribution for metabolite compartments (L)

V1 = 3.6,      #MCA/DCA



#uptake parameters

#dimethoate

KAS=0.0,  		 #transfer stomach to liver (/h)

KSI=0.2,	     #transfer stomach to intestine (/h)

KAI=0.2,       #transfer intestine to liver (/h)

FA=1,          #Fractional oral Absorption



#oxon

KASO=0.0,		 #transfer stomach to liver (/h)

KSIO=0.5,	   #transfer stomach to intestine (/h)

KAIO=0.5,     #transfer intestine to liver (/h)

FAO=1,        #Fractional oral Absorption



#dermal parameters

DERMPERCNT = 0.031/8,        #dermal absorption percent per hour

DZONE = 0,                  #include dermal exposure (DZONE=1)



#Inhalation parameters

QALV =0,                   #volumetric flow (L/hr)  

CI=0.0,                        #air concentration (mg/m3)

IZONE = 0,                    #include inhalaiton exposure (IZONE=1)

ABS_INH=1.0,



#elimation rate for oxon (1/hr)

KEO = 0.0,



#elimination rate constants for metabolite compartments (/h)

KE1 = 1.5, #MCA/DCA



#pharmacodynamic parameters



# AChE activity (umol/hr/kg tissue) 

BACHE=4.40e5,		 #brain, Maxwell 1987

BLACHE=2.33e4,    #plasma, Timchalk 2002

HACHE=1.02e4,     #liver, Maxwell 1987

RBCHE=4.27e5,		 #RBCs, Timchalk 2002

KACHE=5.4e3,      #Kidney, Maxwell 1987



# BuChE activity (umol/hr/kg tissue) 

HBUCE=3.0e4,     #liver, Maxwell 1987

BLBUCE=2.64e5,	 #plasma, Timchalk 2002

KBUCE=1.02e4,    #kidney, Maxwell 1987

BBUCE=4.68e4,    #brain, Poet et al. 2014



# CaE activity (umol/hr/kg tissue) 

BRCE=2.88e5,	 #brain, Timchalk 2002

HECE=1.27e6, #liver, Timchalk 2002  

PLOCE=0,	 #plasma, Timchalk 2002

KECE=1.79e6,   #kidney CaE, Maxwell 1987





#Degradation of esterase (1/h)--Gearhart et al. 1990, Timchalk et al. 2002 and Poet et al 2014.

#Gearhart inlcudes original values of 0.1 per hour for BChE from Traina and Serpietri (1984) and

#0.01 per hour from Wenthold et al. (1974).  Timchalk cites Gearhart for these values but

#uses somewhat different values in some cases.  Poet, an update to Timchalk, uses different values 

#than both Timchalk and Gearhart.  We reverted to the measured values as cited by Gearhart

#except for carboxylestearse where there are no available measurements.  In this case, we 

#used the fitted values from Poet et al. 2014.  Poet al. 2014 does not have a value for kidney

#so we used the value for liver.

KDBBE=0.1,#                #BuChE (brain)   

KDBCE=0.01,#                 #AChE (brain)  

KDBCR=0.000754,#             #CaE (brain)

KDBLBE=0.1,#                #BuChE (blood/plasma) 

KDBLCE=0.01,#                 #AChE (blood/plasma)

KDBLCR=0.001,#              #CaE (blood/plasma)   

KDHBE=0.1,#                #BuChE (liver)

KDHCE=0.01,#                 #AChE (liver)   

KDHCR=0.001,#               #CaE (liver)

KDRBCE=0.01,#                #AChE (RBC)   

KDKBE=0.1,#                #BuChE (kidney)

KDKCE=0.01,#                #AChE (kidney)

KDKCR=0.001,#               #CaE (kidney)





#Esterase aging rates (1/h)--chemical-specific 

#AChE aging rate from Mason et al 2000 (human RBC AChE for azinphos-methyl, also a dimethoxy OP)

#BuChE aging rate from Mason et al 2000 (human plasma BuChE for azinphos-methyl, also a dimethoxy OP)

#CaE set to 0.001 based on Maxwell and Brecht (2001) finding no ageing (differs from chlorpyrifos model)

KABBE=0.116,#              #BuChE (brain)

KABCE=0.022,#              #AChE (brain)

KABCR=0.001,#               #CaE (brain)

KABLBE=0.116,#             #BuChE (blood/plasma)

KABLCE=0.022,#             #AChE (blood/plasma)

KABLCR=0.001,#              #CaE (blood/plasma)

KAHBE=0.116,#              #BuChE (liver)

KAHCE=0.022,#              #AChE (liver)

KAHCR=0.001,#               #CaE (liver)

KARBCE=0.022,#             #AChE (RBC)

KAKBE=0.116,#              #BuChE (kidney)

KAKCE=0.022,#              #AChE (kidney)

KAKCR=0.001,#               #CaE (kidney)





#Inhibition of esterase (L/umol/h)--chemical-specific. 

#AChE from Chambers et al. (MRID 50773501) 

#BuChE from Herzsprung 1992 for human plasma BuChE

#CaE assumed the same as Timchalk

KIBBE=1.26,#             #BuChE (brain)

KIBCE=4.9*2,#             #AChE (brain) - 

KIBCR=4.9*1.75,#              #CaE (brain)

KIBLBE=1.26,#           #BuChE (blood/plasma)

KIBLCE=4.9*2,#            #AChE (blood/plasma) - 

KIBLCR=4.9*1.75,#             #CaE (blood/plasma)

KIHBE=1.26,#            #BuChE (liver)

KIHCE=4.9*2,#             #AChE (liver) - 

KIHCR=4.9*1.75,#             #CaE (liver)

KIRBCE=4.9*2,#            #AChE (RBCs) - 

KIKBE=1.26,#            #BuChE (kidney)

KIKCE=4.9*2,#             #AChE (kidney) - 

KIKCR=4.9*1.75,#             #CaE (kidney)



#Reactivation of esterase (1/h)--chemical specific 

# AChE reactivation rate from Mason et al 2000 (human RBC AChE for azinphos-methyl, also a dimethoxy OP)

# BuChE reactivation rate from Mason et al 2000 (human plasma BuChE for azinphos-methyl, also a dimethoxy OP)

# CaE was fit. THere are no available data and Timchalk assumed same rate as for AChE.  Fitted value is somewhat lower

# than for AChE

KRBBE=0.03,#                #BuChE (brain)

KRBCE=0.018,#               #AChE (brain)

KRBCR=0.001,               #CaE (brain)

KRBLBE=0.03,#               #BuChE (blood/plasma)

KRBLCE=0.018,#              #AChE (blood/plasma)

KRBLCR=0.001,#              #CaE (blood/plasma)

KRHBE=0.03,#                #BuChE (liver)

KRHCE=0.018,#               #AChE (liver)

KRHCR=0.001,#               #CaE (liver)

KRRBCE=0.018,#              #AChE (RBCs)

KRKBE=0.03,#                #BuChE (kidney)

KRKCE=0.018,#               #AChE (kidney)

KRKCR=0.001,#               #CaE (kidney)





# Enzyme turnover rate (substrate hydrolysis/h/active site) (Maxwell 1987)

TRCE=1.17e7,      #AChE

TRCR=1.086e5,     #CaE

TRBE=3.66e6)      #BuChE





#FEMALE####

human_parameters_female<-c(

# Gompertz BWT Parameters (Luecke 2007)

AGE0=30,

# set Female BWT Parameters

B1=3.4,B2=2.07402,B3=1.504154,B5=34.8806,B6=0.2120837,B7=0.443786,

B4=2.672665,B8=0.31127,

AGE1=2.949004,AGE2=11,AGE3=21.86533,



# Dynamic organ volumes

# VBrC Parameters (Refit Valentine 2002 & Young 2009)

VB6=0,VB5=0,VB4=5.132e-22,VB3=-2.463e-16,VB2=4.354e-11,

VB1=-3.465e-6,VB0=1.216e-1,

# VLC (Refit Valentine 2002 & Young 2009)

VH4=1.701E-22,VH3=-7.393E-17,VH2=1.082E-11,VH1=-6.789E-7,VH0=3.917E-2,  

# VBL (Young 2009)

VBL2=6.54E-13,VBL1=-3.50E-7,VBL0=8.97E-2,



# VFC (Refit, JNS w/ Valentin 2002 & Lafortuna 2005)

# set Female VFC

VF6=-1.273e-30,VF5=7.249e-25,VF4=-1.558e-19,VF3=1.540e-14,VF2=-6.787e-10,

VF1=1.401e-05,VF0=9.217e-02,



# VAC (Fit, JNS w/ Valentin 2002 & Lafortuna 2005 fat/.8)

VA6=-2.353e-30,VA5=1.387e-24,VA4=-3.116e-19,VA3=3.268e-14,VA2=-1.542e-9,VA1=2.617e-05,

VA0=2.044e-01,

# VLC (Young 2009)

VL2=0,VL1=-4.55e-8,VL0=1.86e-2,

# VKC (Young 2009)

VK2=3.33e-13,VK1=-6.69e-8,VK0=7.26e-3,

# VSPC (Young 2009)

VSP2=0,VSP1=-5.57e-9,VSP0=3.12e-3,

# VGIC (Brown 1997, sum of stom and both intestines)

VGI3=0,VGI2=0,VGI1=0,VGI0=0.0165,

# VMC (Refit, JNS w/ Valentin 2002 & Janssen 2000)

VM4=-5.061e-21,VM3=2.052e-15,VM2=-2.865e-10,VM1=1.436e-5,VM0=1.268e-1,

# VSKC (Young 2009)

VSK5=-1.1e-27,VSK4=8.62e-22,VSK3=-2.58e-16,VSK2=3.68e-11,

VSK1=-2.56e-6,VSK0=1.03e-1,





# Constant organ volumes

VBMC=0.021,	  # Brown 1997 (red only, yellow is in adipose)

VPC=0.00148, 	# Young 2009, Brown 1997



# Blood flows (L/h/kg tissue)

QBRC=30.6,	# Price 2003

QFC=1.45,	# Luecke 2007, Cowles 1971, Price 2003

QHC=50.4,	# Hepatic art, Price 2003

QSC=1.8,	 # Bone marrow, Price 2003

QRC=61.8,	# Adrenal/spleen mean, Luecke 2007

QKC=200,   # Luecke 2007 and Brown 1997

HCT=0.45,  #Timchalk 2012



#molecular weights

MWPAR=330.36,     #molecular wt of malathion (g/mol)

MWOXON=314.29,     #molecular wt of malaoxon (g/mol)





#partition coefficients (tissue:plasma)# All values calculated with EPA's httk R package

#Malathion is one of the chemicals in the httk library but a new chemical was added to 

#to represent malathion without protein binding per below.  Malaoxon is not in the chemical

#library and was added with a logp=1.38 from Leonard et al. (2016)

PparF = 19.1,#    #fat:plasma

PparR = 31.7,     #richly perfused:plasma

PparL = 31.7,     #liver:plasma

PparK = 26.1,     #kidney:plasma

PparBR = 7.5,   #brain:plasma

PparS = 5.5,     #slowly perfused:plasma

PparRBC = 2.2,   #RBC:plasma

PparLung = 1000,     #lung:plasma



#malaoxon

PoxonF = 4.9,  #fat:blood

PoxonR = 9.6,   #richly perfused:blood

PoxonL = 9.6,   #liver:blood

PoxonK = 8.6,  #kidney:blood

PoxonBR = 2.4, #brain:blood

PoxonS = 2.0,  #slowly perfused: blood

PoxonRBC = 1.5, #plasma:RBC



#Fraction of metabolism from carboxylesterase based on data from rat metabolism study showing

#roughly 90% of metabolites are from carboxylesterase pathway (Bradway and Shafik, 1977)

FCXB = 0.95,



#transfer rate from plasma to RBC

PTORBC=100,



#variable to select using KM/VMAX or clearance rate

USEKM_PARL = TRUE,

USEKM_PARK = TRUE,

USEKM_PARB = TRUE,

USEKM_PARP = FALSE,

USEKM_OXONL = FALSE,

USEKM_OXONK = TRUE,

USEKM_OXONB = TRUE,

USEKM_OXONP = FALSE,



# variable to select whether to account for competitive inhibition 

USECOMINH_PARL = TRUE,

USECOMINH_PARK = TRUE,

USECOMINH_PARB = TRUE,

USECOMINH_PARP = TRUE,



#metabolism parameters

#maximum rates of metabolism (umol/hr/kg tissue)

#malathion detoxification

VMAXparLC_adult = 511434*0.85, #697419, #liver Kassahun (2019) MRID 50927802 FITTED at 85% of measured value

VMAXparLC_juvenile = 242946*0.38, #331290, liver Kassahun (2019) MRID 50927802 FITTED at 38% of measured value

VMAXparKC_adult = 511434*0.6*0.85, #697419*0.6  #kidney (60% of liver per Talcott, 1979) FITTED at 85% per liver fit

VMAXparKC_juvenile = 242946*0.6*0.38, #331290*0.6 #kidney (60% of liver per Talcott, 1979) FITTED at 38% per liver fit

VMAXparBRC = 10000, #brain - FITTED VALUE - fits for brain not optimized because brain inhibition is not

#relevant to risk assessment



#malathion oxidation--malathion to oxon 

VMAXparoxonC_adult = 1624,     #liver - CYPS, adult Kassahun (2019) MRID 50927802

VMAXparoxonC_juvenile = 1382,  #liver - CYPS, juvenile Kassahun (2019) MRID 50927802



#oxon detox - NOT Used for liver, brain, and plasma.  Clearance rates used instead. No

#oxon metabolism assumed in kidney

VMAXoxonLC = 0,                 #liver

VMAXoxonKC = 0,                     #kidney

VMAXoxonBRC = 0,                    #brain



#affinity constants (umol/L)

#malathion detoxification

KMparL_adult = 8.17*1.5,         #liver - adult Kassahun (2019) MRID 50927802

KMparL_juvenile = 2.99*1.5,      #liver, juvenile Kassahun (2019) MRID 50927802

KMparBR = 2.0,        #brain FITTED value

KMparK_adult = 8.17*1.5,         #kidney, adult - assumed same as liver

KMparK_juvenile = 2.99*1.5,      #kidney, juvenile -assumed same as liver





#malathion oxidation--malathion to oxon

KMparoxon_adult = 12.0,       #liver, adult Kassahun (2019) MRID 50927802

KMparoxon_juvenile = 3.89,    #liver, juvenile Kassahun (2019) MRID 50927802



#affinity constants (umol/L)

#malathion detoxification

KMparL_adult = 8.17*1.5,         #liver - adult Kassahun (2019) MRID 50927802

KMparL_juvenile = 2.99*1.5,      #liver, juvenile Kassahun (2019) MRID 50927802

KMparBR = 2.0,        #brain FITTED value

KMparK_adult = 8.17*1.5,         #kidney, adult - assumed same as liver

KMparK_juvenile = 2.99*1.5,      #kidney, juvenile -assumed same as liver





#malathion oxidation--malathion to oxon

KMparoxon_adult = 12.0,       #liver, adult Kassahun (2019) MRID 50927802

KMparoxon_juvenile = 3.89,    #liver, juvenile Kassahun (2019) MRID 50927802



#oxon detox - NOT used; clearance rates used instead

KMoxonL = 0.01,         #liver

KMoxonBR = 0.01,         #brain

KMoxonK = 0.01,         #kidney



#clearance rates (only applicable if USEKM variable is TRUE)

CRparLC = 0.0,               #clearance rate parent in liver

CRparKC = 0.0,               #clearance rate parent in kidney

CRparBRC = 0.0,               #clearance rate parent in brain

CRparPLC = 0.0,	           #clearance rate parent in plasma (L/hr/L plasma)	

CRoxonLC = 10828*0.25, #10828,#      #clearance rate oxon in liver Chambers and Meek (2019) MRID 50927801 

CRoxonKC = 0.0,              #clearance rate oxon in kidney

CRoxonBRC = 500,              #clearance rate oxon in brain - FITTED Value

CRoxonPLC = 2579*0.15,#2579		       #clearance rate oxon in plasma (L/hr/L plasma) Chambers and Meek (2019) MRID 50927801 



#Plasma protein binding

FuPAR = 1.0,        #parent binding

FuOXON = 1.0,       #oxon binding



#volumes of distribution for metabolite compartments (L)

V1 = 3.6,      #MCA/DCA



#uptake parameters

#dimethoate

KAS=0.0,  		 #transfer stomach to liver (/h)

KSI=0.2,	     #transfer stomach to intestine (/h)

KAI=0.2,       #transfer intestine to liver (/h)

FA=1,          #Fractional oral Absorption



#oxon

KASO=0.0,		 #transfer stomach to liver (/h)

KSIO=0.5,	   #transfer stomach to intestine (/h)

KAIO=0.5,     #transfer intestine to liver (/h)

FAO=1,        #Fractional oral Absorption



#dermal parameters

DERMPERCNT = 0.031/8,        #dermal absorption percent per hour

DZONE = 0,                  #include dermal exposure (DZONE=1)



#Inhalation parameters

QALV =0.0,                   #volumetric flow (cm3/hr) - value selected by user

CI=0.0,                        #air concentration (mg/m3)

IZONE = 0,                    #include inhalaiton exposure (IZONE=1)

ABS_INH=1.0,



#elimination rate for oxon (1/hr)

KEO = 0.0,



#elimination rate constants for metabolite compartments (/h)

KE1 = 1.5, #MCA/DCA



#pharmacodynamic parameters



# AChE activity (umol/hr/kg tissue) 

BACHE=4.40e5,		 #brain, Maxwell 1987

BLACHE=2.33e4,    #plasma, Timchalk 2002

HACHE=1.02e4,     #liver, Maxwell 1987

RBCHE=4.27e5,		 #RBCs, Timchalk 2002

KACHE=5.4e3,      #Kidney, Maxwell 1987



# BuChE activity (umol/hr/kg tissue) 

HBUCE=3.0e4,     #liver, Maxwell 1987

BLBUCE=2.64e5,	 #plasma, Timchalk 2002

KBUCE=1.02e4,    #kidney, Maxwell 1987

BBUCE=4.68e4,    #brain, Poet et al. 2014



# CaE activity (umol/hr/kg tissue) 

BRCE=2.88e5,	 #brain, Timchalk 2002

HECE=1.27e6, #liver, Timchalk 2002  

PLOCE=0,	 #plasma, Timchalk 2002

KECE=1.79e6,   #kidney CaE, Maxwell 1987





#Degradation of esterase (1/h)--Gearhart et al. 1990, Timchalk et al. 2002 and Poet et al 2014.

#Gearhart inlcudes original values of 0.1 per hour for BChE from Traina and Serpietri (1984) and

#0.01 per hour from Wenthold et al. (1974).  Timchalk cites Gearhart for these values but

#uses somewhat different values in some cases.  Poet, an update to Timchalk, uses different values 

#than both Timchalk and Gearhart.  We reverted to the measured values as cited by Gearhart

#except for carboxylestearse where there are no available measurements.  In this case, we 

#used the fitted values from Poet et al. 2014.  Poet al. 2014 does not have a value for kidney

#so we used the value for liver.

KDBBE=0.1,#                #BuChE (brain)   

KDBCE=0.01,#                 #AChE (brain)  

KDBCR=0.000754,#             #CaE (brain)

KDBLBE=0.1,#                #BuChE (blood/plasma) 

KDBLCE=0.01,#                 #AChE (blood/plasma)

KDBLCR=0.001,#              #CaE (blood/plasma)   

KDHBE=0.1,#                #BuChE (liver)

KDHCE=0.01,#                 #AChE (liver)   

KDHCR=0.001,#               #CaE (liver)

KDRBCE=0.01,#                #AChE (RBC)   

KDKBE=0.1,#                #BuChE (kidney)

KDKCE=0.01,#                #AChE (kidney)

KDKCR=0.001,#               #CaE (kidney)





#Esterase aging rates (1/h)--chemical-specific 

#AChE aging rate from Mason et al 2000 (human RBC AChE for azinphos-methyl, also a dimethoxy OP)

#BuChE aging rate from Mason et al 2000 (human plasma BuChE for azinphos-methyl, also a dimethoxy OP)

#CaE set to 0.001 based on Maxwell and Brecht (2001) finding no ageing (differs from chlorpyrifos model)

KABBE=0.116,#              #BuChE (brain)

KABCE=0.022,#              #AChE (brain)

KABCR=0.001,#               #CaE (brain)

KABLBE=0.116,#             #BuChE (blood/plasma)

KABLCE=0.022,#             #AChE (blood/plasma)

KABLCR=0.001,#              #CaE (blood/plasma)

KAHBE=0.116,#              #BuChE (liver)

KAHCE=0.022,#              #AChE (liver)

KAHCR=0.001,#               #CaE (liver)

KARBCE=0.022,#             #AChE (RBC)

KAKBE=0.116,#              #BuChE (kidney)

KAKCE=0.022,#              #AChE (kidney)

KAKCR=0.001,#               #CaE (kidney)





#Inhibition of esterase (L/umol/h)--chemical-specific. 

#AChE from Chambers et al. (MRID 50773501) -geometric mean

#BuChE from Herzsprung 1992 for human plasma BuChE

#CaE assumed the same as Timchalk

KIBBE=1.26,#             #BuChE (brain)

KIBCE=4.9*2,#             #AChE (brain) - 

KIBCR=4.9*1.75,#              #CaE (brain)

KIBLBE=1.26,#           #BuChE (blood/plasma)

KIBLCE=4.9*2,#            #AChE (blood/plasma) - 

KIBLCR=4.9*1.75,#             #CaE (blood/plasma)

KIHBE=1.26,#            #BuChE (liver)

KIHCE=4.9*2,#             #AChE (liver) - 

KIHCR=4.9*1.75,#             #CaE (liver)

KIRBCE=4.9*2,#            #AChE (RBCs) - 

KIKBE=1.26,#            #BuChE (kidney)

KIKCE=4.9*2,#             #AChE (kidney) - 

KIKCR=4.9*1.75,#             #CaE (kidney)



#Reactivation of esterase (1/h)--chemical specific 

# AChE reactivation rate from Mason et al 2000 (human RBC AChE for azinphos-methyl, also a dimethoxy OP)

# BuChE reactivation rate from Mason et al 2000 (human plasma BuChE for azinphos-methyl, also a dimethoxy OP)

# CaE was fit. THere are no available data and Timchalk assumed same rate as for AChE.  Fitted value is somewhat lower

# than for AChE

KRBBE=0.03,#                #BuChE (brain)

KRBCE=0.018,#               #AChE (brain)

KRBCR=0.001,               #CaE (brain)

KRBLBE=0.03,#               #BuChE (blood/plasma)

KRBLCE=0.018,#              #AChE (blood/plasma)

KRBLCR=0.001,#              #CaE (blood/plasma)

KRHBE=0.03,#                #BuChE (liver)

KRHCE=0.018,#               #AChE (liver)

KRHCR=0.001,#               #CaE (liver)

KRRBCE=0.018,#              #AChE (RBCs)

KRKBE=0.03,#                #BuChE (kidney)

KRKCE=0.018,#               #AChE (kidney)

KRKCR=0.001,#               #CaE (kidney)





# Enzyme turnover rate (substrate hydrolysis/h/active site) (Maxwell 1987)

TRCE=1.17e7,      #AChE

TRCR=1.086e5,     #CaE

TRBE=3.66e6)







human_parameters<-list(male=human_parameters_male,female=human_parameters_female)













#













#




rm(list = ls()) # Clear workspace



#set the working directory to the location of these scripts

#setwd(dirname(rstudioapi::getActiveDocumentContext()$path))



#Environment####

library(dplyr)

library(tidyr)

library(parallel)

# number of cores availabe on current machine

tot_cores<-detectCores(all.tests = FALSE, logical = TRUE)  

cores<-tot_cores-1 # leave one core for other tasks 



ac_50 <<- -999             # enter the AC50 value here; units = umol/L

Ndays = 123                        # number of days to simulate

target_chem = "oxon"            # oxon or parent compound

body_weight = 12.6                 # body weight in kg

subject_age = 1

scenario_number = 1

route = "food"



source("human_pbpk.R") # Loads model and base parameters

source("malathion_human_parameters.R") # male and female specific parameters



# Intial_parameters####

sex = 1						 # 0=male, 1= Female

params<-c(params[!names(params)%in%names(human_parameters[[sex+1]])],

          human_parameters[[sex+1]])



# set case-specific parameters

params[["TSTART"]]<-0.0         # START SIMULATION (HR)

params[["TSTOP"]]=Ndays*24      			# Simulation duration = 2 days

params[["AGE0"]]=subject_age

params[["BWSW"]] = 1   	 				# Switch for age (set =0) or set (set =1) if bwt provided

params[["BWST"]]= body_weight   	 			# kg

params[["FA"]]=1



# returns the average blood concentration of oxon

# based on the daily dose of "dose" ug/kg/day

avgCBLO <- function(dose){

  

  # TIMING COMMANDS ####

  MAXT=0.1       #maximum time step

  times<-seq(params[["TSTART"]],params[["TSTOP"]],by=MAXT)#

  

  # max number of points to write out to file

  POINTS_max<-10000  

  # if the more than 10000 timesteps, select evently spaced 10000 of them for reporting

  report_points<-if(length(times)<=POINTS_max) times else 

    times[seq(1,length(times),by=round(length(times)/POINTS_max))]

  table(report_points%in%times)#check all report values are in times.

  

  

  # Dosing ####



  # once daily oral exposure for food

  if (route=="food"){

    if (Ndays < 100) {

      A <- c(dose)

      B <- c(0)

      C <- c("time","doral")

      

      DORAL <- data.frame(B,A)

      colnames(DORAL) <- C

    } else {

      A <- rep(dose,Ndays+1)

      B <- seq(0,Ndays*24,by=24)

      C <- c("time","doral")

      

      DORAL <- data.frame(B,A)

      colnames(DORAL) <- C

    }

  }

  # dosing for water exposure

  if (route=="water"){

    if (Ndays < 100) {

      # 6x daily for age <= 12

      if (subject_age<=12){

        A <- rep(dose/6.0,6)

        B <- seq(0,20,by=4)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

      # 4x daily for age > 12

      else {

        A <- rep(dose/4.0,4)

        B <- seq(0,18,by=6)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

    } else {

      # 6x daily for age <= 12

      if (subject_age<=12){

        A <- rep(dose/6.0,Ndays*6+1)

        B <- seq(0,Ndays*24,by=4)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

      # 4x daily for age > 12

      else {

        A <- rep(dose/4.0,Ndays*4+1)

        B <- seq(0,Ndays*24,by=6)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

    }

  }

  

  All_Dose<-DORAL%>%

    mutate(ODOSEOXON=doral*(params[["BWST"]]/params[["MWOXON"]])

           *params[["FA"]], # DIM dose conversion (ug/kg to umol)

           Level=paste(doral[1],"ug/kg",sep="_"))

  

  #~~~~APPLY MODEL~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~#### 

  # Do parallel for speed

  c1<-makeCluster(min(cores,n_distinct(All_Dose$Level))) # cluster for parallel 

  timestamp()

  modelOutput<-parLapply(c1,split(All_Dose,All_Dose$Level), function (LL,ini_par,t){

    #load data into cores

    source("human_pbpk.R")

    # Create dataframe of "events"that describe the dosing, which informs the

    # ODE function, and needs to have columns "var" = the state_variable that needs

    # to be changed,"time"= when the changes occurs,"value"=the value being changed

    # to,& "method"= how the new value interacts with the previous state variable

    # value. See ?deSolve::lsodes and ?deSolve::events.

    

    # combine or replace "base" parameters with case specific human parameters, 

    # carring out any calcuated paramters which are function of other specific case parameters 

    ini_pars <- initial_params_fun(params=ini_par)

    # STATE####

    # Subject specific UPDATES to the initial value of state variables

    st<-state_fun(st=state,ini_p=ini_pars)

    

    eventDat<-rbind(data.frame(var="ODOSEOXON",time=LL$time,

                               value=LL$ODOSEOXON ,	 

                               method="add",stringsAsFactors = FALSE),  # ("replace", "add", "multiply")

                    data.frame(var="ASTOMO",time=LL$time,

                               value=LL$ODOSEOXON ,	 

                               method="add",stringsAsFactors = FALSE))

    

    # DERIVATIVE ####

    # RUN MODEL 

    modelOutput<- ode(y = st, times = t,  #method = "lsodes",

                      func = Human_Model, parms = ini_pars,

                      events = list(data = eventDat[order(eventDat$time),]))

    result <- within(as.data.frame(modelOutput),{Level<-LL$Level[[1]]})

    return(result)

  },ini_par=params,t=times)

  stopCluster(c1)

  timestamp()

  ModelOutput<-do.call(rbind,modelOutput)##make big dataframe for evaluation



  #~~~END MODEL ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~####

  

  return(mean(tail(ModelOutput$CBLO,240)))

  

}



minRBCCEO <- function(dose){

  

  # TIMING COMMANDS ####

  MAXT=0.1       #maximum time step

  times<-seq(params[["TSTART"]],params[["TSTOP"]],by=MAXT)#

  

  # max number of points to write out to file

  POINTS_max<-10000  

  # if the more than 10000 timesteps, select evently spaced 10000 of them for reporting

  report_points<-if(length(times)<=POINTS_max) times else 

    times[seq(1,length(times),by=round(length(times)/POINTS_max))]

  table(report_points%in%times)#check all report values are in times.

  

  

  # Dosing ####

  

  # once daily oral exposure for food

  if (route=="food"){

    if (Ndays < 100) {

      A <- c(dose)

      B <- c(0)

      C <- c("time","doral")

      

      DORAL <- data.frame(B,A)

      colnames(DORAL) <- C

    } else {

      A <- rep(dose,Ndays+1)

      B <- seq(0,Ndays*24,by=24)

      C <- c("time","doral")

      

      DORAL <- data.frame(B,A)

      colnames(DORAL) <- C

    }

  }

  # dosing for water exposure

  if (route=="water"){

    if (Ndays < 100) {

      # 6x daily for age <= 12

      if (subject_age<=12){

        A <- rep(dose/6.0,6)

        B <- seq(0,20,by=4)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

      # 4x daily for age > 12

      else {

        A <- rep(dose/4.0,4)

        B <- seq(0,18,by=6)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

    } else {

      # 6x daily for age <= 12

      if (subject_age<=12){

        A <- rep(dose/6.0,Ndays*6+1)

        B <- seq(0,Ndays*24,by=4)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

      # 4x daily for age > 12

      else {

        A <- rep(dose/4.0,Ndays*4+1)

        B <- seq(0,Ndays*24,by=6)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

    }

  }

  

  All_Dose<-DORAL%>%

    mutate(ODOSEOXON=doral*(params[["BWST"]]/params[["MWOXON"]])

           *params[["FA"]], # DIM dose conversion (ug/kg to umol)

           Level=paste(doral[1],"ug/kg",sep="_"))

  

  #~~~~APPLY MODEL~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~#### 

  # Do parallel for speed

  c1<-makeCluster(min(cores,n_distinct(All_Dose$Level))) # cluster for parallel 

  timestamp()

  modelOutput<-parLapply(c1,split(All_Dose,All_Dose$Level), function (LL,ini_par,t){

    #load data into cores

    source("human_pbpk.R")

    # Create dataframe of "events"that describe the dosing, which informs the

    # ODE function, and needs to have columns "var" = the state_variable that needs

    # to be changed,"time"= when the changes occurs,"value"=the value being changed

    # to,& "method"= how the new value interacts with the previous state variable

    # value. See ?deSolve::lsodes and ?deSolve::events.

    

    # combine or replace "base" parameters with case specific human parameters, 

    # carring out any calcuated paramters which are function of other specific case parameters 

    ini_pars <- initial_params_fun(params=ini_par)

    # STATE####

    # Subject specific UPDATES to the initial value of state variables

    st<-state_fun(st=state,ini_p=ini_pars)

    

    eventDat<-rbind(data.frame(var="ODOSEOXON",time=LL$time,

                               value=LL$ODOSEOXON ,	 

                               method="add",stringsAsFactors = FALSE),  # ("replace", "add", "multiply")

                    data.frame(var="ASTOMO",time=LL$time,

                               value=LL$ODOSEOXON ,	 

                               method="add",stringsAsFactors = FALSE))

    

    # DERIVATIVE ####

    # RUN MODEL 

    modelOutput<- ode(y = st, times = t,  #method = "lsodes",

                      func = Human_Model, parms = ini_pars,

                      events = list(data = eventDat[order(eventDat$time),]))

    result <- within(as.data.frame(modelOutput),{Level<-LL$Level[[1]]})

    return(result)

  },ini_par=params,t=times)

  stopCluster(c1)

  timestamp()

  ModelOutput<-do.call(rbind,modelOutput)##make big dataframe for evaluation

  

  #~~~END MODEL ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~####

  

  return(min(ModelOutput$RBCCE))

  

}



just_run_model <- function(dose){

  

  # TIMING COMMANDS ####

  MAXT=0.1       #maximum time step

  times<-seq(params[["TSTART"]],params[["TSTOP"]],by=MAXT)#

  

  # max number of points to write out to file

  POINTS_max<-10000  

  # if the more than 10000 timesteps, select evently spaced 10000 of them for reporting

  report_points<-if(length(times)<=POINTS_max) times else 

    times[seq(1,length(times),by=round(length(times)/POINTS_max))]

  table(report_points%in%times)#check all report values are in times.

  

  

  # Dosing ####



  # once daily oral exposure for food

  if (route=="food"){

    if (Ndays < 100) {

      A <- c(dose)

      B <- c(0)

      C <- c("time","doral")

      

      DORAL <- data.frame(B,A)

      colnames(DORAL) <- C

    } else {

      A <- rep(dose,Ndays+1)

      B <- seq(0,Ndays*24,by=24)

      C <- c("time","doral")

      

      DORAL <- data.frame(B,A)

      colnames(DORAL) <- C

    }

  }

  # dosing for water exposure

  if (route=="water"){

    if (Ndays < 100) {

      # 6x daily for age <= 12

      if (subject_age<=12){

        A <- rep(dose/6.0,6)

        B <- seq(0,20,by=4)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

      # 4x daily for age > 12

      else {

        A <- rep(dose/4.0,4)

        B <- seq(0,18,by=6)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

    } else {

      # 6x daily for age <= 12

      if (subject_age<=12){

        A <- rep(dose/6.0,Ndays*6+1)

        B <- seq(0,Ndays*24,by=4)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

      # 4x daily for age > 12

      else {

        A <- rep(dose/4.0,Ndays*4+1)

        B <- seq(0,Ndays*24,by=6)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

    }

  }

  

  All_Dose<-DORAL%>%

    mutate(ODOSEOXON=doral*(params[["BWST"]]/params[["MWOXON"]])

           *params[["FA"]], # DIM dose conversion (ug/kg to umol)

           Level=paste(doral[1],"ug/kg",sep="_"))

  

  #~~~~APPLY MODEL~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~#### 

  # Do parallel for speed

  c1<-makeCluster(min(cores,n_distinct(All_Dose$Level))) # cluster for parallel 

  timestamp()

  modelOutput<-parLapply(c1,split(All_Dose,All_Dose$Level), function (LL,ini_par,t){

    #load data into cores

    source("human_pbpk.R")

    # Create dataframe of "events"that describe the dosing, which informs the

    # ODE function, and needs to have columns "var" = the state_variable that needs

    # to be changed,"time"= when the changes occurs,"value"=the value being changed

    # to,& "method"= how the new value interacts with the previous state variable

    # value. See ?deSolve::lsodes and ?deSolve::events.

    

    # combine or replace "base" parameters with case specific human parameters, 

    # carring out any calcuated paramters which are function of other specific case parameters 

    ini_pars <- initial_params_fun(params=ini_par)

    # STATE####

    # Subject specific UPDATES to the initial value of state variables

    st<-state_fun(st=state,ini_p=ini_pars)

    

    eventDat<-rbind(data.frame(var="ODOSEOXON",time=LL$time,

                               value=LL$ODOSEOXON ,	 

                               method="add",stringsAsFactors = FALSE),  # ("replace", "add", "multiply")

                    data.frame(var="ASTOMO",time=LL$time,

                               value=LL$ODOSEOXON ,	 

                               method="add",stringsAsFactors = FALSE))

    

    # DERIVATIVE ####

    # RUN MODEL 

    modelOutput<- ode(y = st, times = t,  #method = "lsodes",

                      func = Human_Model, parms = ini_pars,

                      events = list(data = eventDat[order(eventDat$time),]))

    result <- within(as.data.frame(modelOutput),{Level<-LL$Level[[1]]})

    return(result)

  },ini_par=params,t=times)

  stopCluster(c1)

  timestamp()

  ModelOutput<-do.call(rbind,modelOutput)##make big dataframe for evaluation



  #~~~END MODEL ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~####

  

  return(ModelOutput)

  

}



PODcost <- function(test_dose){

  

  test_result <- minRBCCEO(test_dose*1000)

  test_error <- (test_result - 90.0)

  

  print(sprintf("%f  %f",test_dose,test_result))

  

  return(test_error*test_error)

}



AEDcost <- function(test_dose){

  

  test_result <- avgCBLO(test_dose*1000)

  test_error <- (test_result - ac_50)

  

  print(sprintf("%f  %f",test_dose,test_result))

  

  return(test_error*test_error)

}



# get the dose that reproduces the AC50 in blood concentration or 10% brain AChE inhibition

final_dose <- optim(par = 1.5, PODcost, method = "Brent",lower = 0.1, upper = 10, control = list(reltol = 1e-3))   # POD limits



# finally run the model for this concentration

ModelOutput <- just_run_model(final_dose$par*1000)

final_dose$par

min(ModelOutput$RBCCE)






rm(list = ls()) # Clear workspace



#set the working directory to the location of these scripts

#setwd(dirname(rstudioapi::getActiveDocumentContext()$path))



#Environment####

library(dplyr)

library(tidyr)

library(parallel)

# number of cores availabe on current machine

tot_cores<-detectCores(all.tests = FALSE, logical = TRUE)  

cores<-tot_cores-1 # leave one core for other tasks 



ac_50 <<- -999             # enter the AC50 value here; units = umol/L

Ndays = 123                        # number of days to simulate

target_chem = "parent"            # oxon or parent compound

body_weight = 12.6                 # body weight in kg

subject_age = 1

scenario_number = 1

route = "food"



source("human_pbpk.R") # Loads model and base parameters

source("malathion_human_parameters.R") # male and female specific parameters



# Intial_parameters####

sex = 1						 # 0=male, 1= Female

params<-c(params[!names(params)%in%names(human_parameters[[sex+1]])],

          human_parameters[[sex+1]])



# set case-specific parameters

params[["TSTART"]]<-0.0         # START SIMULATION (HR)

params[["TSTOP"]]=Ndays*24      			# Simulation duration = 2 days

params[["AGE0"]]=subject_age

params[["BWSW"]] = 1   	 				# Switch for age (set =0) or set (set =1) if bwt provided

params[["BWST"]]= body_weight   	 			# kg

params[["FA"]]=1



# returns the average blood concentration of parent compound

# based on the daily dose of "dose" ug/kg/day

avgCBL <- function(dose){

  

  # TIMING COMMANDS ####

  MAXT=0.1       #maximum time step

  times<-seq(params[["TSTART"]],params[["TSTOP"]],by=MAXT)#

  

  # max number of points to write out to file

  POINTS_max<-10000  

  # if the more than 10000 timesteps, select evently spaced 10000 of them for reporting

  report_points<-if(length(times)<=POINTS_max) times else 

    times[seq(1,length(times),by=round(length(times)/POINTS_max))]

  table(report_points%in%times)#check all report values are in times.

  

  

  # once daily oral exposure for food

  if (route=="food"){

    if (Ndays < 100) {

      A <- c(dose)

      B <- c(0)

      C <- c("time","doral")

      

      DORAL <- data.frame(B,A)

      colnames(DORAL) <- C

    } else {

      A <- rep(dose,Ndays+1)

      B <- seq(0,Ndays*24,by=24)

      C <- c("time","doral")

      

      DORAL <- data.frame(B,A)

      colnames(DORAL) <- C

    }

  }

  # dosing for water exposure

  if (route=="water"){

    if (Ndays < 100) {

      # 6x daily for age <= 12

      if (subject_age<=12){

        A <- rep(dose/6.0,6)

        B <- seq(0,20,by=4)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

      # 4x daily for age > 12

      else {

        A <- rep(dose/4.0,4)

        B <- seq(0,18,by=6)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

    } else {

      # 6x daily for age <= 12

      if (subject_age<=12){

        A <- rep(dose/6.0,Ndays*6+1)

        B <- seq(0,Ndays*24,by=4)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

      # 4x daily for age > 12

      else {

        A <- rep(dose/4.0,Ndays*4+1)

        B <- seq(0,Ndays*24,by=6)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

    }

  }

  

  

  All_Dose<-DORAL%>%

    mutate(ODOSE=doral*(params[["BWST"]]/params[["MWPAR"]])

           *params[["FA"]], # DIM dose conversion (ug/kg to umol)

           Level=paste(doral[1],"ug/kg",sep="_"))

  

  #~~~~APPLY MODEL~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~#### 

  # Do parallel for speed

  c1<-makeCluster(min(cores,n_distinct(All_Dose$Level))) # cluster for parallel 

  timestamp()

  modelOutput<-parLapply(c1,split(All_Dose,All_Dose$Level), function (LL,ini_par,t){

    #load data into cores

    source("human_pbpk.R")

    # Create dataframe of "events"that describe the dosing, which informs the

    # ODE function, and needs to have columns "var" = the state_variable that needs

    # to be changed,"time"= when the changes occurs,"value"=the value being changed

    # to,& "method"= how the new value interacts with the previous state variable

    # value. See ?deSolve::lsodes and ?deSolve::events.

    

    # combine or replace "base" parameters with case specific human parameters, 

    # carring out any calcuated paramters which are function of other specific case parameters 

    ini_pars <- initial_params_fun(params=ini_par)

    # STATE####

    # Subject specific UPDATES to the initial value of state variables

    st<-state_fun(st=state,ini_p=ini_pars)

    

    eventDat<-rbind(data.frame(var="ODOSE",time=LL$time,

                               value=LL$ODOSE ,	 

                               method="add",stringsAsFactors = FALSE),  # ("replace", "add", "multiply")

                    data.frame(var="ASTOM",time=LL$time,

                               value=LL$ODOSE ,	 

                               method="add",stringsAsFactors = FALSE))

    

    # DERIVATIVE ####

    # RUN MODEL 

    modelOutput<- ode(y = st, times = t,  #method = "lsodes",

                      func = Human_Model, parms = ini_pars,

                      events = list(data = eventDat[order(eventDat$time),]))

    result <- within(as.data.frame(modelOutput),{Level<-LL$Level[[1]]})

    return(result)

  },ini_par=params,t=times)

  stopCluster(c1)

  timestamp()

  ModelOutput<-do.call(rbind,modelOutput)##make big dataframe for evaluation



  

  return(mean(tail(ModelOutput$CBL,240)))

  

}



# returns the average blood concentration of oxon

# based on the daily dose of "dose" ug/kg/day

avgCBLO <- function(dose){

  

  # TIMING COMMANDS ####

  MAXT=0.1       #maximum time step

  times<-seq(params[["TSTART"]],params[["TSTOP"]],by=MAXT)#

  

  # max number of points to write out to file

  POINTS_max<-10000  

  # if the more than 10000 timesteps, select evently spaced 10000 of them for reporting

  report_points<-if(length(times)<=POINTS_max) times else 

    times[seq(1,length(times),by=round(length(times)/POINTS_max))]

  table(report_points%in%times)#check all report values are in times.

  

  

  # once daily oral exposure for food

  if (route=="food"){

    if (Ndays < 100) {

      A <- c(dose)

      B <- c(0)

      C <- c("time","doral")

      

      DORAL <- data.frame(B,A)

      colnames(DORAL) <- C

    } else {

      A <- rep(dose,Ndays+1)

      B <- seq(0,Ndays*24,by=24)

      C <- c("time","doral")

      

      DORAL <- data.frame(B,A)

      colnames(DORAL) <- C

    }

  }

  # dosing for water exposure

  if (route=="water"){

    if (Ndays < 100) {

      # 6x daily for age <= 12

      if (subject_age<=12){

        A <- rep(dose/6.0,6)

        B <- seq(0,20,by=4)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

      # 4x daily for age > 12

      else {

        A <- rep(dose/4.0,4)

        B <- seq(0,18,by=6)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

    } else {

      # 6x daily for age <= 12

      if (subject_age<=12){

        A <- rep(dose/6.0,Ndays*6+1)

        B <- seq(0,Ndays*24,by=4)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

      # 4x daily for age > 12

      else {

        A <- rep(dose/4.0,Ndays*4+1)

        B <- seq(0,Ndays*24,by=6)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

    }

  }

  

  All_Dose<-DORAL%>%

    mutate(ODOSE=doral*(params[["BWST"]]/params[["MWPAR"]])

           *params[["FA"]], # DIM dose conversion (ug/kg to umol)

           Level=paste(doral[1],"ug/kg",sep="_"))

  

  #~~~~APPLY MODEL~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~#### 

  # Do parallel for speed

  c1<-makeCluster(min(cores,n_distinct(All_Dose$Level))) # cluster for parallel 

  timestamp()

  modelOutput<-parLapply(c1,split(All_Dose,All_Dose$Level), function (LL,ini_par,t){

    #load data into cores

    source("human_pbpk.R")

    # Create dataframe of "events"that describe the dosing, which informs the

    # ODE function, and needs to have columns "var" = the state_variable that needs

    # to be changed,"time"= when the changes occurs,"value"=the value being changed

    # to,& "method"= how the new value interacts with the previous state variable

    # value. See ?deSolve::lsodes and ?deSolve::events.

    

    # combine or replace "base" parameters with case specific human parameters, 

    # carring out any calcuated paramters which are function of other specific case parameters 

    ini_pars <- initial_params_fun(params=ini_par)

    # STATE####

    # Subject specific UPDATES to the initial value of state variables

    st<-state_fun(st=state,ini_p=ini_pars)

    

    eventDat<-rbind(data.frame(var="ODOSE",time=LL$time,

                               value=LL$ODOSE ,	 

                               method="add",stringsAsFactors = FALSE),  # ("replace", "add", "multiply")

                    data.frame(var="ASTOM",time=LL$time,

                               value=LL$ODOSE ,	 

                               method="add",stringsAsFactors = FALSE))

    

    # DERIVATIVE ####

    # RUN MODEL 

    modelOutput<- ode(y = st, times = t,  #method = "lsodes",

                      func = Human_Model, parms = ini_pars,

                      events = list(data = eventDat[order(eventDat$time),]))

    result <- within(as.data.frame(modelOutput),{Level<-LL$Level[[1]]})

    return(result)

  },ini_par=params,t=times)

  stopCluster(c1)

  timestamp()

  ModelOutput<-do.call(rbind,modelOutput)##make big dataframe for evaluation



  #~~~END MODEL ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~####

  

  return(mean(tail(ModelOutput$CBLO,240)))

  

}



# returns the average blood concentration of oxon

# based on the daily dose of "dose" ug/kg/day

minRBCCE <- function(dose){

  

  # TIMING COMMANDS ####

  MAXT=0.1       #maximum time step

  times<-seq(params[["TSTART"]],params[["TSTOP"]],by=MAXT)#

  

  # max number of points to write out to file

  POINTS_max<-10000  

  # if the more than 10000 timesteps, select evently spaced 10000 of them for reporting

  report_points<-if(length(times)<=POINTS_max) times else 

    times[seq(1,length(times),by=round(length(times)/POINTS_max))]

  table(report_points%in%times)#check all report values are in times.

  

  

  # once daily oral exposure for food

  if (route=="food"){

    if (Ndays < 100) {

      A <- c(dose)

      B <- c(0)

      C <- c("time","doral")

      

      DORAL <- data.frame(B,A)

      colnames(DORAL) <- C

    } else {

      A <- rep(dose,Ndays+1)

      B <- seq(0,Ndays*24,by=24)

      C <- c("time","doral")

      

      DORAL <- data.frame(B,A)

      colnames(DORAL) <- C

    }

  }

  # dosing for water exposure

  if (route=="water"){

    if (Ndays < 100) {

      # 6x daily for age <= 12

      if (subject_age<=12){

        A <- rep(dose/6.0,6)

        B <- seq(0,20,by=4)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

      # 4x daily for age > 12

      else {

        A <- rep(dose/4.0,4)

        B <- seq(0,18,by=6)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

    } else {

      # 6x daily for age <= 12

      if (subject_age<=12){

        A <- rep(dose/6.0,Ndays*6+1)

        B <- seq(0,Ndays*24,by=4)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

      # 4x daily for age > 12

      else {

        A <- rep(dose/4.0,Ndays*4+1)

        B <- seq(0,Ndays*24,by=6)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

    }

  }

  

  All_Dose<-DORAL%>%

    mutate(ODOSE=doral*(params[["BWST"]]/params[["MWPAR"]])

           *params[["FA"]], # DIM dose conversion (ug/kg to umol)

           Level=paste(doral[1],"ug/kg",sep="_"))

  

  #~~~~APPLY MODEL~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~#### 

  # Do parallel for speed

  c1<-makeCluster(min(cores,n_distinct(All_Dose$Level))) # cluster for parallel 

  timestamp()

  modelOutput<-parLapply(c1,split(All_Dose,All_Dose$Level), function (LL,ini_par,t){

    #load data into cores

    source("human_pbpk.R")

    # Create dataframe of "events"that describe the dosing, which informs the

    # ODE function, and needs to have columns "var" = the state_variable that needs

    # to be changed,"time"= when the changes occurs,"value"=the value being changed

    # to,& "method"= how the new value interacts with the previous state variable

    # value. See ?deSolve::lsodes and ?deSolve::events.

    

    # combine or replace "base" parameters with case specific human parameters, 

    # carring out any calcuated paramters which are function of other specific case parameters 

    ini_pars <- initial_params_fun(params=ini_par)

    # STATE####

    # Subject specific UPDATES to the initial value of state variables

    st<-state_fun(st=state,ini_p=ini_pars)

    

    eventDat<-rbind(data.frame(var="ODOSE",time=LL$time,

                               value=LL$ODOSE ,	 

                               method="add",stringsAsFactors = FALSE),  # ("replace", "add", "multiply")

                    data.frame(var="ASTOM",time=LL$time,

                               value=LL$ODOSE ,	 

                               method="add",stringsAsFactors = FALSE))

    

    # DERIVATIVE ####

    # RUN MODEL 

    modelOutput<- ode(y = st, times = t,  #method = "lsodes",

                      func = Human_Model, parms = ini_pars,

                      events = list(data = eventDat[order(eventDat$time),]))

    result <- within(as.data.frame(modelOutput),{Level<-LL$Level[[1]]})

    return(result)

  },ini_par=params,t=times)

  stopCluster(c1)

  timestamp()

  ModelOutput<-do.call(rbind,modelOutput)##make big dataframe for evaluation

  

  #~~~END MODEL ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~####

  

  return(min(ModelOutput$RBCCE))

  

}





just_run_model <- function(dose){

  

  # TIMING COMMANDS ####

  MAXT=0.1       #maximum time step

  times<-seq(params[["TSTART"]],params[["TSTOP"]],by=MAXT)#

  

  # max number of points to write out to file

  POINTS_max<-10000  

  # if the more than 10000 timesteps, select evently spaced 10000 of them for reporting

  report_points<-if(length(times)<=POINTS_max) times else 

    times[seq(1,length(times),by=round(length(times)/POINTS_max))]

  table(report_points%in%times)#check all report values are in times.

  

  

  # once daily oral exposure for food

  if (route=="food"){

    if (Ndays < 100) {

      A <- c(dose)

      B <- c(0)

      C <- c("time","doral")

      

      DORAL <- data.frame(B,A)

      colnames(DORAL) <- C

    } else {

      A <- rep(dose,Ndays+1)

      B <- seq(0,Ndays*24,by=24)

      C <- c("time","doral")

      

      DORAL <- data.frame(B,A)

      colnames(DORAL) <- C

    }

  }

  # dosing for water exposure

  if (route=="water"){

    if (Ndays < 100) {

      # 6x daily for age <= 12

      if (subject_age<=12){

        A <- rep(dose/6.0,6)

        B <- seq(0,20,by=4)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

      # 4x daily for age > 12

      else {

        A <- rep(dose/4.0,4)

        B <- seq(0,18,by=6)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

    } else {

      # 6x daily for age <= 12

      if (subject_age<=12){

        A <- rep(dose/6.0,Ndays*6+1)

        B <- seq(0,Ndays*24,by=4)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

      # 4x daily for age > 12

      else {

        A <- rep(dose/4.0,Ndays*4+1)

        B <- seq(0,Ndays*24,by=6)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

    }

  }

  

  All_Dose<-DORAL%>%

    mutate(ODOSE=doral*(params[["BWST"]]/params[["MWPAR"]])

           *params[["FA"]], # DIM dose conversion (ug/kg to umol)

           Level=paste(doral[1],"ug/kg",sep="_"))

  

  #~~~~APPLY MODEL~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~#### 

  # Do parallel for speed

  c1<-makeCluster(min(cores,n_distinct(All_Dose$Level))) # cluster for parallel 

  timestamp()

  modelOutput<-parLapply(c1,split(All_Dose,All_Dose$Level), function (LL,ini_par,t){

    #load data into cores

    source("human_pbpk.R")

    # Create dataframe of "events"that describe the dosing, which informs the

    # ODE function, and needs to have columns "var" = the state_variable that needs

    # to be changed,"time"= when the changes occurs,"value"=the value being changed

    # to,& "method"= how the new value interacts with the previous state variable

    # value. See ?deSolve::lsodes and ?deSolve::events.

    

    # combine or replace "base" parameters with case specific human parameters, 

    # carring out any calcuated paramters which are function of other specific case parameters 

    ini_pars <- initial_params_fun(params=ini_par)

    # STATE####

    # Subject specific UPDATES to the initial value of state variables

    st<-state_fun(st=state,ini_p=ini_pars)

    

    eventDat<-rbind(data.frame(var="ODOSE",time=LL$time,

                               value=LL$ODOSE ,	 

                               method="add",stringsAsFactors = FALSE),  # ("replace", "add", "multiply")

                    data.frame(var="ASTOM",time=LL$time,

                               value=LL$ODOSE ,	 

                               method="add",stringsAsFactors = FALSE))

    

    # DERIVATIVE ####

    # RUN MODEL 

    modelOutput<- ode(y = st, times = t,  #method = "lsodes",

                      func = Human_Model, parms = ini_pars,

                      events = list(data = eventDat[order(eventDat$time),]))

    result <- within(as.data.frame(modelOutput),{Level<-LL$Level[[1]]})

    return(result)

  },ini_par=params,t=times)

  stopCluster(c1)

  timestamp()

  ModelOutput<-do.call(rbind,modelOutput)##make big dataframe for evaluation



  #~~~END MODEL ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~####

  

  return(ModelOutput)

  

}



PODcost <- function(test_dose){

  

  test_result <- minRBCCE(test_dose*1000)

  test_error <- (test_result - 90.0)

  

  print(sprintf("%f  %f",test_dose,test_result))

  

  return(test_error*test_error)

}



AEDcost <- function(test_dose){

  

  test_result <- avgCBL(test_dose*1000)

  test_error <- (test_result - ac_50)

  

  print(sprintf("%f  %f",test_dose,test_result))

  

  return(test_error*test_error)

}



# get the dose that reproduces the AC50 in blood concentration or 10% brain AChE inhibition



final_dose <- optim(par = 6.8, PODcost, method = "Brent",lower = 0.1, upper = 25, control = list(reltol = 1e-3))   # POD limits



# finally run the model for this concentration

ModelOutput <- just_run_model(final_dose$par*1000)

final_dose$par

min(ModelOutput$RBCCE)






rm(list = ls()) # Clear workspace



#set the working directory to the location of these scripts

#setwd(dirname(rstudioapi::getActiveDocumentContext()$path))



#Environment####

library(dplyr)

library(tidyr)

library(parallel)

# number of cores availabe on current machine

tot_cores<-detectCores(all.tests = FALSE, logical = TRUE)  

cores<-tot_cores-1 # leave one core for other tasks 



ac_50 <<- -999             # enter the AC50 value here; units = umol/L

Ndays = 123                        # number of days to simulate

target_chem = "oxon"            # oxon or parent compound

body_weight = 18.7                 # body weight in kg

subject_age = 3

scenario_number = 1

route = "food"



source("human_pbpk.R") # Loads model and base parameters

source("malathion_human_parameters.R") # male and female specific parameters



# Intial_parameters####

sex = 1						 # 0=male, 1= Female

params<-c(params[!names(params)%in%names(human_parameters[[sex+1]])],

          human_parameters[[sex+1]])



# set case-specific parameters

params[["TSTART"]]<-0.0         # START SIMULATION (HR)

params[["TSTOP"]]=Ndays*24      			# Simulation duration = 2 days

params[["AGE0"]]=subject_age

params[["BWSW"]] = 1   	 				# Switch for age (set =0) or set (set =1) if bwt provided

params[["BWST"]]= body_weight   	 			# kg

params[["FA"]]=1



# returns the average blood concentration of oxon

# based on the daily dose of "dose" ug/kg/day

avgCBLO <- function(dose){

  

  # TIMING COMMANDS ####

  MAXT=0.1       #maximum time step

  times<-seq(params[["TSTART"]],params[["TSTOP"]],by=MAXT)#

  

  # max number of points to write out to file

  POINTS_max<-10000  

  # if the more than 10000 timesteps, select evently spaced 10000 of them for reporting

  report_points<-if(length(times)<=POINTS_max) times else 

    times[seq(1,length(times),by=round(length(times)/POINTS_max))]

  table(report_points%in%times)#check all report values are in times.

  

  

  # Dosing ####



  # once daily oral exposure for food

  if (route=="food"){

    if (Ndays < 100) {

      A <- c(dose)

      B <- c(0)

      C <- c("time","doral")

      

      DORAL <- data.frame(B,A)

      colnames(DORAL) <- C

    } else {

      A <- rep(dose,Ndays+1)

      B <- seq(0,Ndays*24,by=24)

      C <- c("time","doral")

      

      DORAL <- data.frame(B,A)

      colnames(DORAL) <- C

    }

  }

  # dosing for water exposure

  if (route=="water"){

    if (Ndays < 100) {

      # 6x daily for age <= 12

      if (subject_age<=12){

        A <- rep(dose/6.0,6)

        B <- seq(0,20,by=4)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

      # 4x daily for age > 12

      else {

        A <- rep(dose/4.0,4)

        B <- seq(0,18,by=6)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

    } else {

      # 6x daily for age <= 12

      if (subject_age<=12){

        A <- rep(dose/6.0,Ndays*6+1)

        B <- seq(0,Ndays*24,by=4)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

      # 4x daily for age > 12

      else {

        A <- rep(dose/4.0,Ndays*4+1)

        B <- seq(0,Ndays*24,by=6)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

    }

  }

  

  All_Dose<-DORAL%>%

    mutate(ODOSEOXON=doral*(params[["BWST"]]/params[["MWOXON"]])

           *params[["FA"]], # DIM dose conversion (ug/kg to umol)

           Level=paste(doral[1],"ug/kg",sep="_"))

  

  #~~~~APPLY MODEL~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~#### 

  # Do parallel for speed

  c1<-makeCluster(min(cores,n_distinct(All_Dose$Level))) # cluster for parallel 

  timestamp()

  modelOutput<-parLapply(c1,split(All_Dose,All_Dose$Level), function (LL,ini_par,t){

    #load data into cores

    source("human_pbpk.R")

    # Create dataframe of "events"that describe the dosing, which informs the

    # ODE function, and needs to have columns "var" = the state_variable that needs

    # to be changed,"time"= when the changes occurs,"value"=the value being changed

    # to,& "method"= how the new value interacts with the previous state variable

    # value. See ?deSolve::lsodes and ?deSolve::events.

    

    # combine or replace "base" parameters with case specific human parameters, 

    # carring out any calcuated paramters which are function of other specific case parameters 

    ini_pars <- initial_params_fun(params=ini_par)

    # STATE####

    # Subject specific UPDATES to the initial value of state variables

    st<-state_fun(st=state,ini_p=ini_pars)

    

    eventDat<-rbind(data.frame(var="ODOSEOXON",time=LL$time,

                               value=LL$ODOSEOXON ,	 

                               method="add",stringsAsFactors = FALSE),  # ("replace", "add", "multiply")

                    data.frame(var="ASTOMO",time=LL$time,

                               value=LL$ODOSEOXON ,	 

                               method="add",stringsAsFactors = FALSE))

    

    # DERIVATIVE ####

    # RUN MODEL 

    modelOutput<- ode(y = st, times = t,  #method = "lsodes",

                      func = Human_Model, parms = ini_pars,

                      events = list(data = eventDat[order(eventDat$time),]))

    result <- within(as.data.frame(modelOutput),{Level<-LL$Level[[1]]})

    return(result)

  },ini_par=params,t=times)

  stopCluster(c1)

  timestamp()

  ModelOutput<-do.call(rbind,modelOutput)##make big dataframe for evaluation



  #~~~END MODEL ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~####

  

  return(mean(tail(ModelOutput$CBLO,240)))

  

}



minRBCCEO <- function(dose){

  

  # TIMING COMMANDS ####

  MAXT=0.1       #maximum time step

  times<-seq(params[["TSTART"]],params[["TSTOP"]],by=MAXT)#

  

  # max number of points to write out to file

  POINTS_max<-10000  

  # if the more than 10000 timesteps, select evently spaced 10000 of them for reporting

  report_points<-if(length(times)<=POINTS_max) times else 

    times[seq(1,length(times),by=round(length(times)/POINTS_max))]

  table(report_points%in%times)#check all report values are in times.

  

  

  # Dosing ####

  

  # once daily oral exposure for food

  if (route=="food"){

    if (Ndays < 100) {

      A <- c(dose)

      B <- c(0)

      C <- c("time","doral")

      

      DORAL <- data.frame(B,A)

      colnames(DORAL) <- C

    } else {

      A <- rep(dose,Ndays+1)

      B <- seq(0,Ndays*24,by=24)

      C <- c("time","doral")

      

      DORAL <- data.frame(B,A)

      colnames(DORAL) <- C

    }

  }

  # dosing for water exposure

  if (route=="water"){

    if (Ndays < 100) {

      # 6x daily for age <= 12

      if (subject_age<=12){

        A <- rep(dose/6.0,6)

        B <- seq(0,20,by=4)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

      # 4x daily for age > 12

      else {

        A <- rep(dose/4.0,4)

        B <- seq(0,18,by=6)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

    } else {

      # 6x daily for age <= 12

      if (subject_age<=12){

        A <- rep(dose/6.0,Ndays*6+1)

        B <- seq(0,Ndays*24,by=4)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

      # 4x daily for age > 12

      else {

        A <- rep(dose/4.0,Ndays*4+1)

        B <- seq(0,Ndays*24,by=6)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

    }

  }

  

  All_Dose<-DORAL%>%

    mutate(ODOSEOXON=doral*(params[["BWST"]]/params[["MWOXON"]])

           *params[["FA"]], # DIM dose conversion (ug/kg to umol)

           Level=paste(doral[1],"ug/kg",sep="_"))

  

  #~~~~APPLY MODEL~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~#### 

  # Do parallel for speed

  c1<-makeCluster(min(cores,n_distinct(All_Dose$Level))) # cluster for parallel 

  timestamp()

  modelOutput<-parLapply(c1,split(All_Dose,All_Dose$Level), function (LL,ini_par,t){

    #load data into cores

    source("human_pbpk.R")

    # Create dataframe of "events"that describe the dosing, which informs the

    # ODE function, and needs to have columns "var" = the state_variable that needs

    # to be changed,"time"= when the changes occurs,"value"=the value being changed

    # to,& "method"= how the new value interacts with the previous state variable

    # value. See ?deSolve::lsodes and ?deSolve::events.

    

    # combine or replace "base" parameters with case specific human parameters, 

    # carring out any calcuated paramters which are function of other specific case parameters 

    ini_pars <- initial_params_fun(params=ini_par)

    # STATE####

    # Subject specific UPDATES to the initial value of state variables

    st<-state_fun(st=state,ini_p=ini_pars)

    

    eventDat<-rbind(data.frame(var="ODOSEOXON",time=LL$time,

                               value=LL$ODOSEOXON ,	 

                               method="add",stringsAsFactors = FALSE),  # ("replace", "add", "multiply")

                    data.frame(var="ASTOMO",time=LL$time,

                               value=LL$ODOSEOXON ,	 

                               method="add",stringsAsFactors = FALSE))

    

    # DERIVATIVE ####

    # RUN MODEL 

    modelOutput<- ode(y = st, times = t,  #method = "lsodes",

                      func = Human_Model, parms = ini_pars,

                      events = list(data = eventDat[order(eventDat$time),]))

    result <- within(as.data.frame(modelOutput),{Level<-LL$Level[[1]]})

    return(result)

  },ini_par=params,t=times)

  stopCluster(c1)

  timestamp()

  ModelOutput<-do.call(rbind,modelOutput)##make big dataframe for evaluation

  

  #~~~END MODEL ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~####

  

  return(min(ModelOutput$RBCCE))

  

}



just_run_model <- function(dose){

  

  # TIMING COMMANDS ####

  MAXT=0.1       #maximum time step

  times<-seq(params[["TSTART"]],params[["TSTOP"]],by=MAXT)#

  

  # max number of points to write out to file

  POINTS_max<-10000  

  # if the more than 10000 timesteps, select evently spaced 10000 of them for reporting

  report_points<-if(length(times)<=POINTS_max) times else 

    times[seq(1,length(times),by=round(length(times)/POINTS_max))]

  table(report_points%in%times)#check all report values are in times.

  

  

  # Dosing ####



  # once daily oral exposure for food

  if (route=="food"){

    if (Ndays < 100) {

      A <- c(dose)

      B <- c(0)

      C <- c("time","doral")

      

      DORAL <- data.frame(B,A)

      colnames(DORAL) <- C

    } else {

      A <- rep(dose,Ndays+1)

      B <- seq(0,Ndays*24,by=24)

      C <- c("time","doral")

      

      DORAL <- data.frame(B,A)

      colnames(DORAL) <- C

    }

  }

  # dosing for water exposure

  if (route=="water"){

    if (Ndays < 100) {

      # 6x daily for age <= 12

      if (subject_age<=12){

        A <- rep(dose/6.0,6)

        B <- seq(0,20,by=4)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

      # 4x daily for age > 12

      else {

        A <- rep(dose/4.0,4)

        B <- seq(0,18,by=6)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

    } else {

      # 6x daily for age <= 12

      if (subject_age<=12){

        A <- rep(dose/6.0,Ndays*6+1)

        B <- seq(0,Ndays*24,by=4)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

      # 4x daily for age > 12

      else {

        A <- rep(dose/4.0,Ndays*4+1)

        B <- seq(0,Ndays*24,by=6)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

    }

  }

  

  All_Dose<-DORAL%>%

    mutate(ODOSEOXON=doral*(params[["BWST"]]/params[["MWOXON"]])

           *params[["FA"]], # DIM dose conversion (ug/kg to umol)

           Level=paste(doral[1],"ug/kg",sep="_"))

  

  #~~~~APPLY MODEL~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~#### 

  # Do parallel for speed

  c1<-makeCluster(min(cores,n_distinct(All_Dose$Level))) # cluster for parallel 

  timestamp()

  modelOutput<-parLapply(c1,split(All_Dose,All_Dose$Level), function (LL,ini_par,t){

    #load data into cores

    source("human_pbpk.R")

    # Create dataframe of "events"that describe the dosing, which informs the

    # ODE function, and needs to have columns "var" = the state_variable that needs

    # to be changed,"time"= when the changes occurs,"value"=the value being changed

    # to,& "method"= how the new value interacts with the previous state variable

    # value. See ?deSolve::lsodes and ?deSolve::events.

    

    # combine or replace "base" parameters with case specific human parameters, 

    # carring out any calcuated paramters which are function of other specific case parameters 

    ini_pars <- initial_params_fun(params=ini_par)

    # STATE####

    # Subject specific UPDATES to the initial value of state variables

    st<-state_fun(st=state,ini_p=ini_pars)

    

    eventDat<-rbind(data.frame(var="ODOSEOXON",time=LL$time,

                               value=LL$ODOSEOXON ,	 

                               method="add",stringsAsFactors = FALSE),  # ("replace", "add", "multiply")

                    data.frame(var="ASTOMO",time=LL$time,

                               value=LL$ODOSEOXON ,	 

                               method="add",stringsAsFactors = FALSE))

    

    # DERIVATIVE ####

    # RUN MODEL 

    modelOutput<- ode(y = st, times = t,  #method = "lsodes",

                      func = Human_Model, parms = ini_pars,

                      events = list(data = eventDat[order(eventDat$time),]))

    result <- within(as.data.frame(modelOutput),{Level<-LL$Level[[1]]})

    return(result)

  },ini_par=params,t=times)

  stopCluster(c1)

  timestamp()

  ModelOutput<-do.call(rbind,modelOutput)##make big dataframe for evaluation



  #~~~END MODEL ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~####

  

  return(ModelOutput)

  

}



PODcost <- function(test_dose){

  

  test_result <- minRBCCEO(test_dose*1000)

  test_error <- (test_result - 90.0)

  

  print(sprintf("%f  %f",test_dose,test_result))

  

  return(test_error*test_error)

}



AEDcost <- function(test_dose){

  

  test_result <- avgCBLO(test_dose*1000)

  test_error <- (test_result - ac_50)

  

  print(sprintf("%f  %f",test_dose,test_result))

  

  return(test_error*test_error)

}



# get the dose that reproduces the AC50 in blood concentration or 10% brain AChE inhibition



final_dose <- optim(par = 1.4, PODcost, method = "Brent",lower = 0.1, upper = 10, control = list(reltol = 1e-3))   # POD limits



# finally run the model for this concentration

ModelOutput <- just_run_model(final_dose$par*1000)

final_dose$par

min(ModelOutput$RBCCE)






rm(list = ls()) # Clear workspace



#set the working directory to the location of these scripts

#setwd(dirname(rstudioapi::getActiveDocumentContext()$path))



#Environment####

library(dplyr)

library(tidyr)

library(parallel)

# number of cores availabe on current machine

tot_cores<-detectCores(all.tests = FALSE, logical = TRUE)  

cores<-tot_cores-1 # leave one core for other tasks 



ac_50 <<- -999             # enter the AC50 value here; units = umol/L

Ndays = 123                        # number of days to simulate

target_chem = "parent"            # oxon or parent compound

body_weight = 18.7                 # body weight in kg

subject_age = 3

scenario_number = 1

route = "food"



source("human_pbpk.R") # Loads model and base parameters

source("malathion_human_parameters.R") # male and female specific parameters



# Intial_parameters####

sex = 1						 # 0=male, 1= Female

params<-c(params[!names(params)%in%names(human_parameters[[sex+1]])],

          human_parameters[[sex+1]])



# set case-specific parameters

params[["TSTART"]]<-0.0         # START SIMULATION (HR)

params[["TSTOP"]]=Ndays*24      			# Simulation duration = 2 days

params[["AGE0"]]=subject_age

params[["BWSW"]] = 1   	 				# Switch for age (set =0) or set (set =1) if bwt provided

params[["BWST"]]= body_weight   	 			# kg

params[["FA"]]=1



# returns the average blood concentration of parent compound

# based on the daily dose of "dose" ug/kg/day

avgCBL <- function(dose){

  

  # TIMING COMMANDS ####

  MAXT=0.1       #maximum time step

  times<-seq(params[["TSTART"]],params[["TSTOP"]],by=MAXT)#

  

  # max number of points to write out to file

  POINTS_max<-10000  

  # if the more than 10000 timesteps, select evently spaced 10000 of them for reporting

  report_points<-if(length(times)<=POINTS_max) times else 

    times[seq(1,length(times),by=round(length(times)/POINTS_max))]

  table(report_points%in%times)#check all report values are in times.

  

  

  # once daily oral exposure for food

  if (route=="food"){

    if (Ndays < 100) {

      A <- c(dose)

      B <- c(0)

      C <- c("time","doral")

      

      DORAL <- data.frame(B,A)

      colnames(DORAL) <- C

    } else {

      A <- rep(dose,Ndays+1)

      B <- seq(0,Ndays*24,by=24)

      C <- c("time","doral")

      

      DORAL <- data.frame(B,A)

      colnames(DORAL) <- C

    }

  }

  # dosing for water exposure

  if (route=="water"){

    if (Ndays < 100) {

      # 6x daily for age <= 12

      if (subject_age<=12){

        A <- rep(dose/6.0,6)

        B <- seq(0,20,by=4)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

      # 4x daily for age > 12

      else {

        A <- rep(dose/4.0,4)

        B <- seq(0,18,by=6)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

    } else {

      # 6x daily for age <= 12

      if (subject_age<=12){

        A <- rep(dose/6.0,Ndays*6+1)

        B <- seq(0,Ndays*24,by=4)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

      # 4x daily for age > 12

      else {

        A <- rep(dose/4.0,Ndays*4+1)

        B <- seq(0,Ndays*24,by=6)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

    }

  }

  

  

  All_Dose<-DORAL%>%

    mutate(ODOSE=doral*(params[["BWST"]]/params[["MWPAR"]])

           *params[["FA"]], # DIM dose conversion (ug/kg to umol)

           Level=paste(doral[1],"ug/kg",sep="_"))

  

  #~~~~APPLY MODEL~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~#### 

  # Do parallel for speed

  c1<-makeCluster(min(cores,n_distinct(All_Dose$Level))) # cluster for parallel 

  timestamp()

  modelOutput<-parLapply(c1,split(All_Dose,All_Dose$Level), function (LL,ini_par,t){

    #load data into cores

    source("human_pbpk.R")

    # Create dataframe of "events"that describe the dosing, which informs the

    # ODE function, and needs to have columns "var" = the state_variable that needs

    # to be changed,"time"= when the changes occurs,"value"=the value being changed

    # to,& "method"= how the new value interacts with the previous state variable

    # value. See ?deSolve::lsodes and ?deSolve::events.

    

    # combine or replace "base" parameters with case specific human parameters, 

    # carring out any calcuated paramters which are function of other specific case parameters 

    ini_pars <- initial_params_fun(params=ini_par)

    # STATE####

    # Subject specific UPDATES to the initial value of state variables

    st<-state_fun(st=state,ini_p=ini_pars)

    

    eventDat<-rbind(data.frame(var="ODOSE",time=LL$time,

                               value=LL$ODOSE ,	 

                               method="add",stringsAsFactors = FALSE),  # ("replace", "add", "multiply")

                    data.frame(var="ASTOM",time=LL$time,

                               value=LL$ODOSE ,	 

                               method="add",stringsAsFactors = FALSE))

    

    # DERIVATIVE ####

    # RUN MODEL 

    modelOutput<- ode(y = st, times = t,  #method = "lsodes",

                      func = Human_Model, parms = ini_pars,

                      events = list(data = eventDat[order(eventDat$time),]))

    result <- within(as.data.frame(modelOutput),{Level<-LL$Level[[1]]})

    return(result)

  },ini_par=params,t=times)

  stopCluster(c1)

  timestamp()

  ModelOutput<-do.call(rbind,modelOutput)##make big dataframe for evaluation



  

  return(mean(tail(ModelOutput$CBL,240)))

  

}



# returns the average blood concentration of oxon

# based on the daily dose of "dose" ug/kg/day

avgCBLO <- function(dose){

  

  # TIMING COMMANDS ####

  MAXT=0.1       #maximum time step

  times<-seq(params[["TSTART"]],params[["TSTOP"]],by=MAXT)#

  

  # max number of points to write out to file

  POINTS_max<-10000  

  # if the more than 10000 timesteps, select evently spaced 10000 of them for reporting

  report_points<-if(length(times)<=POINTS_max) times else 

    times[seq(1,length(times),by=round(length(times)/POINTS_max))]

  table(report_points%in%times)#check all report values are in times.

  

  

  # once daily oral exposure for food

  if (route=="food"){

    if (Ndays < 100) {

      A <- c(dose)

      B <- c(0)

      C <- c("time","doral")

      

      DORAL <- data.frame(B,A)

      colnames(DORAL) <- C

    } else {

      A <- rep(dose,Ndays+1)

      B <- seq(0,Ndays*24,by=24)

      C <- c("time","doral")

      

      DORAL <- data.frame(B,A)

      colnames(DORAL) <- C

    }

  }

  # dosing for water exposure

  if (route=="water"){

    if (Ndays < 100) {

      # 6x daily for age <= 12

      if (subject_age<=12){

        A <- rep(dose/6.0,6)

        B <- seq(0,20,by=4)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

      # 4x daily for age > 12

      else {

        A <- rep(dose/4.0,4)

        B <- seq(0,18,by=6)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

    } else {

      # 6x daily for age <= 12

      if (subject_age<=12){

        A <- rep(dose/6.0,Ndays*6+1)

        B <- seq(0,Ndays*24,by=4)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

      # 4x daily for age > 12

      else {

        A <- rep(dose/4.0,Ndays*4+1)

        B <- seq(0,Ndays*24,by=6)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

    }

  }

  

  All_Dose<-DORAL%>%

    mutate(ODOSE=doral*(params[["BWST"]]/params[["MWPAR"]])

           *params[["FA"]], # DIM dose conversion (ug/kg to umol)

           Level=paste(doral[1],"ug/kg",sep="_"))

  

  #~~~~APPLY MODEL~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~#### 

  # Do parallel for speed

  c1<-makeCluster(min(cores,n_distinct(All_Dose$Level))) # cluster for parallel 

  timestamp()

  modelOutput<-parLapply(c1,split(All_Dose,All_Dose$Level), function (LL,ini_par,t){

    #load data into cores

    source("human_pbpk.R")

    # Create dataframe of "events"that describe the dosing, which informs the

    # ODE function, and needs to have columns "var" = the state_variable that needs

    # to be changed,"time"= when the changes occurs,"value"=the value being changed

    # to,& "method"= how the new value interacts with the previous state variable

    # value. See ?deSolve::lsodes and ?deSolve::events.

    

    # combine or replace "base" parameters with case specific human parameters, 

    # carring out any calcuated paramters which are function of other specific case parameters 

    ini_pars <- initial_params_fun(params=ini_par)

    # STATE####

    # Subject specific UPDATES to the initial value of state variables

    st<-state_fun(st=state,ini_p=ini_pars)

    

    eventDat<-rbind(data.frame(var="ODOSE",time=LL$time,

                               value=LL$ODOSE ,	 

                               method="add",stringsAsFactors = FALSE),  # ("replace", "add", "multiply")

                    data.frame(var="ASTOM",time=LL$time,

                               value=LL$ODOSE ,	 

                               method="add",stringsAsFactors = FALSE))

    

    # DERIVATIVE ####

    # RUN MODEL 

    modelOutput<- ode(y = st, times = t,  #method = "lsodes",

                      func = Human_Model, parms = ini_pars,

                      events = list(data = eventDat[order(eventDat$time),]))

    result <- within(as.data.frame(modelOutput),{Level<-LL$Level[[1]]})

    return(result)

  },ini_par=params,t=times)

  stopCluster(c1)

  timestamp()

  ModelOutput<-do.call(rbind,modelOutput)##make big dataframe for evaluation



  #~~~END MODEL ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~####

  

  return(mean(tail(ModelOutput$CBLO,240)))

  

}



# returns the average blood concentration of oxon

# based on the daily dose of "dose" ug/kg/day

minRBCCE <- function(dose){

  

  # TIMING COMMANDS ####

  MAXT=0.1       #maximum time step

  times<-seq(params[["TSTART"]],params[["TSTOP"]],by=MAXT)#

  

  # max number of points to write out to file

  POINTS_max<-10000  

  # if the more than 10000 timesteps, select evently spaced 10000 of them for reporting

  report_points<-if(length(times)<=POINTS_max) times else 

    times[seq(1,length(times),by=round(length(times)/POINTS_max))]

  table(report_points%in%times)#check all report values are in times.

  

  

  # once daily oral exposure for food

  if (route=="food"){

    if (Ndays < 100) {

      A <- c(dose)

      B <- c(0)

      C <- c("time","doral")

      

      DORAL <- data.frame(B,A)

      colnames(DORAL) <- C

    } else {

      A <- rep(dose,Ndays+1)

      B <- seq(0,Ndays*24,by=24)

      C <- c("time","doral")

      

      DORAL <- data.frame(B,A)

      colnames(DORAL) <- C

    }

  }

  # dosing for water exposure

  if (route=="water"){

    if (Ndays < 100) {

      # 6x daily for age <= 12

      if (subject_age<=12){

        A <- rep(dose/6.0,6)

        B <- seq(0,20,by=4)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

      # 4x daily for age > 12

      else {

        A <- rep(dose/4.0,4)

        B <- seq(0,18,by=6)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

    } else {

      # 6x daily for age <= 12

      if (subject_age<=12){

        A <- rep(dose/6.0,Ndays*6+1)

        B <- seq(0,Ndays*24,by=4)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

      # 4x daily for age > 12

      else {

        A <- rep(dose/4.0,Ndays*4+1)

        B <- seq(0,Ndays*24,by=6)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

    }

  }

  

  All_Dose<-DORAL%>%

    mutate(ODOSE=doral*(params[["BWST"]]/params[["MWPAR"]])

           *params[["FA"]], # DIM dose conversion (ug/kg to umol)

           Level=paste(doral[1],"ug/kg",sep="_"))

  

  #~~~~APPLY MODEL~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~#### 

  # Do parallel for speed

  c1<-makeCluster(min(cores,n_distinct(All_Dose$Level))) # cluster for parallel 

  timestamp()

  modelOutput<-parLapply(c1,split(All_Dose,All_Dose$Level), function (LL,ini_par,t){

    #load data into cores

    source("human_pbpk.R")

    # Create dataframe of "events"that describe the dosing, which informs the

    # ODE function, and needs to have columns "var" = the state_variable that needs

    # to be changed,"time"= when the changes occurs,"value"=the value being changed

    # to,& "method"= how the new value interacts with the previous state variable

    # value. See ?deSolve::lsodes and ?deSolve::events.

    

    # combine or replace "base" parameters with case specific human parameters, 

    # carring out any calcuated paramters which are function of other specific case parameters 

    ini_pars <- initial_params_fun(params=ini_par)

    # STATE####

    # Subject specific UPDATES to the initial value of state variables

    st<-state_fun(st=state,ini_p=ini_pars)

    

    eventDat<-rbind(data.frame(var="ODOSE",time=LL$time,

                               value=LL$ODOSE ,	 

                               method="add",stringsAsFactors = FALSE),  # ("replace", "add", "multiply")

                    data.frame(var="ASTOM",time=LL$time,

                               value=LL$ODOSE ,	 

                               method="add",stringsAsFactors = FALSE))

    

    # DERIVATIVE ####

    # RUN MODEL 

    modelOutput<- ode(y = st, times = t,  #method = "lsodes",

                      func = Human_Model, parms = ini_pars,

                      events = list(data = eventDat[order(eventDat$time),]))

    result <- within(as.data.frame(modelOutput),{Level<-LL$Level[[1]]})

    return(result)

  },ini_par=params,t=times)

  stopCluster(c1)

  timestamp()

  ModelOutput<-do.call(rbind,modelOutput)##make big dataframe for evaluation

  

  #~~~END MODEL ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~####

  

  return(min(ModelOutput$RBCCE))

  

}



just_run_model <- function(dose){

  

  # TIMING COMMANDS ####

  MAXT=0.1       #maximum time step

  times<-seq(params[["TSTART"]],params[["TSTOP"]],by=MAXT)#

  

  # max number of points to write out to file

  POINTS_max<-10000  

  # if the more than 10000 timesteps, select evently spaced 10000 of them for reporting

  report_points<-if(length(times)<=POINTS_max) times else 

    times[seq(1,length(times),by=round(length(times)/POINTS_max))]

  table(report_points%in%times)#check all report values are in times.

  

  # once daily oral exposure for food

  if (route=="food"){

    if (Ndays < 100) {

      A <- c(dose)

      B <- c(0)

      C <- c("time","doral")

      

      DORAL <- data.frame(B,A)

      colnames(DORAL) <- C

    } else {

      A <- rep(dose,Ndays+1)

      B <- seq(0,Ndays*24,by=24)

      C <- c("time","doral")

      

      DORAL <- data.frame(B,A)

      colnames(DORAL) <- C

    }

  }

  # dosing for water exposure

  if (route=="water"){

    if (Ndays < 100) {

      # 6x daily for age <= 12

      if (subject_age<=12){

        A <- rep(dose/6.0,6)

        B <- seq(0,20,by=4)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

      # 4x daily for age > 12

      else {

        A <- rep(dose/4.0,4)

        B <- seq(0,18,by=6)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

    } else {

      # 6x daily for age <= 12

      if (subject_age<=12){

        A <- rep(dose/6.0,Ndays*6+1)

        B <- seq(0,Ndays*24,by=4)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

      # 4x daily for age > 12

      else {

        A <- rep(dose/4.0,Ndays*4+1)

        B <- seq(0,Ndays*24,by=6)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

    }

  }

  

  All_Dose<-DORAL%>%

    mutate(ODOSE=doral*(params[["BWST"]]/params[["MWPAR"]])

           *params[["FA"]], # DIM dose conversion (ug/kg to umol)

           Level=paste(doral[1],"ug/kg",sep="_"))

  

  #~~~~APPLY MODEL~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~#### 

  # Do parallel for speed

  c1<-makeCluster(min(cores,n_distinct(All_Dose$Level))) # cluster for parallel 

  timestamp()

  modelOutput<-parLapply(c1,split(All_Dose,All_Dose$Level), function (LL,ini_par,t){

    #load data into cores

    source("human_pbpk.R")

    # Create dataframe of "events"that describe the dosing, which informs the

    # ODE function, and needs to have columns "var" = the state_variable that needs

    # to be changed,"time"= when the changes occurs,"value"=the value being changed

    # to,& "method"= how the new value interacts with the previous state variable

    # value. See ?deSolve::lsodes and ?deSolve::events.

    

    # combine or replace "base" parameters with case specific human parameters, 

    # carring out any calcuated paramters which are function of other specific case parameters 

    ini_pars <- initial_params_fun(params=ini_par)

    # STATE####

    # Subject specific UPDATES to the initial value of state variables

    st<-state_fun(st=state,ini_p=ini_pars)

    

    eventDat<-rbind(data.frame(var="ODOSE",time=LL$time,

                               value=LL$ODOSE ,	 

                               method="add",stringsAsFactors = FALSE),  # ("replace", "add", "multiply")

                    data.frame(var="ASTOM",time=LL$time,

                               value=LL$ODOSE ,	 

                               method="add",stringsAsFactors = FALSE))

    

    # DERIVATIVE ####

    # RUN MODEL 

    modelOutput<- ode(y = st, times = t,  #method = "lsodes",

                      func = Human_Model, parms = ini_pars,

                      events = list(data = eventDat[order(eventDat$time),]))

    result <- within(as.data.frame(modelOutput),{Level<-LL$Level[[1]]})

    return(result)

  },ini_par=params,t=times)

  stopCluster(c1)

  timestamp()

  ModelOutput<-do.call(rbind,modelOutput)##make big dataframe for evaluation



  #~~~END MODEL ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~####

  

  return(ModelOutput)

  

}



PODcost <- function(test_dose){

  

  test_result <- minRBCCE(test_dose*1000)

  test_error <- (test_result - 90.0)

  

  print(sprintf("%f  %f",test_dose,test_result))

  

  return(test_error*test_error)

}



AEDcost <- function(test_dose){

  

  test_result <- avgCBL(test_dose*1000)

  test_error <- (test_result - ac_50)

  

  print(sprintf("%f  %f",test_dose,test_result))

  

  return(test_error*test_error)

}



# get the dose that reproduces the AC50 in blood concentration or 10% brain AChE inhibition



final_dose <- optim(par = 6.5, PODcost, method = "Brent",lower = 0.1, upper = 25, control = list(reltol = 1e-3))   # POD limits



# finally run the model for this concentration

ModelOutput <- just_run_model(final_dose$par*1000)

final_dose$par

min(ModelOutput$RBCCE)






rm(list = ls()) # Clear workspace



#set the working directory to the location of these scripts

#setwd(dirname(rstudioapi::getActiveDocumentContext()$path))



#Environment####

library(dplyr)

library(tidyr)

library(parallel)

# number of cores availabe on current machine

tot_cores<-detectCores(all.tests = FALSE, logical = TRUE)  

cores<-tot_cores-1 # leave one core for other tasks 



ac_50 <<- -999             # enter the AC50 value here; units = umol/L

Ndays = 123                        # number of days to simulate

target_chem = "oxon"            # oxon or parent compound

body_weight = 37.1                 # body weight in kg

subject_age = 6

route = "food"



source("human_pbpk.R") # Loads model and base parameters

source("malathion_human_parameters.R") # male and female specific parameters



# Intial_parameters####

sex = 1						 # 0=male, 1= Female

params<-c(params[!names(params)%in%names(human_parameters[[sex+1]])],

          human_parameters[[sex+1]])



# set case-specific parameters

params[["TSTART"]]<-0.0         # START SIMULATION (HR)

params[["TSTOP"]]=Ndays*24      			# Simulation duration = 2 days

params[["AGE0"]]=subject_age

params[["BWSW"]] = 1   	 				# Switch for age (set =0) or set (set =1) if bwt provided

params[["BWST"]]= body_weight   	 			# kg

params[["FA"]]=1



# returns the average blood concentration of oxon

# based on the daily dose of "dose" ug/kg/day

avgCBLO <- function(dose){

  

  # TIMING COMMANDS ####

  MAXT=0.1       #maximum time step

  times<-seq(params[["TSTART"]],params[["TSTOP"]],by=MAXT)#

  

  # max number of points to write out to file

  POINTS_max<-10000  

  # if the more than 10000 timesteps, select evently spaced 10000 of them for reporting

  report_points<-if(length(times)<=POINTS_max) times else 

    times[seq(1,length(times),by=round(length(times)/POINTS_max))]

  table(report_points%in%times)#check all report values are in times.

  

  

  # once daily oral exposure for food

  if (route=="food"){

    if (Ndays < 100) {

      A <- c(dose)

      B <- c(0)

      C <- c("time","doral")

      

      DORAL <- data.frame(B,A)

      colnames(DORAL) <- C

    } else {

      A <- rep(dose,Ndays+1)

      B <- seq(0,Ndays*24,by=24)

      C <- c("time","doral")

      

      DORAL <- data.frame(B,A)

      colnames(DORAL) <- C

    }

  }

  # dosing for water exposure

  if (route=="water"){

    if (Ndays < 100) {

      # 6x daily for age <= 12

      if (subject_age<=12){

        A <- rep(dose/6.0,6)

        B <- seq(0,20,by=4)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

      # 4x daily for age > 12

      else {

        A <- rep(dose/4.0,4)

        B <- seq(0,18,by=6)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

    } else {

      # 6x daily for age <= 12

      if (subject_age<=12){

        A <- rep(dose/6.0,Ndays*6+1)

        B <- seq(0,Ndays*24,by=4)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

      # 4x daily for age > 12

      else {

        A <- rep(dose/4.0,Ndays*4+1)

        B <- seq(0,Ndays*24,by=6)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

    }

  }

  

  All_Dose<-DORAL%>%

    mutate(ODOSEOXON=doral*(params[["BWST"]]/params[["MWOXON"]])

           *params[["FA"]], # DIM dose conversion (ug/kg to umol)

           Level=paste(doral[1],"ug/kg",sep="_"))

  

  #~~~~APPLY MODEL~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~#### 

  # Do parallel for speed

  c1<-makeCluster(min(cores,n_distinct(All_Dose$Level))) # cluster for parallel 

  timestamp()

  modelOutput<-parLapply(c1,split(All_Dose,All_Dose$Level), function (LL,ini_par,t){

    #load data into cores

    source("human_pbpk.R")

    # Create dataframe of "events"that describe the dosing, which informs the

    # ODE function, and needs to have columns "var" = the state_variable that needs

    # to be changed,"time"= when the changes occurs,"value"=the value being changed

    # to,& "method"= how the new value interacts with the previous state variable

    # value. See ?deSolve::lsodes and ?deSolve::events.

    

    # combine or replace "base" parameters with case specific human parameters, 

    # carring out any calcuated paramters which are function of other specific case parameters 

    ini_pars <- initial_params_fun(params=ini_par)

    # STATE####

    # Subject specific UPDATES to the initial value of state variables

    st<-state_fun(st=state,ini_p=ini_pars)

    

    eventDat<-rbind(data.frame(var="ODOSEOXON",time=LL$time,

                               value=LL$ODOSEOXON ,	 

                               method="add",stringsAsFactors = FALSE),  # ("replace", "add", "multiply")

                    data.frame(var="ASTOMO",time=LL$time,

                               value=LL$ODOSEOXON ,	 

                               method="add",stringsAsFactors = FALSE))

    

    # DERIVATIVE ####

    # RUN MODEL 

    modelOutput<- ode(y = st, times = t,  #method = "lsodes",

                      func = Human_Model, parms = ini_pars,

                      events = list(data = eventDat[order(eventDat$time),]))

    result <- within(as.data.frame(modelOutput),{Level<-LL$Level[[1]]})

    return(result)

  },ini_par=params,t=times)

  stopCluster(c1)

  timestamp()

  ModelOutput<-do.call(rbind,modelOutput)##make big dataframe for evaluation



  #~~~END MODEL ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~####

  

  return(mean(tail(ModelOutput$CBLO,240)))

  

}



minRBCCEO <- function(dose){

  

  # TIMING COMMANDS ####

  MAXT=0.1       #maximum time step

  times<-seq(params[["TSTART"]],params[["TSTOP"]],by=MAXT)#

  

  # max number of points to write out to file

  POINTS_max<-10000  

  # if the more than 10000 timesteps, select evently spaced 10000 of them for reporting

  report_points<-if(length(times)<=POINTS_max) times else 

    times[seq(1,length(times),by=round(length(times)/POINTS_max))]

  table(report_points%in%times)#check all report values are in times.

  

  

  # Dosing ####

  

  # once daily oral exposure for food

  if (route=="food"){

    if (Ndays < 100) {

      A <- c(dose)

      B <- c(0)

      C <- c("time","doral")

      

      DORAL <- data.frame(B,A)

      colnames(DORAL) <- C

    } else {

      A <- rep(dose,Ndays+1)

      B <- seq(0,Ndays*24,by=24)

      C <- c("time","doral")

      

      DORAL <- data.frame(B,A)

      colnames(DORAL) <- C

    }

  }

  # dosing for water exposure

  if (route=="water"){

    if (Ndays < 100) {

      # 6x daily for age <= 12

      if (subject_age<=12){

        A <- rep(dose/6.0,6)

        B <- seq(0,20,by=4)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

      # 4x daily for age > 12

      else {

        A <- rep(dose/4.0,4)

        B <- seq(0,18,by=6)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

    } else {

      # 6x daily for age <= 12

      if (subject_age<=12){

        A <- rep(dose/6.0,Ndays*6+1)

        B <- seq(0,Ndays*24,by=4)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

      # 4x daily for age > 12

      else {

        A <- rep(dose/4.0,Ndays*4+1)

        B <- seq(0,Ndays*24,by=6)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

    }

  }

  

  All_Dose<-DORAL%>%

    mutate(ODOSEOXON=doral*(params[["BWST"]]/params[["MWOXON"]])

           *params[["FA"]], # DIM dose conversion (ug/kg to umol)

           Level=paste(doral[1],"ug/kg",sep="_"))

  

  #~~~~APPLY MODEL~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~#### 

  # Do parallel for speed

  c1<-makeCluster(min(cores,n_distinct(All_Dose$Level))) # cluster for parallel 

  timestamp()

  modelOutput<-parLapply(c1,split(All_Dose,All_Dose$Level), function (LL,ini_par,t){

    #load data into cores

    source("human_pbpk.R")

    # Create dataframe of "events"that describe the dosing, which informs the

    # ODE function, and needs to have columns "var" = the state_variable that needs

    # to be changed,"time"= when the changes occurs,"value"=the value being changed

    # to,& "method"= how the new value interacts with the previous state variable

    # value. See ?deSolve::lsodes and ?deSolve::events.

    

    # combine or replace "base" parameters with case specific human parameters, 

    # carring out any calcuated paramters which are function of other specific case parameters 

    ini_pars <- initial_params_fun(params=ini_par)

    # STATE####

    # Subject specific UPDATES to the initial value of state variables

    st<-state_fun(st=state,ini_p=ini_pars)

    

    eventDat<-rbind(data.frame(var="ODOSEOXON",time=LL$time,

                               value=LL$ODOSEOXON ,	 

                               method="add",stringsAsFactors = FALSE),  # ("replace", "add", "multiply")

                    data.frame(var="ASTOMO",time=LL$time,

                               value=LL$ODOSEOXON ,	 

                               method="add",stringsAsFactors = FALSE))

    

    # DERIVATIVE ####

    # RUN MODEL 

    modelOutput<- ode(y = st, times = t,  #method = "lsodes",

                      func = Human_Model, parms = ini_pars,

                      events = list(data = eventDat[order(eventDat$time),]))

    result <- within(as.data.frame(modelOutput),{Level<-LL$Level[[1]]})

    return(result)

  },ini_par=params,t=times)

  stopCluster(c1)

  timestamp()

  ModelOutput<-do.call(rbind,modelOutput)##make big dataframe for evaluation

  

  #~~~END MODEL ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~####

  

  return(min(ModelOutput$RBCCE))

  

}



just_run_model <- function(dose){

  

  # TIMING COMMANDS ####

  MAXT=0.1       #maximum time step

  times<-seq(params[["TSTART"]],params[["TSTOP"]],by=MAXT)#

  

  # max number of points to write out to file

  POINTS_max<-10000  

  # if the more than 10000 timesteps, select evently spaced 10000 of them for reporting

  report_points<-if(length(times)<=POINTS_max) times else 

    times[seq(1,length(times),by=round(length(times)/POINTS_max))]

  table(report_points%in%times)#check all report values are in times.

  

  

  # Dosing ####



  # once daily oral exposure for food

  if (route=="food"){

    if (Ndays < 100) {

      A <- c(dose)

      B <- c(0)

      C <- c("time","doral")

      

      DORAL <- data.frame(B,A)

      colnames(DORAL) <- C

    } else {

      A <- rep(dose,Ndays+1)

      B <- seq(0,Ndays*24,by=24)

      C <- c("time","doral")

      

      DORAL <- data.frame(B,A)

      colnames(DORAL) <- C

    }

  }

  # dosing for water exposure

  if (route=="water"){

    if (Ndays < 100) {

      # 6x daily for age <= 12

      if (subject_age<=12){

        A <- rep(dose/6.0,6)

        B <- seq(0,20,by=4)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

      # 4x daily for age > 12

      else {

        A <- rep(dose/4.0,4)

        B <- seq(0,18,by=6)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

    } else {

      # 6x daily for age <= 12

      if (subject_age<=12){

        A <- rep(dose/6.0,Ndays*6+1)

        B <- seq(0,Ndays*24,by=4)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

      # 4x daily for age > 12

      else {

        A <- rep(dose/4.0,Ndays*4+1)

        B <- seq(0,Ndays*24,by=6)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

    }

  }

  

  All_Dose<-DORAL%>%

    mutate(ODOSEOXON=doral*(params[["BWST"]]/params[["MWOXON"]])

           *params[["FA"]], # DIM dose conversion (ug/kg to umol)

           Level=paste(doral[1],"ug/kg",sep="_"))

  

  #~~~~APPLY MODEL~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~#### 

  # Do parallel for speed

  c1<-makeCluster(min(cores,n_distinct(All_Dose$Level))) # cluster for parallel 

  timestamp()

  modelOutput<-parLapply(c1,split(All_Dose,All_Dose$Level), function (LL,ini_par,t){

    #load data into cores

    source("human_pbpk.R")

    # Create dataframe of "events"that describe the dosing, which informs the

    # ODE function, and needs to have columns "var" = the state_variable that needs

    # to be changed,"time"= when the changes occurs,"value"=the value being changed

    # to,& "method"= how the new value interacts with the previous state variable

    # value. See ?deSolve::lsodes and ?deSolve::events.

    

    # combine or replace "base" parameters with case specific human parameters, 

    # carring out any calcuated paramters which are function of other specific case parameters 

    ini_pars <- initial_params_fun(params=ini_par)

    # STATE####

    # Subject specific UPDATES to the initial value of state variables

    st<-state_fun(st=state,ini_p=ini_pars)

    

    eventDat<-rbind(data.frame(var="ODOSEOXON",time=LL$time,

                               value=LL$ODOSEOXON ,	 

                               method="add",stringsAsFactors = FALSE),  # ("replace", "add", "multiply")

                    data.frame(var="ASTOMO",time=LL$time,

                               value=LL$ODOSEOXON ,	 

                               method="add",stringsAsFactors = FALSE))

    

    # DERIVATIVE ####

    # RUN MODEL 

    modelOutput<- ode(y = st, times = t,  #method = "lsodes",

                      func = Human_Model, parms = ini_pars,

                      events = list(data = eventDat[order(eventDat$time),]))

    result <- within(as.data.frame(modelOutput),{Level<-LL$Level[[1]]})

    return(result)

  },ini_par=params,t=times)

  stopCluster(c1)

  timestamp()

  ModelOutput<-do.call(rbind,modelOutput)##make big dataframe for evaluation



  #~~~END MODEL ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~####

  

  return(ModelOutput)

  

}



PODcost <- function(test_dose){

  

  test_result <- minRBCCEO(test_dose*1000)

  test_error <- (test_result - 90.0)

  

  print(sprintf("%f  %f",test_dose,test_result))

  

  return(test_error*test_error)

}



AEDcost <- function(test_dose){

  

  test_result <- avgCBLO(test_dose*1000)

  test_error <- (test_result - ac_50)

  

  print(sprintf("%f  %f",test_dose,test_result))

  

  return(test_error*test_error)

}



# get the dose that reproduces the AC50 in blood concentration or 10% brain AChE inhibition



final_dose <- optim(par = 1.2, PODcost, method = "Brent",lower = 0.1, upper = 10, control = list(reltol = 1e-3))   # POD limits



# finally run the model for this concentration

ModelOutput <- just_run_model(final_dose$par*1000)

final_dose$par

min(ModelOutput$RBCCE)






rm(list = ls()) # Clear workspace



#set the working directory to the location of these scripts

#setwd(dirname(rstudioapi::getActiveDocumentContext()$path))



#Environment####

library(readxl)

library(ggplot2)

library(dplyr)

library(tidyr)

library(parallel)

# number of cores availabe on current machine

tot_cores<-detectCores(all.tests = FALSE, logical = TRUE)  

cores<-tot_cores-1 # leave one core for other tasks 



ac_50 <<- -999             # enter the AC50 value here; units = umol/L

Ndays = 123                        # number of days to simulate

target_chem = "parent"            # oxon or parent compound

body_weight = 37.1                 # body weight in kg

subject_age = 6

route = "food"



source("human_pbpk.R") # Loads model and base parameters

source("malathion_human_parameters.R") # male and female specific parameters



# Intial_parameters####

sex = 1						 # 0=male, 1= Female

params<-c(params[!names(params)%in%names(human_parameters[[sex+1]])],

          human_parameters[[sex+1]])



# set case-specific parameters

params[["TSTART"]]<-0.0         # START SIMULATION (HR)

params[["TSTOP"]]=Ndays*24      			# Simulation duration = 2 days

params[["AGE0"]]=subject_age

params[["BWSW"]] = 1   	 				# Switch for age (set =0) or set (set =1) if bwt provided

params[["BWST"]]= body_weight   	 			# kg

params[["FA"]]=1



# returns the average blood concentration of parent compound

# based on the daily dose of "dose" ug/kg/day

avgCBL <- function(dose){

  

  # TIMING COMMANDS ####

  MAXT=0.1       #maximum time step

  times<-seq(params[["TSTART"]],params[["TSTOP"]],by=MAXT)#

  

  # max number of points to write out to file

  POINTS_max<-10000  

  # if the more than 10000 timesteps, select evently spaced 10000 of them for reporting

  report_points<-if(length(times)<=POINTS_max) times else 

    times[seq(1,length(times),by=round(length(times)/POINTS_max))]

  table(report_points%in%times)#check all report values are in times.

  

  

  # once daily oral exposure for food

  if (route=="food"){

    if (Ndays < 100) {

      A <- c(dose)

      B <- c(0)

      C <- c("time","doral")

      

      DORAL <- data.frame(B,A)

      colnames(DORAL) <- C

    } else {

      A <- rep(dose,Ndays+1)

      B <- seq(0,Ndays*24,by=24)

      C <- c("time","doral")

      

      DORAL <- data.frame(B,A)

      colnames(DORAL) <- C

    }

  }

  # dosing for water exposure

  if (route=="water"){

    if (Ndays < 100) {

      # 6x daily for age <= 12

      if (subject_age<=12){

        A <- rep(dose/6.0,6)

        B <- seq(0,20,by=4)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

      # 4x daily for age > 12

      else {

        A <- rep(dose/4.0,4)

        B <- seq(0,18,by=6)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

    } else {

      # 6x daily for age <= 12

      if (subject_age<=12){

        A <- rep(dose/6.0,Ndays*6+1)

        B <- seq(0,Ndays*24,by=4)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

      # 4x daily for age > 12

      else {

        A <- rep(dose/4.0,Ndays*4+1)

        B <- seq(0,Ndays*24,by=6)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

    }

  }

  

  

  All_Dose<-DORAL%>%

    mutate(ODOSE=doral*(params[["BWST"]]/params[["MWPAR"]])

           *params[["FA"]], # DIM dose conversion (ug/kg to umol)

           Level=paste(doral[1],"ug/kg",sep="_"))

  

  #~~~~APPLY MODEL~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~#### 

  # Do parallel for speed

  c1<-makeCluster(min(cores,n_distinct(All_Dose$Level))) # cluster for parallel 

  timestamp()

  modelOutput<-parLapply(c1,split(All_Dose,All_Dose$Level), function (LL,ini_par,t){

    #load data into cores

    source("human_pbpk.R")

    # Create dataframe of "events"that describe the dosing, which informs the

    # ODE function, and needs to have columns "var" = the state_variable that needs

    # to be changed,"time"= when the changes occurs,"value"=the value being changed

    # to,& "method"= how the new value interacts with the previous state variable

    # value. See ?deSolve::lsodes and ?deSolve::events.

    

    # combine or replace "base" parameters with case specific human parameters, 

    # carring out any calcuated paramters which are function of other specific case parameters 

    ini_pars <- initial_params_fun(params=ini_par)

    # STATE####

    # Subject specific UPDATES to the initial value of state variables

    st<-state_fun(st=state,ini_p=ini_pars)

    

    eventDat<-rbind(data.frame(var="ODOSE",time=LL$time,

                               value=LL$ODOSE ,	 

                               method="add",stringsAsFactors = FALSE),  # ("replace", "add", "multiply")

                    data.frame(var="ASTOM",time=LL$time,

                               value=LL$ODOSE ,	 

                               method="add",stringsAsFactors = FALSE))

    

    # DERIVATIVE ####

    # RUN MODEL 

    modelOutput<- ode(y = st, times = t,  #method = "lsodes",

                      func = Human_Model, parms = ini_pars,

                      events = list(data = eventDat[order(eventDat$time),]))

    result <- within(as.data.frame(modelOutput),{Level<-LL$Level[[1]]})

    return(result)

  },ini_par=params,t=times)

  stopCluster(c1)

  timestamp()

  ModelOutput<-do.call(rbind,modelOutput)##make big dataframe for evaluation



  

  return(mean(tail(ModelOutput$CBL,240)))

  

}



# returns the average blood concentration of oxon

# based on the daily dose of "dose" ug/kg/day

avgCBLO <- function(dose){

  

  # TIMING COMMANDS ####

  MAXT=0.1       #maximum time step

  times<-seq(params[["TSTART"]],params[["TSTOP"]],by=MAXT)#

  

  # max number of points to write out to file

  POINTS_max<-10000  

  # if the more than 10000 timesteps, select evently spaced 10000 of them for reporting

  report_points<-if(length(times)<=POINTS_max) times else 

    times[seq(1,length(times),by=round(length(times)/POINTS_max))]

  table(report_points%in%times)#check all report values are in times.

  

  

  # once daily oral exposure for food

  if (route=="food"){

    if (Ndays < 100) {

      A <- c(dose)

      B <- c(0)

      C <- c("time","doral")

      

      DORAL <- data.frame(B,A)

      colnames(DORAL) <- C

    } else {

      A <- rep(dose,Ndays+1)

      B <- seq(0,Ndays*24,by=24)

      C <- c("time","doral")

      

      DORAL <- data.frame(B,A)

      colnames(DORAL) <- C

    }

  }

  # dosing for water exposure

  if (route=="water"){

    if (Ndays < 100) {

      # 6x daily for age <= 12

      if (subject_age<=12){

        A <- rep(dose/6.0,6)

        B <- seq(0,20,by=4)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

      # 4x daily for age > 12

      else {

        A <- rep(dose/4.0,4)

        B <- seq(0,18,by=6)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

    } else {

      # 6x daily for age <= 12

      if (subject_age<=12){

        A <- rep(dose/6.0,Ndays*6+1)

        B <- seq(0,Ndays*24,by=4)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

      # 4x daily for age > 12

      else {

        A <- rep(dose/4.0,Ndays*4+1)

        B <- seq(0,Ndays*24,by=6)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

    }

  }

  

  All_Dose<-DORAL%>%

    mutate(ODOSE=doral*(params[["BWST"]]/params[["MWPAR"]])

           *params[["FA"]], # DIM dose conversion (ug/kg to umol)

           Level=paste(doral[1],"ug/kg",sep="_"))

  

  #~~~~APPLY MODEL~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~#### 

  # Do parallel for speed

  c1<-makeCluster(min(cores,n_distinct(All_Dose$Level))) # cluster for parallel 

  timestamp()

  modelOutput<-parLapply(c1,split(All_Dose,All_Dose$Level), function (LL,ini_par,t){

    #load data into cores

    source("human_pbpk.R")

    # Create dataframe of "events"that describe the dosing, which informs the

    # ODE function, and needs to have columns "var" = the state_variable that needs

    # to be changed,"time"= when the changes occurs,"value"=the value being changed

    # to,& "method"= how the new value interacts with the previous state variable

    # value. See ?deSolve::lsodes and ?deSolve::events.

    

    # combine or replace "base" parameters with case specific human parameters, 

    # carring out any calcuated paramters which are function of other specific case parameters 

    ini_pars <- initial_params_fun(params=ini_par)

    # STATE####

    # Subject specific UPDATES to the initial value of state variables

    st<-state_fun(st=state,ini_p=ini_pars)

    

    eventDat<-rbind(data.frame(var="ODOSE",time=LL$time,

                               value=LL$ODOSE ,	 

                               method="add",stringsAsFactors = FALSE),  # ("replace", "add", "multiply")

                    data.frame(var="ASTOM",time=LL$time,

                               value=LL$ODOSE ,	 

                               method="add",stringsAsFactors = FALSE))

    

    # DERIVATIVE ####

    # RUN MODEL 

    modelOutput<- ode(y = st, times = t,  #method = "lsodes",

                      func = Human_Model, parms = ini_pars,

                      events = list(data = eventDat[order(eventDat$time),]))

    result <- within(as.data.frame(modelOutput),{Level<-LL$Level[[1]]})

    return(result)

  },ini_par=params,t=times)

  stopCluster(c1)

  timestamp()

  ModelOutput<-do.call(rbind,modelOutput)##make big dataframe for evaluation



  #~~~END MODEL ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~####

  

  return(mean(tail(ModelOutput$CBLO,240)))

  

}



# returns the average blood concentration of oxon

# based on the daily dose of "dose" ug/kg/day

minRBCCE <- function(dose){

  

  # TIMING COMMANDS ####

  MAXT=0.1       #maximum time step

  times<-seq(params[["TSTART"]],params[["TSTOP"]],by=MAXT)#

  

  # max number of points to write out to file

  POINTS_max<-10000  

  # if the more than 10000 timesteps, select evently spaced 10000 of them for reporting

  report_points<-if(length(times)<=POINTS_max) times else 

    times[seq(1,length(times),by=round(length(times)/POINTS_max))]

  table(report_points%in%times)#check all report values are in times.

  

  

  # once daily oral exposure for food

  if (route=="food"){

    if (Ndays < 100) {

      A <- c(dose)

      B <- c(0)

      C <- c("time","doral")

      

      DORAL <- data.frame(B,A)

      colnames(DORAL) <- C

    } else {

      A <- rep(dose,Ndays+1)

      B <- seq(0,Ndays*24,by=24)

      C <- c("time","doral")

      

      DORAL <- data.frame(B,A)

      colnames(DORAL) <- C

    }

  }

  # dosing for water exposure

  if (route=="water"){

    if (Ndays < 100) {

      # 6x daily for age <= 12

      if (subject_age<=12){

        A <- rep(dose/6.0,6)

        B <- seq(0,20,by=4)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

      # 4x daily for age > 12

      else {

        A <- rep(dose/4.0,4)

        B <- seq(0,18,by=6)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

    } else {

      # 6x daily for age <= 12

      if (subject_age<=12){

        A <- rep(dose/6.0,Ndays*6+1)

        B <- seq(0,Ndays*24,by=4)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

      # 4x daily for age > 12

      else {

        A <- rep(dose/4.0,Ndays*4+1)

        B <- seq(0,Ndays*24,by=6)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

    }

  }

  

  All_Dose<-DORAL%>%

    mutate(ODOSE=doral*(params[["BWST"]]/params[["MWPAR"]])

           *params[["FA"]], # DIM dose conversion (ug/kg to umol)

           Level=paste(doral[1],"ug/kg",sep="_"))

  

  #~~~~APPLY MODEL~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~#### 

  # Do parallel for speed

  c1<-makeCluster(min(cores,n_distinct(All_Dose$Level))) # cluster for parallel 

  timestamp()

  modelOutput<-parLapply(c1,split(All_Dose,All_Dose$Level), function (LL,ini_par,t){

    #load data into cores

    source("human_pbpk.R")

    # Create dataframe of "events"that describe the dosing, which informs the

    # ODE function, and needs to have columns "var" = the state_variable that needs

    # to be changed,"time"= when the changes occurs,"value"=the value being changed

    # to,& "method"= how the new value interacts with the previous state variable

    # value. See ?deSolve::lsodes and ?deSolve::events.

    

    # combine or replace "base" parameters with case specific human parameters, 

    # carring out any calcuated paramters which are function of other specific case parameters 

    ini_pars <- initial_params_fun(params=ini_par)

    # STATE####

    # Subject specific UPDATES to the initial value of state variables

    st<-state_fun(st=state,ini_p=ini_pars)

    

    eventDat<-rbind(data.frame(var="ODOSE",time=LL$time,

                               value=LL$ODOSE ,	 

                               method="add",stringsAsFactors = FALSE),  # ("replace", "add", "multiply")

                    data.frame(var="ASTOM",time=LL$time,

                               value=LL$ODOSE ,	 

                               method="add",stringsAsFactors = FALSE))

    

    # DERIVATIVE ####

    # RUN MODEL 

    modelOutput<- ode(y = st, times = t,  #method = "lsodes",

                      func = Human_Model, parms = ini_pars,

                      events = list(data = eventDat[order(eventDat$time),]))

    result <- within(as.data.frame(modelOutput),{Level<-LL$Level[[1]]})

    return(result)

  },ini_par=params,t=times)

  stopCluster(c1)

  timestamp()

  ModelOutput<-do.call(rbind,modelOutput)##make big dataframe for evaluation

  

  #~~~END MODEL ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~####

  

  return(min(ModelOutput$RBCCE))

  

}



just_run_model <- function(dose){

  

  # TIMING COMMANDS ####

  MAXT=0.1       #maximum time step

  times<-seq(params[["TSTART"]],params[["TSTOP"]],by=MAXT)#

  

  # max number of points to write out to file

  POINTS_max<-10000  

  # if the more than 10000 timesteps, select evently spaced 10000 of them for reporting

  report_points<-if(length(times)<=POINTS_max) times else 

    times[seq(1,length(times),by=round(length(times)/POINTS_max))]

  table(report_points%in%times)#check all report values are in times.

  

  

  # once daily oral exposure for food

  if (route=="food"){

    if (Ndays < 100) {

      A <- c(dose)

      B <- c(0)

      C <- c("time","doral")

      

      DORAL <- data.frame(B,A)

      colnames(DORAL) <- C

    } else {

      A <- rep(dose,Ndays+1)

      B <- seq(0,Ndays*24,by=24)

      C <- c("time","doral")

      

      DORAL <- data.frame(B,A)

      colnames(DORAL) <- C

    }

  }

  # dosing for water exposure

  if (route=="water"){

    if (Ndays < 100) {

      # 6x daily for age <= 12

      if (subject_age<=12){

        A <- rep(dose/6.0,6)

        B <- seq(0,20,by=4)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

      # 4x daily for age > 12

      else {

        A <- rep(dose/4.0,4)

        B <- seq(0,18,by=6)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

    } else {

      # 6x daily for age <= 12

      if (subject_age<=12){

        A <- rep(dose/6.0,Ndays*6+1)

        B <- seq(0,Ndays*24,by=4)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

      # 4x daily for age > 12

      else {

        A <- rep(dose/4.0,Ndays*4+1)

        B <- seq(0,Ndays*24,by=6)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

    }

  }

  

  All_Dose<-DORAL%>%

    mutate(ODOSE=doral*(params[["BWST"]]/params[["MWPAR"]])

           *params[["FA"]], # DIM dose conversion (ug/kg to umol)

           Level=paste(doral[1],"ug/kg",sep="_"))

  

  #~~~~APPLY MODEL~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~#### 

  # Do parallel for speed

  c1<-makeCluster(min(cores,n_distinct(All_Dose$Level))) # cluster for parallel 

  timestamp()

  modelOutput<-parLapply(c1,split(All_Dose,All_Dose$Level), function (LL,ini_par,t){

    #load data into cores

    source("human_pbpk.R")

    # Create dataframe of "events"that describe the dosing, which informs the

    # ODE function, and needs to have columns "var" = the state_variable that needs

    # to be changed,"time"= when the changes occurs,"value"=the value being changed

    # to,& "method"= how the new value interacts with the previous state variable

    # value. See ?deSolve::lsodes and ?deSolve::events.

    

    # combine or replace "base" parameters with case specific human parameters, 

    # carring out any calcuated paramters which are function of other specific case parameters 

    ini_pars <- initial_params_fun(params=ini_par)

    # STATE####

    # Subject specific UPDATES to the initial value of state variables

    st<-state_fun(st=state,ini_p=ini_pars)

    

    eventDat<-rbind(data.frame(var="ODOSE",time=LL$time,

                               value=LL$ODOSE ,	 

                               method="add",stringsAsFactors = FALSE),  # ("replace", "add", "multiply")

                    data.frame(var="ASTOM",time=LL$time,

                               value=LL$ODOSE ,	 

                               method="add",stringsAsFactors = FALSE))

    

    # DERIVATIVE ####

    # RUN MODEL 

    modelOutput<- ode(y = st, times = t,  #method = "lsodes",

                      func = Human_Model, parms = ini_pars,

                      events = list(data = eventDat[order(eventDat$time),]))

    result <- within(as.data.frame(modelOutput),{Level<-LL$Level[[1]]})

    return(result)

  },ini_par=params,t=times)

  stopCluster(c1)

  timestamp()

  ModelOutput<-do.call(rbind,modelOutput)##make big dataframe for evaluation



  #~~~END MODEL ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~####

  

  return(ModelOutput)

  

}





PODcost <- function(test_dose){

  

  test_result <- minRBCCE(test_dose*1000)

  test_error <- (test_result - 90.0)

  

  print(sprintf("%f  %f",test_dose,test_result))

  

  return(test_error*test_error)

}



AEDcost <- function(test_dose){

  

  test_result <- avgCBL(test_dose*1000)

  test_error <- (test_result - ac_50)

  

  print(sprintf("%f  %f",test_dose,test_result))

  

  return(test_error*test_error)

}



# get the dose that reproduces the AC50 in blood concentration or 10% brain AChE inhibition

final_dose <- optim(par = 5.8, PODcost, method = "Brent",lower = 0.1, upper = 25, control = list(reltol = 1e-3))   # POD limits



# finally run the model for this concentration

ModelOutput <- just_run_model(final_dose$par*1000)

final_dose$par

min(ModelOutput$RBCCE)






rm(list = ls()) # Clear workspace



#set the working directory to the location of these scripts

#setwd(dirname(rstudioapi::getActiveDocumentContext()$path))



#Environment####

library(dplyr)

library(tidyr)

library(parallel)

# number of cores availabe on current machine

tot_cores<-detectCores(all.tests = FALSE, logical = TRUE)  

cores<-tot_cores-1 # leave one core for other tasks 



ac_50 <<- -999             # enter the AC50 value here; units = umol/L

Ndays = 123                        # number of days to simulate

target_chem = "oxon"            # oxon or parent compound

body_weight = 67.3                 # body weight in kg

subject_age = 13

route = "food"



source("human_pbpk.R") # Loads model and base parameters

source("malathion_human_parameters.R") # male and female specific parameters



# Intial_parameters####

sex = 1						 # 0=male, 1= Female

params<-c(params[!names(params)%in%names(human_parameters[[sex+1]])],

          human_parameters[[sex+1]])



# set case-specific parameters

params[["TSTART"]]<-0.0         # START SIMULATION (HR)

params[["TSTOP"]]=Ndays*24      			# Simulation duration = 2 days

params[["AGE0"]]=subject_age

params[["BWSW"]] = 1   	 				# Switch for age (set =0) or set (set =1) if bwt provided

params[["BWST"]]= body_weight   	 			# kg

params[["FA"]]=1



# returns the average blood concentration of oxon

# based on the daily dose of "dose" ug/kg/day

avgCBLO <- function(dose){

  

  # TIMING COMMANDS ####

  MAXT=0.1       #maximum time step

  times<-seq(params[["TSTART"]],params[["TSTOP"]],by=MAXT)#

  

  # max number of points to write out to file

  POINTS_max<-10000  

  # if the more than 10000 timesteps, select evently spaced 10000 of them for reporting

  report_points<-if(length(times)<=POINTS_max) times else 

    times[seq(1,length(times),by=round(length(times)/POINTS_max))]

  table(report_points%in%times)#check all report values are in times.

  

  

  # once daily oral exposure for food

  if (route=="food"){

    if (Ndays < 100) {

      A <- c(dose)

      B <- c(0)

      C <- c("time","doral")

      

      DORAL <- data.frame(B,A)

      colnames(DORAL) <- C

    } else {

      A <- rep(dose,Ndays+1)

      B <- seq(0,Ndays*24,by=24)

      C <- c("time","doral")

      

      DORAL <- data.frame(B,A)

      colnames(DORAL) <- C

    }

  }

  # dosing for water exposure

  if (route=="water"){

    if (Ndays < 100) {

      # 6x daily for age <= 12

      if (subject_age<=12){

        A <- rep(dose/6.0,6)

        B <- seq(0,20,by=4)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

      # 4x daily for age > 12

      else {

        A <- rep(dose/4.0,4)

        B <- seq(0,18,by=6)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

    } else {

      # 6x daily for age <= 12

      if (subject_age<=12){

        A <- rep(dose/6.0,Ndays*6+1)

        B <- seq(0,Ndays*24,by=4)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

      # 4x daily for age > 12

      else {

        A <- rep(dose/4.0,Ndays*4+1)

        B <- seq(0,Ndays*24,by=6)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

    }

  }

  

  All_Dose<-DORAL%>%

    mutate(ODOSEOXON=doral*(params[["BWST"]]/params[["MWOXON"]])

           *params[["FA"]], # DIM dose conversion (ug/kg to umol)

           Level=paste(doral[1],"ug/kg",sep="_"))

  

  #~~~~APPLY MODEL~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~#### 

  # Do parallel for speed

  c1<-makeCluster(min(cores,n_distinct(All_Dose$Level))) # cluster for parallel 

  timestamp()

  modelOutput<-parLapply(c1,split(All_Dose,All_Dose$Level), function (LL,ini_par,t){

    #load data into cores

    source("human_pbpk.R")

    # Create dataframe of "events"that describe the dosing, which informs the

    # ODE function, and needs to have columns "var" = the state_variable that needs

    # to be changed,"time"= when the changes occurs,"value"=the value being changed

    # to,& "method"= how the new value interacts with the previous state variable

    # value. See ?deSolve::lsodes and ?deSolve::events.

    

    # combine or replace "base" parameters with case specific human parameters, 

    # carring out any calcuated paramters which are function of other specific case parameters 

    ini_pars <- initial_params_fun(params=ini_par)

    # STATE####

    # Subject specific UPDATES to the initial value of state variables

    st<-state_fun(st=state,ini_p=ini_pars)

    

    eventDat<-rbind(data.frame(var="ODOSEOXON",time=LL$time,

                               value=LL$ODOSEOXON ,	 

                               method="add",stringsAsFactors = FALSE),  # ("replace", "add", "multiply")

                    data.frame(var="ASTOMO",time=LL$time,

                               value=LL$ODOSEOXON ,	 

                               method="add",stringsAsFactors = FALSE))

    

    # DERIVATIVE ####

    # RUN MODEL 

    modelOutput<- ode(y = st, times = t,  #method = "lsodes",

                      func = Human_Model, parms = ini_pars,

                      events = list(data = eventDat[order(eventDat$time),]))

    result <- within(as.data.frame(modelOutput),{Level<-LL$Level[[1]]})

    return(result)

  },ini_par=params,t=times)

  stopCluster(c1)

  timestamp()

  ModelOutput<-do.call(rbind,modelOutput)##make big dataframe for evaluation



  #~~~END MODEL ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~####

  

  return(mean(tail(ModelOutput$CBLO,240)))

  

}



minRBCCEO <- function(dose){

  

  # TIMING COMMANDS ####

  MAXT=0.1       #maximum time step

  times<-seq(params[["TSTART"]],params[["TSTOP"]],by=MAXT)#

  

  # max number of points to write out to file

  POINTS_max<-10000  

  # if the more than 10000 timesteps, select evently spaced 10000 of them for reporting

  report_points<-if(length(times)<=POINTS_max) times else 

    times[seq(1,length(times),by=round(length(times)/POINTS_max))]

  table(report_points%in%times)#check all report values are in times.

  

  

  # once daily oral exposure for food

  if (route=="food"){

    if (Ndays < 100) {

      A <- c(dose)

      B <- c(0)

      C <- c("time","doral")

      

      DORAL <- data.frame(B,A)

      colnames(DORAL) <- C

    } else {

      A <- rep(dose,Ndays+1)

      B <- seq(0,Ndays*24,by=24)

      C <- c("time","doral")

      

      DORAL <- data.frame(B,A)

      colnames(DORAL) <- C

    }

  }

  # dosing for water exposure

  if (route=="water"){

    if (Ndays < 100) {

      # 6x daily for age <= 12

      if (subject_age<=12){

        A <- rep(dose/6.0,6)

        B <- seq(0,20,by=4)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

      # 4x daily for age > 12

      else {

        A <- rep(dose/4.0,4)

        B <- seq(0,18,by=6)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

    } else {

      # 6x daily for age <= 12

      if (subject_age<=12){

        A <- rep(dose/6.0,Ndays*6+1)

        B <- seq(0,Ndays*24,by=4)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

      # 4x daily for age > 12

      else {

        A <- rep(dose/4.0,Ndays*4+1)

        B <- seq(0,Ndays*24,by=6)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

    }

  }

  

  All_Dose<-DORAL%>%

    mutate(ODOSEOXON=doral*(params[["BWST"]]/params[["MWOXON"]])

           *params[["FA"]], # DIM dose conversion (ug/kg to umol)

           Level=paste(doral[1],"ug/kg",sep="_"))

  

  #~~~~APPLY MODEL~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~#### 

  # Do parallel for speed

  c1<-makeCluster(min(cores,n_distinct(All_Dose$Level))) # cluster for parallel 

  timestamp()

  modelOutput<-parLapply(c1,split(All_Dose,All_Dose$Level), function (LL,ini_par,t){

    #load data into cores

    source("human_pbpk.R")

    # Create dataframe of "events"that describe the dosing, which informs the

    # ODE function, and needs to have columns "var" = the state_variable that needs

    # to be changed,"time"= when the changes occurs,"value"=the value being changed

    # to,& "method"= how the new value interacts with the previous state variable

    # value. See ?deSolve::lsodes and ?deSolve::events.

    

    # combine or replace "base" parameters with case specific human parameters, 

    # carring out any calcuated paramters which are function of other specific case parameters 

    ini_pars <- initial_params_fun(params=ini_par)

    # STATE####

    # Subject specific UPDATES to the initial value of state variables

    st<-state_fun(st=state,ini_p=ini_pars)

    

    eventDat<-rbind(data.frame(var="ODOSEOXON",time=LL$time,

                               value=LL$ODOSEOXON ,	 

                               method="add",stringsAsFactors = FALSE),  # ("replace", "add", "multiply")

                    data.frame(var="ASTOMO",time=LL$time,

                               value=LL$ODOSEOXON ,	 

                               method="add",stringsAsFactors = FALSE))

    

    # DERIVATIVE ####

    # RUN MODEL 

    modelOutput<- ode(y = st, times = t,  #method = "lsodes",

                      func = Human_Model, parms = ini_pars,

                      events = list(data = eventDat[order(eventDat$time),]))

    result <- within(as.data.frame(modelOutput),{Level<-LL$Level[[1]]})

    return(result)

  },ini_par=params,t=times)

  stopCluster(c1)

  timestamp()

  ModelOutput<-do.call(rbind,modelOutput)##make big dataframe for evaluation

  

  #~~~END MODEL ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~####

  

  return(min(ModelOutput$RBCCE))

  

}



just_run_model <- function(dose){

  

  # TIMING COMMANDS ####

  MAXT=0.1       #maximum time step

  times<-seq(params[["TSTART"]],params[["TSTOP"]],by=MAXT)#

  

  # max number of points to write out to file

  POINTS_max<-10000  

  # if the more than 10000 timesteps, select evently spaced 10000 of them for reporting

  report_points<-if(length(times)<=POINTS_max) times else 

    times[seq(1,length(times),by=round(length(times)/POINTS_max))]

  table(report_points%in%times)#check all report values are in times.

  

  

  # once daily oral exposure for food

  if (route=="food"){

    if (Ndays < 100) {

      A <- c(dose)

      B <- c(0)

      C <- c("time","doral")

      

      DORAL <- data.frame(B,A)

      colnames(DORAL) <- C

    } else {

      A <- rep(dose,Ndays+1)

      B <- seq(0,Ndays*24,by=24)

      C <- c("time","doral")

      

      DORAL <- data.frame(B,A)

      colnames(DORAL) <- C

    }

  }

  # dosing for water exposure

  if (route=="water"){

    if (Ndays < 100) {

      # 6x daily for age <= 12

      if (subject_age<=12){

        A <- rep(dose/6.0,6)

        B <- seq(0,20,by=4)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

      # 4x daily for age > 12

      else {

        A <- rep(dose/4.0,4)

        B <- seq(0,18,by=6)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

    } else {

      # 6x daily for age <= 12

      if (subject_age<=12){

        A <- rep(dose/6.0,Ndays*6+1)

        B <- seq(0,Ndays*24,by=4)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

      # 4x daily for age > 12

      else {

        A <- rep(dose/4.0,Ndays*4+1)

        B <- seq(0,Ndays*24,by=6)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

    }

  }

  

  All_Dose<-DORAL%>%

    mutate(ODOSEOXON=doral*(params[["BWST"]]/params[["MWOXON"]])

           *params[["FA"]], # DIM dose conversion (ug/kg to umol)

           Level=paste(doral[1],"ug/kg",sep="_"))

  

  #~~~~APPLY MODEL~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~#### 

  # Do parallel for speed

  c1<-makeCluster(min(cores,n_distinct(All_Dose$Level))) # cluster for parallel 

  timestamp()

  modelOutput<-parLapply(c1,split(All_Dose,All_Dose$Level), function (LL,ini_par,t){

    #load data into cores

    source("human_pbpk.R")

    # Create dataframe of "events"that describe the dosing, which informs the

    # ODE function, and needs to have columns "var" = the state_variable that needs

    # to be changed,"time"= when the changes occurs,"value"=the value being changed

    # to,& "method"= how the new value interacts with the previous state variable

    # value. See ?deSolve::lsodes and ?deSolve::events.

    

    # combine or replace "base" parameters with case specific human parameters, 

    # carring out any calcuated paramters which are function of other specific case parameters 

    ini_pars <- initial_params_fun(params=ini_par)

    # STATE####

    # Subject specific UPDATES to the initial value of state variables

    st<-state_fun(st=state,ini_p=ini_pars)

    

    eventDat<-rbind(data.frame(var="ODOSEOXON",time=LL$time,

                               value=LL$ODOSEOXON ,	 

                               method="add",stringsAsFactors = FALSE),  # ("replace", "add", "multiply")

                    data.frame(var="ASTOMO",time=LL$time,

                               value=LL$ODOSEOXON ,	 

                               method="add",stringsAsFactors = FALSE))

    

    # DERIVATIVE ####

    # RUN MODEL 

    modelOutput<- ode(y = st, times = t,  #method = "lsodes",

                      func = Human_Model, parms = ini_pars,

                      events = list(data = eventDat[order(eventDat$time),]))

    result <- within(as.data.frame(modelOutput),{Level<-LL$Level[[1]]})

    return(result)

  },ini_par=params,t=times)

  stopCluster(c1)

  timestamp()

  ModelOutput<-do.call(rbind,modelOutput)##make big dataframe for evaluation



  #~~~END MODEL ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~####

  

  return(ModelOutput)

  

}



PODcost <- function(test_dose){

  

  test_result <- minRBCCEO(test_dose*1000)

  test_error <- (test_result - 90.0)

  

  print(sprintf("%f  %f",test_dose,test_result))

  

  return(test_error*test_error)

}



AEDcost <- function(test_dose){

  

  test_result <- avgCBLO(test_dose*1000)

  test_error <- (test_result - ac_50)

  

  print(sprintf("%f  %f",test_dose,test_result))

  

  return(test_error*test_error)

}



# get the dose that reproduces the AC50 in blood concentration or 10% brain AChE inhibition



final_dose <- optim(par = 1.1, PODcost, method = "Brent",lower = 0.1, upper = 10, control = list(reltol = 1e-3))   # POD limits



# finally run the model for this concentration

ModelOutput <- just_run_model(final_dose$par*1000)

final_dose$par

min(ModelOutput$RBCCE)


rm(list = ls()) # Clear workspace



#set the working directory to the location of these scripts

#setwd(dirname(rstudioapi::getActiveDocumentContext()$path))



#Environment####

library(dplyr)

library(tidyr)

library(parallel)

# number of cores availabe on current machine

tot_cores<-detectCores(all.tests = FALSE, logical = TRUE)  

cores<-tot_cores-1 # leave one core for other tasks 



ac_50 <<- -999             # enter the AC50 value here; units = umol/L

Ndays = 123                        # number of days to simulate

target_chem = "parent"            # oxon or parent compound

body_weight = 67.3                 # body weight in kg

subject_age = 13

route = "food"



source("human_pbpk.R") # Loads model and base parameters

source("malathion_human_parameters.R") # male and female specific parameters



# Intial_parameters####

sex = 1						 # 0=male, 1= Female

params<-c(params[!names(params)%in%names(human_parameters[[sex+1]])],

          human_parameters[[sex+1]])



# set case-specific parameters

params[["TSTART"]]<-0.0         # START SIMULATION (HR)

params[["TSTOP"]]=Ndays*24      			# Simulation duration = 2 days

params[["AGE0"]]=subject_age

params[["BWSW"]] = 1   	 				# Switch for age (set =0) or set (set =1) if bwt provided

params[["BWST"]]= body_weight   	 			# kg

params[["FA"]]=1



# returns the average blood concentration of parent compound

# based on the daily dose of "dose" ug/kg/day

avgCBL <- function(dose){

  

  # TIMING COMMANDS ####

  MAXT=0.1       #maximum time step

  times<-seq(params[["TSTART"]],params[["TSTOP"]],by=MAXT)#

  

  # max number of points to write out to file

  POINTS_max<-10000  

  # if the more than 10000 timesteps, select evently spaced 10000 of them for reporting

  report_points<-if(length(times)<=POINTS_max) times else 

    times[seq(1,length(times),by=round(length(times)/POINTS_max))]

  table(report_points%in%times)#check all report values are in times.

  

  

  # once daily oral exposure for food

  if (route=="food"){

    if (Ndays < 100) {

      A <- c(dose)

      B <- c(0)

      C <- c("time","doral")

      

      DORAL <- data.frame(B,A)

      colnames(DORAL) <- C

    } else {

      A <- rep(dose,Ndays+1)

      B <- seq(0,Ndays*24,by=24)

      C <- c("time","doral")

      

      DORAL <- data.frame(B,A)

      colnames(DORAL) <- C

    }

  }

  # dosing for water exposure

  if (route=="water"){

    if (Ndays < 100) {

      # 6x daily for age <= 12

      if (subject_age<=12){

        A <- rep(dose/6.0,6)

        B <- seq(0,20,by=4)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

      # 4x daily for age > 12

      else {

        A <- rep(dose/4.0,4)

        B <- seq(0,18,by=6)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

    } else {

      # 6x daily for age <= 12

      if (subject_age<=12){

        A <- rep(dose/6.0,Ndays*6+1)

        B <- seq(0,Ndays*24,by=4)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

      # 4x daily for age > 12

      else {

        A <- rep(dose/4.0,Ndays*4+1)

        B <- seq(0,Ndays*24,by=6)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

    }

  }

  

  

  All_Dose<-DORAL%>%

    mutate(ODOSE=doral*(params[["BWST"]]/params[["MWPAR"]])

           *params[["FA"]], # DIM dose conversion (ug/kg to umol)

           Level=paste(doral[1],"ug/kg",sep="_"))

  

  #~~~~APPLY MODEL~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~#### 

  # Do parallel for speed

  c1<-makeCluster(min(cores,n_distinct(All_Dose$Level))) # cluster for parallel 

  timestamp()

  modelOutput<-parLapply(c1,split(All_Dose,All_Dose$Level), function (LL,ini_par,t){

    #load data into cores

    source("human_pbpk.R")

    # Create dataframe of "events"that describe the dosing, which informs the

    # ODE function, and needs to have columns "var" = the state_variable that needs

    # to be changed,"time"= when the changes occurs,"value"=the value being changed

    # to,& "method"= how the new value interacts with the previous state variable

    # value. See ?deSolve::lsodes and ?deSolve::events.

    

    # combine or replace "base" parameters with case specific human parameters, 

    # carring out any calcuated paramters which are function of other specific case parameters 

    ini_pars <- initial_params_fun(params=ini_par)

    # STATE####

    # Subject specific UPDATES to the initial value of state variables

    st<-state_fun(st=state,ini_p=ini_pars)

    

    eventDat<-rbind(data.frame(var="ODOSE",time=LL$time,

                               value=LL$ODOSE ,	 

                               method="add",stringsAsFactors = FALSE),  # ("replace", "add", "multiply")

                    data.frame(var="ASTOM",time=LL$time,

                               value=LL$ODOSE ,	 

                               method="add",stringsAsFactors = FALSE))

    

    # DERIVATIVE ####

    # RUN MODEL 

    modelOutput<- ode(y = st, times = t,  #method = "lsodes",

                      func = Human_Model, parms = ini_pars,

                      events = list(data = eventDat[order(eventDat$time),]))

    result <- within(as.data.frame(modelOutput),{Level<-LL$Level[[1]]})

    return(result)

  },ini_par=params,t=times)

  stopCluster(c1)

  timestamp()

  ModelOutput<-do.call(rbind,modelOutput)##make big dataframe for evaluation



  

  return(mean(tail(ModelOutput$CBL,240)))

  

}



# returns the average blood concentration of oxon

# based on the daily dose of "dose" ug/kg/day

avgCBLO <- function(dose){

  

  # TIMING COMMANDS ####

  MAXT=0.1       #maximum time step

  times<-seq(params[["TSTART"]],params[["TSTOP"]],by=MAXT)#

  

  # max number of points to write out to file

  POINTS_max<-10000  

  # if the more than 10000 timesteps, select evently spaced 10000 of them for reporting

  report_points<-if(length(times)<=POINTS_max) times else 

    times[seq(1,length(times),by=round(length(times)/POINTS_max))]

  table(report_points%in%times)#check all report values are in times.

  

  

  # once daily oral exposure for food

  if (route=="food"){

    if (Ndays < 100) {

      A <- c(dose)

      B <- c(0)

      C <- c("time","doral")

      

      DORAL <- data.frame(B,A)

      colnames(DORAL) <- C

    } else {

      A <- rep(dose,Ndays+1)

      B <- seq(0,Ndays*24,by=24)

      C <- c("time","doral")

      

      DORAL <- data.frame(B,A)

      colnames(DORAL) <- C

    }

  }

  # dosing for water exposure

  if (route=="water"){

    if (Ndays < 100) {

      # 6x daily for age <= 12

      if (subject_age<=12){

        A <- rep(dose/6.0,6)

        B <- seq(0,20,by=4)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

      # 4x daily for age > 12

      else {

        A <- rep(dose/4.0,4)

        B <- seq(0,18,by=6)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

    } else {

      # 6x daily for age <= 12

      if (subject_age<=12){

        A <- rep(dose/6.0,Ndays*6+1)

        B <- seq(0,Ndays*24,by=4)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

      # 4x daily for age > 12

      else {

        A <- rep(dose/4.0,Ndays*4+1)

        B <- seq(0,Ndays*24,by=6)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

    }

  }

  

  All_Dose<-DORAL%>%

    mutate(ODOSE=doral*(params[["BWST"]]/params[["MWPAR"]])

           *params[["FA"]], # DIM dose conversion (ug/kg to umol)

           Level=paste(doral[1],"ug/kg",sep="_"))

  

  #~~~~APPLY MODEL~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~#### 

  # Do parallel for speed

  c1<-makeCluster(min(cores,n_distinct(All_Dose$Level))) # cluster for parallel 

  timestamp()

  modelOutput<-parLapply(c1,split(All_Dose,All_Dose$Level), function (LL,ini_par,t){

    #load data into cores

    source("human_pbpk.R")

    # Create dataframe of "events"that describe the dosing, which informs the

    # ODE function, and needs to have columns "var" = the state_variable that needs

    # to be changed,"time"= when the changes occurs,"value"=the value being changed

    # to,& "method"= how the new value interacts with the previous state variable

    # value. See ?deSolve::lsodes and ?deSolve::events.

    

    # combine or replace "base" parameters with case specific human parameters, 

    # carring out any calcuated paramters which are function of other specific case parameters 

    ini_pars <- initial_params_fun(params=ini_par)

    # STATE####

    # Subject specific UPDATES to the initial value of state variables

    st<-state_fun(st=state,ini_p=ini_pars)

    

    eventDat<-rbind(data.frame(var="ODOSE",time=LL$time,

                               value=LL$ODOSE ,	 

                               method="add",stringsAsFactors = FALSE),  # ("replace", "add", "multiply")

                    data.frame(var="ASTOM",time=LL$time,

                               value=LL$ODOSE ,	 

                               method="add",stringsAsFactors = FALSE))

    

    # DERIVATIVE ####

    # RUN MODEL 

    modelOutput<- ode(y = st, times = t,  #method = "lsodes",

                      func = Human_Model, parms = ini_pars,

                      events = list(data = eventDat[order(eventDat$time),]))

    result <- within(as.data.frame(modelOutput),{Level<-LL$Level[[1]]})

    return(result)

  },ini_par=params,t=times)

  stopCluster(c1)

  timestamp()

  ModelOutput<-do.call(rbind,modelOutput)##make big dataframe for evaluation



  #~~~END MODEL ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~####

  

  return(mean(tail(ModelOutput$CBLO,240)))

  

}



# returns the average blood concentration of oxon

# based on the daily dose of "dose" ug/kg/day

minRBCCE <- function(dose){

  

  # TIMING COMMANDS ####

  MAXT=0.1       #maximum time step

  times<-seq(params[["TSTART"]],params[["TSTOP"]],by=MAXT)#

  

  # max number of points to write out to file

  POINTS_max<-10000  

  # if the more than 10000 timesteps, select evently spaced 10000 of them for reporting

  report_points<-if(length(times)<=POINTS_max) times else 

    times[seq(1,length(times),by=round(length(times)/POINTS_max))]

  table(report_points%in%times)#check all report values are in times.

  

  

  # once daily oral exposure for food

  if (route=="food"){

    if (Ndays < 100) {

      A <- c(dose)

      B <- c(0)

      C <- c("time","doral")

      

      DORAL <- data.frame(B,A)

      colnames(DORAL) <- C

    } else {

      A <- rep(dose,Ndays+1)

      B <- seq(0,Ndays*24,by=24)

      C <- c("time","doral")

      

      DORAL <- data.frame(B,A)

      colnames(DORAL) <- C

    }

  }

  # dosing for water exposure

  if (route=="water"){

    if (Ndays < 100) {

      # 6x daily for age <= 12

      if (subject_age<=12){

        A <- rep(dose/6.0,6)

        B <- seq(0,20,by=4)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

      # 4x daily for age > 12

      else {

        A <- rep(dose/4.0,4)

        B <- seq(0,18,by=6)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

    } else {

      # 6x daily for age <= 12

      if (subject_age<=12){

        A <- rep(dose/6.0,Ndays*6+1)

        B <- seq(0,Ndays*24,by=4)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

      # 4x daily for age > 12

      else {

        A <- rep(dose/4.0,Ndays*4+1)

        B <- seq(0,Ndays*24,by=6)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

    }

  }

  

  All_Dose<-DORAL%>%

    mutate(ODOSE=doral*(params[["BWST"]]/params[["MWPAR"]])

           *params[["FA"]], # DIM dose conversion (ug/kg to umol)

           Level=paste(doral[1],"ug/kg",sep="_"))

  

  #~~~~APPLY MODEL~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~#### 

  # Do parallel for speed

  c1<-makeCluster(min(cores,n_distinct(All_Dose$Level))) # cluster for parallel 

  timestamp()

  modelOutput<-parLapply(c1,split(All_Dose,All_Dose$Level), function (LL,ini_par,t){

    #load data into cores

    source("human_pbpk.R")

    # Create dataframe of "events"that describe the dosing, which informs the

    # ODE function, and needs to have columns "var" = the state_variable that needs

    # to be changed,"time"= when the changes occurs,"value"=the value being changed

    # to,& "method"= how the new value interacts with the previous state variable

    # value. See ?deSolve::lsodes and ?deSolve::events.

    

    # combine or replace "base" parameters with case specific human parameters, 

    # carring out any calcuated paramters which are function of other specific case parameters 

    ini_pars <- initial_params_fun(params=ini_par)

    # STATE####

    # Subject specific UPDATES to the initial value of state variables

    st<-state_fun(st=state,ini_p=ini_pars)

    

    eventDat<-rbind(data.frame(var="ODOSE",time=LL$time,

                               value=LL$ODOSE ,	 

                               method="add",stringsAsFactors = FALSE),  # ("replace", "add", "multiply")

                    data.frame(var="ASTOM",time=LL$time,

                               value=LL$ODOSE ,	 

                               method="add",stringsAsFactors = FALSE))

    

    # DERIVATIVE ####

    # RUN MODEL 

    modelOutput<- ode(y = st, times = t,  #method = "lsodes",

                      func = Human_Model, parms = ini_pars,

                      events = list(data = eventDat[order(eventDat$time),]))

    result <- within(as.data.frame(modelOutput),{Level<-LL$Level[[1]]})

    return(result)

  },ini_par=params,t=times)

  stopCluster(c1)

  timestamp()

  ModelOutput<-do.call(rbind,modelOutput)##make big dataframe for evaluation

  

  #~~~END MODEL ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~####

  

  return(min(ModelOutput$RBCCE))

  

}



just_run_model <- function(dose){

  

  # TIMING COMMANDS ####

  MAXT=0.1       #maximum time step

  times<-seq(params[["TSTART"]],params[["TSTOP"]],by=MAXT)#

  

  # max number of points to write out to file

  POINTS_max<-10000  

  # if the more than 10000 timesteps, select evently spaced 10000 of them for reporting

  report_points<-if(length(times)<=POINTS_max) times else 

    times[seq(1,length(times),by=round(length(times)/POINTS_max))]

  table(report_points%in%times)#check all report values are in times.

  

  

  # once daily oral exposure for food

  if (route=="food"){

    if (Ndays < 100) {

      A <- c(dose)

      B <- c(0)

      C <- c("time","doral")

      

      DORAL <- data.frame(B,A)

      colnames(DORAL) <- C

    } else {

      A <- rep(dose,Ndays+1)

      B <- seq(0,Ndays*24,by=24)

      C <- c("time","doral")

      

      DORAL <- data.frame(B,A)

      colnames(DORAL) <- C

    }

  }

  # dosing for water exposure

  if (route=="water"){

    if (Ndays < 100) {

      # 6x daily for age <= 12

      if (subject_age<=12){

        A <- rep(dose/6.0,6)

        B <- seq(0,20,by=4)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

      # 4x daily for age > 12

      else {

        A <- rep(dose/4.0,4)

        B <- seq(0,18,by=6)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

    } else {

      # 6x daily for age <= 12

      if (subject_age<=12){

        A <- rep(dose/6.0,Ndays*6+1)

        B <- seq(0,Ndays*24,by=4)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

      # 4x daily for age > 12

      else {

        A <- rep(dose/4.0,Ndays*4+1)

        B <- seq(0,Ndays*24,by=6)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

    }

  }

  

  All_Dose<-DORAL%>%

    mutate(ODOSE=doral*(params[["BWST"]]/params[["MWPAR"]])

           *params[["FA"]], # DIM dose conversion (ug/kg to umol)

           Level=paste(doral[1],"ug/kg",sep="_"))

  

  #~~~~APPLY MODEL~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~#### 

  # Do parallel for speed

  c1<-makeCluster(min(cores,n_distinct(All_Dose$Level))) # cluster for parallel 

  timestamp()

  modelOutput<-parLapply(c1,split(All_Dose,All_Dose$Level), function (LL,ini_par,t){

    #load data into cores

    source("human_pbpk.R")

    # Create dataframe of "events"that describe the dosing, which informs the

    # ODE function, and needs to have columns "var" = the state_variable that needs

    # to be changed,"time"= when the changes occurs,"value"=the value being changed

    # to,& "method"= how the new value interacts with the previous state variable

    # value. See ?deSolve::lsodes and ?deSolve::events.

    

    # combine or replace "base" parameters with case specific human parameters, 

    # carring out any calcuated paramters which are function of other specific case parameters 

    ini_pars <- initial_params_fun(params=ini_par)

    # STATE####

    # Subject specific UPDATES to the initial value of state variables

    st<-state_fun(st=state,ini_p=ini_pars)

    

    eventDat<-rbind(data.frame(var="ODOSE",time=LL$time,

                               value=LL$ODOSE ,	 

                               method="add",stringsAsFactors = FALSE),  # ("replace", "add", "multiply")

                    data.frame(var="ASTOM",time=LL$time,

                               value=LL$ODOSE ,	 

                               method="add",stringsAsFactors = FALSE))

    

    # DERIVATIVE ####

    # RUN MODEL 

    modelOutput<- ode(y = st, times = t,  #method = "lsodes",

                      func = Human_Model, parms = ini_pars,

                      events = list(data = eventDat[order(eventDat$time),]))

    result <- within(as.data.frame(modelOutput),{Level<-LL$Level[[1]]})

    return(result)

  },ini_par=params,t=times)

  stopCluster(c1)

  timestamp()

  ModelOutput<-do.call(rbind,modelOutput)##make big dataframe for evaluation



  #~~~END MODEL ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~####

  

  return(ModelOutput)

  

}





PODcost <- function(test_dose){

  

  test_result <- minRBCCE(test_dose*1000)

  test_error <- (test_result - 90.0)

  

  print(sprintf("%f  %f",test_dose,test_result))

  

  return(test_error*test_error)

}



AEDcost <- function(test_dose){

  

  test_result <- avgCBL(test_dose*1000)

  test_error <- (test_result - ac_50)

  

  print(sprintf("%f  %f",test_dose,test_result))

  

  return(test_error*test_error)

}



# get the dose that reproduces the AC50 in blood concentration or 10% brain AChE inhibition

final_dose <- optim(par = 5, PODcost, method = "Brent",lower = 0.1, upper = 25, control = list(reltol = 1e-3))   # POD limits



# finally run the model for this concentration

ModelOutput <- just_run_model(final_dose$par*1000)

final_dose$par

min(ModelOutput$RBCCE)






rm(list = ls()) # Clear workspace



#set the working directory to the location of these scripts

#setwd(dirname(rstudioapi::getActiveDocumentContext()$path))



#Environment####

library(dplyr)

library(tidyr)

library(parallel)

# number of cores availabe on current machine

tot_cores<-detectCores(all.tests = FALSE, logical = TRUE)  

cores<-tot_cores-1 # leave one core for other tasks 



ac_50 <<- -999             # enter the AC50 value here; units = umol/L

Ndays = 123                        # number of days to simulate

target_chem = "oxon"            # oxon or parent compound

body_weight = 81.5                 # body weight in kg

subject_age = 20

route = "food"



source("human_pbpk.R") # Loads model and base parameters

source("malathion_human_parameters.R") # male and female specific parameters



# Intial_parameters####

sex = 1						 # 0=male, 1= Female

params<-c(params[!names(params)%in%names(human_parameters[[sex+1]])],

          human_parameters[[sex+1]])



# set case-specific parameters

params[["TSTART"]]<-0.0         # START SIMULATION (HR)

params[["TSTOP"]]=Ndays*24      			# Simulation duration = 2 days

params[["AGE0"]]=subject_age

params[["BWSW"]] = 1   	 				# Switch for age (set =0) or set (set =1) if bwt provided

params[["BWST"]]= body_weight   	 			# kg

params[["FA"]]=1



# returns the average blood concentration of oxon

# based on the daily dose of "dose" ug/kg/day

avgCBLO <- function(dose){

  

  # TIMING COMMANDS ####

  MAXT=0.1       #maximum time step

  times<-seq(params[["TSTART"]],params[["TSTOP"]],by=MAXT)#

  

  # max number of points to write out to file

  POINTS_max<-10000  

  # if the more than 10000 timesteps, select evently spaced 10000 of them for reporting

  report_points<-if(length(times)<=POINTS_max) times else 

    times[seq(1,length(times),by=round(length(times)/POINTS_max))]

  table(report_points%in%times)#check all report values are in times.

  

  

  # once daily oral exposure for food

  if (route=="food"){

    if (Ndays < 100) {

      A <- c(dose)

      B <- c(0)

      C <- c("time","doral")

      

      DORAL <- data.frame(B,A)

      colnames(DORAL) <- C

    } else {

      A <- rep(dose,Ndays+1)

      B <- seq(0,Ndays*24,by=24)

      C <- c("time","doral")

      

      DORAL <- data.frame(B,A)

      colnames(DORAL) <- C

    }

  }

  # dosing for water exposure

  if (route=="water"){

    if (Ndays < 100) {

      # 6x daily for age <= 12

      if (subject_age<=12){

        A <- rep(dose/6.0,6)

        B <- seq(0,20,by=4)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

      # 4x daily for age > 12

      else {

        A <- rep(dose/4.0,4)

        B <- seq(0,18,by=6)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

    } else {

      # 6x daily for age <= 12

      if (subject_age<=12){

        A <- rep(dose/6.0,Ndays*6+1)

        B <- seq(0,Ndays*24,by=4)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

      # 4x daily for age > 12

      else {

        A <- rep(dose/4.0,Ndays*4+1)

        B <- seq(0,Ndays*24,by=6)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

    }

  }

  

  All_Dose<-DORAL%>%

    mutate(ODOSEOXON=doral*(params[["BWST"]]/params[["MWOXON"]])

           *params[["FA"]], # DIM dose conversion (ug/kg to umol)

           Level=paste(doral[1],"ug/kg",sep="_"))

  

  #~~~~APPLY MODEL~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~#### 

  # Do parallel for speed

  c1<-makeCluster(min(cores,n_distinct(All_Dose$Level))) # cluster for parallel 

  timestamp()

  modelOutput<-parLapply(c1,split(All_Dose,All_Dose$Level), function (LL,ini_par,t){

    #load data into cores

    source("human_pbpk.R")

    # Create dataframe of "events"that describe the dosing, which informs the

    # ODE function, and needs to have columns "var" = the state_variable that needs

    # to be changed,"time"= when the changes occurs,"value"=the value being changed

    # to,& "method"= how the new value interacts with the previous state variable

    # value. See ?deSolve::lsodes and ?deSolve::events.

    

    # combine or replace "base" parameters with case specific human parameters, 

    # carring out any calcuated paramters which are function of other specific case parameters 

    ini_pars <- initial_params_fun(params=ini_par)

    # STATE####

    # Subject specific UPDATES to the initial value of state variables

    st<-state_fun(st=state,ini_p=ini_pars)

    

    eventDat<-rbind(data.frame(var="ODOSEOXON",time=LL$time,

                               value=LL$ODOSEOXON ,	 

                               method="add",stringsAsFactors = FALSE),  # ("replace", "add", "multiply")

                    data.frame(var="ASTOMO",time=LL$time,

                               value=LL$ODOSEOXON ,	 

                               method="add",stringsAsFactors = FALSE))

    

    # DERIVATIVE ####

    # RUN MODEL 

    modelOutput<- ode(y = st, times = t,  #method = "lsodes",

                      func = Human_Model, parms = ini_pars,

                      events = list(data = eventDat[order(eventDat$time),]))

    result <- within(as.data.frame(modelOutput),{Level<-LL$Level[[1]]})

    return(result)

  },ini_par=params,t=times)

  stopCluster(c1)

  timestamp()

  ModelOutput<-do.call(rbind,modelOutput)##make big dataframe for evaluation



  #~~~END MODEL ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~####

  

  return(mean(tail(ModelOutput$CBLO,240)))

  

}



minRBCCEO <- function(dose){

  

  # TIMING COMMANDS ####

  MAXT=0.1       #maximum time step

  times<-seq(params[["TSTART"]],params[["TSTOP"]],by=MAXT)#

  

  # max number of points to write out to file

  POINTS_max<-10000  

  # if the more than 10000 timesteps, select evently spaced 10000 of them for reporting

  report_points<-if(length(times)<=POINTS_max) times else 

    times[seq(1,length(times),by=round(length(times)/POINTS_max))]

  table(report_points%in%times)#check all report values are in times.

  

  

  # Dosing ####

  

  # once daily oral exposure for food

  if (route=="food"){

    if (Ndays < 100) {

      A <- c(dose)

      B <- c(0)

      C <- c("time","doral")

      

      DORAL <- data.frame(B,A)

      colnames(DORAL) <- C

    } else {

      A <- rep(dose,Ndays+1)

      B <- seq(0,Ndays*24,by=24)

      C <- c("time","doral")

      

      DORAL <- data.frame(B,A)

      colnames(DORAL) <- C

    }

  }

  # dosing for water exposure

  if (route=="water"){

    if (Ndays < 100) {

      # 6x daily for age <= 12

      if (subject_age<=12){

        A <- rep(dose/6.0,6)

        B <- seq(0,20,by=4)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

      # 4x daily for age > 12

      else {

        A <- rep(dose/4.0,4)

        B <- seq(0,18,by=6)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

    } else {

      # 6x daily for age <= 12

      if (subject_age<=12){

        A <- rep(dose/6.0,Ndays*6+1)

        B <- seq(0,Ndays*24,by=4)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

      # 4x daily for age > 12

      else {

        A <- rep(dose/4.0,Ndays*4+1)

        B <- seq(0,Ndays*24,by=6)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

    }

  }

  

  All_Dose<-DORAL%>%

    mutate(ODOSEOXON=doral*(params[["BWST"]]/params[["MWOXON"]])

           *params[["FA"]], # DIM dose conversion (ug/kg to umol)

           Level=paste(doral[1],"ug/kg",sep="_"))

  

  #~~~~APPLY MODEL~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~#### 

  # Do parallel for speed

  c1<-makeCluster(min(cores,n_distinct(All_Dose$Level))) # cluster for parallel 

  timestamp()

  modelOutput<-parLapply(c1,split(All_Dose,All_Dose$Level), function (LL,ini_par,t){

    #load data into cores

    source("human_pbpk.R")

    # Create dataframe of "events"that describe the dosing, which informs the

    # ODE function, and needs to have columns "var" = the state_variable that needs

    # to be changed,"time"= when the changes occurs,"value"=the value being changed

    # to,& "method"= how the new value interacts with the previous state variable

    # value. See ?deSolve::lsodes and ?deSolve::events.

    

    # combine or replace "base" parameters with case specific human parameters, 

    # carring out any calcuated paramters which are function of other specific case parameters 

    ini_pars <- initial_params_fun(params=ini_par)

    # STATE####

    # Subject specific UPDATES to the initial value of state variables

    st<-state_fun(st=state,ini_p=ini_pars)

    

    eventDat<-rbind(data.frame(var="ODOSEOXON",time=LL$time,

                               value=LL$ODOSEOXON ,	 

                               method="add",stringsAsFactors = FALSE),  # ("replace", "add", "multiply")

                    data.frame(var="ASTOMO",time=LL$time,

                               value=LL$ODOSEOXON ,	 

                               method="add",stringsAsFactors = FALSE))

    

    # DERIVATIVE ####

    # RUN MODEL 

    modelOutput<- ode(y = st, times = t,  #method = "lsodes",

                      func = Human_Model, parms = ini_pars,

                      events = list(data = eventDat[order(eventDat$time),]))

    result <- within(as.data.frame(modelOutput),{Level<-LL$Level[[1]]})

    return(result)

  },ini_par=params,t=times)

  stopCluster(c1)

  timestamp()

  ModelOutput<-do.call(rbind,modelOutput)##make big dataframe for evaluation

  

  #~~~END MODEL ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~####

  

  return(min(ModelOutput$RBCCE))

  

}



just_run_model <- function(dose){

  

  # TIMING COMMANDS ####

  MAXT=0.1       #maximum time step

  times<-seq(params[["TSTART"]],params[["TSTOP"]],by=MAXT)#

  

  # max number of points to write out to file

  POINTS_max<-10000  

  # if the more than 10000 timesteps, select evently spaced 10000 of them for reporting

  report_points<-if(length(times)<=POINTS_max) times else 

    times[seq(1,length(times),by=round(length(times)/POINTS_max))]

  table(report_points%in%times)#check all report values are in times.

  

  

  # once daily oral exposure for food

  if (route=="food"){

    if (Ndays < 100) {

      A <- c(dose)

      B <- c(0)

      C <- c("time","doral")

      

      DORAL <- data.frame(B,A)

      colnames(DORAL) <- C

    } else {

      A <- rep(dose,Ndays+1)

      B <- seq(0,Ndays*24,by=24)

      C <- c("time","doral")

      

      DORAL <- data.frame(B,A)

      colnames(DORAL) <- C

    }

  }

  # dosing for water exposure

  if (route=="water"){

    if (Ndays < 100) {

      # 6x daily for age <= 12

      if (subject_age<=12){

        A <- rep(dose/6.0,6)

        B <- seq(0,20,by=4)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

      # 4x daily for age > 12

      else {

        A <- rep(dose/4.0,4)

        B <- seq(0,18,by=6)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

    } else {

      # 6x daily for age <= 12

      if (subject_age<=12){

        A <- rep(dose/6.0,Ndays*6+1)

        B <- seq(0,Ndays*24,by=4)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

      # 4x daily for age > 12

      else {

        A <- rep(dose/4.0,Ndays*4+1)

        B <- seq(0,Ndays*24,by=6)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

    }

  }

  

  All_Dose<-DORAL%>%

    mutate(ODOSEOXON=doral*(params[["BWST"]]/params[["MWOXON"]])

           *params[["FA"]], # DIM dose conversion (ug/kg to umol)

           Level=paste(doral[1],"ug/kg",sep="_"))

  

  #~~~~APPLY MODEL~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~#### 

  # Do parallel for speed

  c1<-makeCluster(min(cores,n_distinct(All_Dose$Level))) # cluster for parallel 

  timestamp()

  modelOutput<-parLapply(c1,split(All_Dose,All_Dose$Level), function (LL,ini_par,t){

    #load data into cores

    source("human_pbpk.R")

    # Create dataframe of "events"that describe the dosing, which informs the

    # ODE function, and needs to have columns "var" = the state_variable that needs

    # to be changed,"time"= when the changes occurs,"value"=the value being changed

    # to,& "method"= how the new value interacts with the previous state variable

    # value. See ?deSolve::lsodes and ?deSolve::events.

    

    # combine or replace "base" parameters with case specific human parameters, 

    # carring out any calcuated paramters which are function of other specific case parameters 

    ini_pars <- initial_params_fun(params=ini_par)

    # STATE####

    # Subject specific UPDATES to the initial value of state variables

    st<-state_fun(st=state,ini_p=ini_pars)

    

    eventDat<-rbind(data.frame(var="ODOSEOXON",time=LL$time,

                               value=LL$ODOSEOXON ,	 

                               method="add",stringsAsFactors = FALSE),  # ("replace", "add", "multiply")

                    data.frame(var="ASTOMO",time=LL$time,

                               value=LL$ODOSEOXON ,	 

                               method="add",stringsAsFactors = FALSE))

    

    # DERIVATIVE ####

    # RUN MODEL 

    modelOutput<- ode(y = st, times = t,  #method = "lsodes",

                      func = Human_Model, parms = ini_pars,

                      events = list(data = eventDat[order(eventDat$time),]))

    result <- within(as.data.frame(modelOutput),{Level<-LL$Level[[1]]})

    return(result)

  },ini_par=params,t=times)

  stopCluster(c1)

  timestamp()

  ModelOutput<-do.call(rbind,modelOutput)##make big dataframe for evaluation



  #~~~END MODEL ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~####

  

  return(ModelOutput)

  

}



PODcost <- function(test_dose){

  

  test_result <- minRBCCEO(test_dose*1000)

  test_error <- (test_result - 90.0)

  

  print(sprintf("%f  %f",test_dose,test_result))

  

  return(test_error*test_error)

}



AEDcost <- function(test_dose){

  

  test_result <- avgCBLO(test_dose*1000)

  test_error <- (test_result - ac_50)

  

  print(sprintf("%f  %f",test_dose,test_result))

  

  return(test_error*test_error)

}



# get the dose that reproduces the AC50 in blood concentration or 10% brain AChE inhibition



final_dose <- optim(par = 1.0, PODcost, method = "Brent",lower = 0.1, upper = 10, control = list(reltol = 1e-3))   # POD limits



# finally run the model for this concentration

ModelOutput <- just_run_model(final_dose$par*1000)

final_dose$par

min(ModelOutput$RBCCE)






rm(list = ls()) # Clear workspace



#set the working directory to the location of these scripts

#setwd(dirname(rstudioapi::getActiveDocumentContext()$path))



#Environment####

library(dplyr)

library(tidyr)

library(parallel)

# number of cores availabe on current machine

tot_cores<-detectCores(all.tests = FALSE, logical = TRUE)  

cores<-tot_cores-1 # leave one core for other tasks 



ac_50 <<- -999             # enter the AC50 value here; units = umol/L

Ndays = 123                        # number of days to simulate

target_chem = "parent"            # oxon or parent compound

body_weight = 81.5                 # body weight in kg

subject_age = 20

route = "food"



source("human_pbpk.R") # Loads model and base parameters

source("malathion_human_parameters.R") # male and female specific parameters



# Intial_parameters####

sex = 1						 # 0=male, 1= Female

params<-c(params[!names(params)%in%names(human_parameters[[sex+1]])],

          human_parameters[[sex+1]])



# set case-specific parameters

params[["TSTART"]]<-0.0         # START SIMULATION (HR)

params[["TSTOP"]]=Ndays*24      			# Simulation duration = 2 days

params[["AGE0"]]=subject_age

params[["BWSW"]] = 1   	 				# Switch for age (set =0) or set (set =1) if bwt provided

params[["BWST"]]= body_weight   	 			# kg

params[["FA"]]=1



# returns the average blood concentration of parent compound

# based on the daily dose of "dose" ug/kg/day

avgCBL <- function(dose){

  

  # TIMING COMMANDS ####

  MAXT=0.1       #maximum time step

  times<-seq(params[["TSTART"]],params[["TSTOP"]],by=MAXT)#

  

  # max number of points to write out to file

  POINTS_max<-10000  

  # if the more than 10000 timesteps, select evently spaced 10000 of them for reporting

  report_points<-if(length(times)<=POINTS_max) times else 

    times[seq(1,length(times),by=round(length(times)/POINTS_max))]

  table(report_points%in%times)#check all report values are in times.

  

  

  # once daily oral exposure for food

  if (route=="food"){

    if (Ndays < 100) {

      A <- c(dose)

      B <- c(0)

      C <- c("time","doral")

      

      DORAL <- data.frame(B,A)

      colnames(DORAL) <- C

    } else {

      A <- rep(dose,Ndays+1)

      B <- seq(0,Ndays*24,by=24)

      C <- c("time","doral")

      

      DORAL <- data.frame(B,A)

      colnames(DORAL) <- C

    }

  }

  # dosing for water exposure

  if (route=="water"){

    if (Ndays < 100) {

      # 6x daily for age <= 12

      if (subject_age<=12){

        A <- rep(dose/6.0,6)

        B <- seq(0,20,by=4)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

      # 4x daily for age > 12

      else {

        A <- rep(dose/4.0,4)

        B <- seq(0,18,by=6)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

    } else {

      # 6x daily for age <= 12

      if (subject_age<=12){

        A <- rep(dose/6.0,Ndays*6+1)

        B <- seq(0,Ndays*24,by=4)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

      # 4x daily for age > 12

      else {

        A <- rep(dose/4.0,Ndays*4+1)

        B <- seq(0,Ndays*24,by=6)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

    }

  }

  

  

  All_Dose<-DORAL%>%

    mutate(ODOSE=doral*(params[["BWST"]]/params[["MWPAR"]])

           *params[["FA"]], # DIM dose conversion (ug/kg to umol)

           Level=paste(doral[1],"ug/kg",sep="_"))

  

  #~~~~APPLY MODEL~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~#### 

  # Do parallel for speed

  c1<-makeCluster(min(cores,n_distinct(All_Dose$Level))) # cluster for parallel 

  timestamp()

  modelOutput<-parLapply(c1,split(All_Dose,All_Dose$Level), function (LL,ini_par,t){

    #load data into cores

    source("human_pbpk.R")

    # Create dataframe of "events"that describe the dosing, which informs the

    # ODE function, and needs to have columns "var" = the state_variable that needs

    # to be changed,"time"= when the changes occurs,"value"=the value being changed

    # to,& "method"= how the new value interacts with the previous state variable

    # value. See ?deSolve::lsodes and ?deSolve::events.

    

    # combine or replace "base" parameters with case specific human parameters, 

    # carring out any calcuated paramters which are function of other specific case parameters 

    ini_pars <- initial_params_fun(params=ini_par)

    # STATE####

    # Subject specific UPDATES to the initial value of state variables

    st<-state_fun(st=state,ini_p=ini_pars)

    

    eventDat<-rbind(data.frame(var="ODOSE",time=LL$time,

                               value=LL$ODOSE ,	 

                               method="add",stringsAsFactors = FALSE),  # ("replace", "add", "multiply")

                    data.frame(var="ASTOM",time=LL$time,

                               value=LL$ODOSE ,	 

                               method="add",stringsAsFactors = FALSE))

    

    # DERIVATIVE ####

    # RUN MODEL 

    modelOutput<- ode(y = st, times = t,  #method = "lsodes",

                      func = Human_Model, parms = ini_pars,

                      events = list(data = eventDat[order(eventDat$time),]))

    result <- within(as.data.frame(modelOutput),{Level<-LL$Level[[1]]})

    return(result)

  },ini_par=params,t=times)

  stopCluster(c1)

  timestamp()

  ModelOutput<-do.call(rbind,modelOutput)##make big dataframe for evaluation



  

  return(mean(tail(ModelOutput$CBL,240)))

  

}



# returns the average blood concentration of oxon

# based on the daily dose of "dose" ug/kg/day

avgCBLO <- function(dose){

  

  # TIMING COMMANDS ####

  MAXT=0.1       #maximum time step

  times<-seq(params[["TSTART"]],params[["TSTOP"]],by=MAXT)#

  

  # max number of points to write out to file

  POINTS_max<-10000  

  # if the more than 10000 timesteps, select evently spaced 10000 of them for reporting

  report_points<-if(length(times)<=POINTS_max) times else 

    times[seq(1,length(times),by=round(length(times)/POINTS_max))]

  table(report_points%in%times)#check all report values are in times.

  

  

  # once daily oral exposure for food

  if (route=="food"){

    if (Ndays < 100) {

      A <- c(dose)

      B <- c(0)

      C <- c("time","doral")

      

      DORAL <- data.frame(B,A)

      colnames(DORAL) <- C

    } else {

      A <- rep(dose,Ndays+1)

      B <- seq(0,Ndays*24,by=24)

      C <- c("time","doral")

      

      DORAL <- data.frame(B,A)

      colnames(DORAL) <- C

    }

  }

  # dosing for water exposure

  if (route=="water"){

    if (Ndays < 100) {

      # 6x daily for age <= 12

      if (subject_age<=12){

        A <- rep(dose/6.0,6)

        B <- seq(0,20,by=4)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

      # 4x daily for age > 12

      else {

        A <- rep(dose/4.0,4)

        B <- seq(0,18,by=6)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

    } else {

      # 6x daily for age <= 12

      if (subject_age<=12){

        A <- rep(dose/6.0,Ndays*6+1)

        B <- seq(0,Ndays*24,by=4)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

      # 4x daily for age > 12

      else {

        A <- rep(dose/4.0,Ndays*4+1)

        B <- seq(0,Ndays*24,by=6)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

    }

  }

  

  All_Dose<-DORAL%>%

    mutate(ODOSE=doral*(params[["BWST"]]/params[["MWPAR"]])

           *params[["FA"]], # DIM dose conversion (ug/kg to umol)

           Level=paste(doral[1],"ug/kg",sep="_"))

  

  #~~~~APPLY MODEL~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~#### 

  # Do parallel for speed

  c1<-makeCluster(min(cores,n_distinct(All_Dose$Level))) # cluster for parallel 

  timestamp()

  modelOutput<-parLapply(c1,split(All_Dose,All_Dose$Level), function (LL,ini_par,t){

    #load data into cores

    source("human_pbpk.R")

    # Create dataframe of "events"that describe the dosing, which informs the

    # ODE function, and needs to have columns "var" = the state_variable that needs

    # to be changed,"time"= when the changes occurs,"value"=the value being changed

    # to,& "method"= how the new value interacts with the previous state variable

    # value. See ?deSolve::lsodes and ?deSolve::events.

    

    # combine or replace "base" parameters with case specific human parameters, 

    # carring out any calcuated paramters which are function of other specific case parameters 

    ini_pars <- initial_params_fun(params=ini_par)

    # STATE####

    # Subject specific UPDATES to the initial value of state variables

    st<-state_fun(st=state,ini_p=ini_pars)

    

    eventDat<-rbind(data.frame(var="ODOSE",time=LL$time,

                               value=LL$ODOSE ,	 

                               method="add",stringsAsFactors = FALSE),  # ("replace", "add", "multiply")

                    data.frame(var="ASTOM",time=LL$time,

                               value=LL$ODOSE ,	 

                               method="add",stringsAsFactors = FALSE))

    

    # DERIVATIVE ####

    # RUN MODEL 

    modelOutput<- ode(y = st, times = t,  #method = "lsodes",

                      func = Human_Model, parms = ini_pars,

                      events = list(data = eventDat[order(eventDat$time),]))

    result <- within(as.data.frame(modelOutput),{Level<-LL$Level[[1]]})

    return(result)

  },ini_par=params,t=times)

  stopCluster(c1)

  timestamp()

  ModelOutput<-do.call(rbind,modelOutput)##make big dataframe for evaluation



  #~~~END MODEL ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~####

  

  return(mean(tail(ModelOutput$CBLO,240)))

  

}



# returns the average blood concentration of oxon

# based on the daily dose of "dose" ug/kg/day

minRBCCE <- function(dose){

  

  # TIMING COMMANDS ####

  MAXT=0.1       #maximum time step

  times<-seq(params[["TSTART"]],params[["TSTOP"]],by=MAXT)#

  

  # max number of points to write out to file

  POINTS_max<-10000  

  # if the more than 10000 timesteps, select evently spaced 10000 of them for reporting

  report_points<-if(length(times)<=POINTS_max) times else 

    times[seq(1,length(times),by=round(length(times)/POINTS_max))]

  table(report_points%in%times)#check all report values are in times.

  

  

  # once daily oral exposure for food

  if (route=="food"){

    if (Ndays < 100) {

      A <- c(dose)

      B <- c(0)

      C <- c("time","doral")

      

      DORAL <- data.frame(B,A)

      colnames(DORAL) <- C

    } else {

      A <- rep(dose,Ndays+1)

      B <- seq(0,Ndays*24,by=24)

      C <- c("time","doral")

      

      DORAL <- data.frame(B,A)

      colnames(DORAL) <- C

    }

  }

  # dosing for water exposure

  if (route=="water"){

    if (Ndays < 100) {

      # 6x daily for age <= 12

      if (subject_age<=12){

        A <- rep(dose/6.0,6)

        B <- seq(0,20,by=4)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

      # 4x daily for age > 12

      else {

        A <- rep(dose/4.0,4)

        B <- seq(0,18,by=6)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

    } else {

      # 6x daily for age <= 12

      if (subject_age<=12){

        A <- rep(dose/6.0,Ndays*6+1)

        B <- seq(0,Ndays*24,by=4)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

      # 4x daily for age > 12

      else {

        A <- rep(dose/4.0,Ndays*4+1)

        B <- seq(0,Ndays*24,by=6)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

    }

  }

  

  All_Dose<-DORAL%>%

    mutate(ODOSE=doral*(params[["BWST"]]/params[["MWPAR"]])

           *params[["FA"]], # DIM dose conversion (ug/kg to umol)

           Level=paste(doral[1],"ug/kg",sep="_"))

  

  #~~~~APPLY MODEL~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~#### 

  # Do parallel for speed

  c1<-makeCluster(min(cores,n_distinct(All_Dose$Level))) # cluster for parallel 

  timestamp()

  modelOutput<-parLapply(c1,split(All_Dose,All_Dose$Level), function (LL,ini_par,t){

    #load data into cores

    source("human_pbpk.R")

    # Create dataframe of "events"that describe the dosing, which informs the

    # ODE function, and needs to have columns "var" = the state_variable that needs

    # to be changed,"time"= when the changes occurs,"value"=the value being changed

    # to,& "method"= how the new value interacts with the previous state variable

    # value. See ?deSolve::lsodes and ?deSolve::events.

    

    # combine or replace "base" parameters with case specific human parameters, 

    # carring out any calcuated paramters which are function of other specific case parameters 

    ini_pars <- initial_params_fun(params=ini_par)

    # STATE####

    # Subject specific UPDATES to the initial value of state variables

    st<-state_fun(st=state,ini_p=ini_pars)

    

    eventDat<-rbind(data.frame(var="ODOSE",time=LL$time,

                               value=LL$ODOSE ,	 

                               method="add",stringsAsFactors = FALSE),  # ("replace", "add", "multiply")

                    data.frame(var="ASTOM",time=LL$time,

                               value=LL$ODOSE ,	 

                               method="add",stringsAsFactors = FALSE))

    

    # DERIVATIVE ####

    # RUN MODEL 

    modelOutput<- ode(y = st, times = t,  #method = "lsodes",

                      func = Human_Model, parms = ini_pars,

                      events = list(data = eventDat[order(eventDat$time),]))

    result <- within(as.data.frame(modelOutput),{Level<-LL$Level[[1]]})

    return(result)

  },ini_par=params,t=times)

  stopCluster(c1)

  timestamp()

  ModelOutput<-do.call(rbind,modelOutput)##make big dataframe for evaluation

  

  #~~~END MODEL ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~####

  

  return(min(ModelOutput$RBCCE))

  

}



just_run_model <- function(dose){

  

  # TIMING COMMANDS ####

  MAXT=0.1       #maximum time step

  times<-seq(params[["TSTART"]],params[["TSTOP"]],by=MAXT)#

  

  # max number of points to write out to file

  POINTS_max<-10000  

  # if the more than 10000 timesteps, select evently spaced 10000 of them for reporting

  report_points<-if(length(times)<=POINTS_max) times else 

    times[seq(1,length(times),by=round(length(times)/POINTS_max))]

  table(report_points%in%times)#check all report values are in times.

  

  

  # once daily oral exposure for food

  if (route=="food"){

    if (Ndays < 100) {

      A <- c(dose)

      B <- c(0)

      C <- c("time","doral")

      

      DORAL <- data.frame(B,A)

      colnames(DORAL) <- C

    } else {

      A <- rep(dose,Ndays+1)

      B <- seq(0,Ndays*24,by=24)

      C <- c("time","doral")

      

      DORAL <- data.frame(B,A)

      colnames(DORAL) <- C

    }

  }

  # dosing for water exposure

  if (route=="water"){

    if (Ndays < 100) {

      # 6x daily for age <= 12

      if (subject_age<=12){

        A <- rep(dose/6.0,6)

        B <- seq(0,20,by=4)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

      # 4x daily for age > 12

      else {

        A <- rep(dose/4.0,4)

        B <- seq(0,18,by=6)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

    } else {

      # 6x daily for age <= 12

      if (subject_age<=12){

        A <- rep(dose/6.0,Ndays*6+1)

        B <- seq(0,Ndays*24,by=4)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

      # 4x daily for age > 12

      else {

        A <- rep(dose/4.0,Ndays*4+1)

        B <- seq(0,Ndays*24,by=6)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

    }

  }

  

  All_Dose<-DORAL%>%

    mutate(ODOSE=doral*(params[["BWST"]]/params[["MWPAR"]])

           *params[["FA"]], # DIM dose conversion (ug/kg to umol)

           Level=paste(doral[1],"ug/kg",sep="_"))

  

  #~~~~APPLY MODEL~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~#### 

  # Do parallel for speed

  c1<-makeCluster(min(cores,n_distinct(All_Dose$Level))) # cluster for parallel 

  timestamp()

  modelOutput<-parLapply(c1,split(All_Dose,All_Dose$Level), function (LL,ini_par,t){

    #load data into cores

    source("human_pbpk.R")

    # Create dataframe of "events"that describe the dosing, which informs the

    # ODE function, and needs to have columns "var" = the state_variable that needs

    # to be changed,"time"= when the changes occurs,"value"=the value being changed

    # to,& "method"= how the new value interacts with the previous state variable

    # value. See ?deSolve::lsodes and ?deSolve::events.

    

    # combine or replace "base" parameters with case specific human parameters, 

    # carring out any calcuated paramters which are function of other specific case parameters 

    ini_pars <- initial_params_fun(params=ini_par)

    # STATE####

    # Subject specific UPDATES to the initial value of state variables

    st<-state_fun(st=state,ini_p=ini_pars)

    

    eventDat<-rbind(data.frame(var="ODOSE",time=LL$time,

                               value=LL$ODOSE ,	 

                               method="add",stringsAsFactors = FALSE),  # ("replace", "add", "multiply")

                    data.frame(var="ASTOM",time=LL$time,

                               value=LL$ODOSE ,	 

                               method="add",stringsAsFactors = FALSE))

    

    # DERIVATIVE ####

    # RUN MODEL 

    modelOutput<- ode(y = st, times = t,  #method = "lsodes",

                      func = Human_Model, parms = ini_pars,

                      events = list(data = eventDat[order(eventDat$time),]))

    result <- within(as.data.frame(modelOutput),{Level<-LL$Level[[1]]})

    return(result)

  },ini_par=params,t=times)

  stopCluster(c1)

  timestamp()

  ModelOutput<-do.call(rbind,modelOutput)##make big dataframe for evaluation



  #~~~END MODEL ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~####

  

  return(ModelOutput)

  

}







PODcost <- function(test_dose){

  

  test_result <- minRBCCE(test_dose*1000)

  test_error <- (test_result - 90.0)

  

  print(sprintf("%f  %f",test_dose,test_result))

  

  return(test_error*test_error)

}



AEDcost <- function(test_dose){

  

  test_result <- avgCBL(test_dose*1000)

  test_error <- (test_result - ac_50)

  

  print(sprintf("%f  %f",test_dose,test_result))

  

  return(test_error*test_error)

}



# get the dose that reproduces the AC50 in blood concentration or 10% brain AChE inhibition



final_dose <- optim(par = 17.3, PODcost, method = "Brent",lower = 0.1, upper = 30, control = list(reltol = 1e-3))   # POD limits



# finally run the model for this concentration

ModelOutput <- just_run_model(final_dose$par*1000)

final_dose$par

min(ModelOutput$RBCCE)






rm(list = ls()) # Clear workspace



#set the working directory to the location of these scripts

#setwd(dirname(rstudioapi::getActiveDocumentContext()$path))



#Environment####

library(dplyr)

library(tidyr)

library(parallel)

# number of cores availabe on current machine

tot_cores<-detectCores(all.tests = FALSE, logical = TRUE)  

cores<-tot_cores-1 # leave one core for other tasks 



ac_50 <<- -999             # enter the AC50 value here; units = umol/L

Ndays = 123                        # number of days to simulate

target_chem = "oxon"            # oxon or parent compound

body_weight = 81.2                 # body weight in kg

subject_age = 50

route = "food"



source("human_pbpk.R") # Loads model and base parameters

source("malathion_human_parameters.R") # male and female specific parameters



# Intial_parameters####

sex = 1						 # 0=male, 1= Female

params<-c(params[!names(params)%in%names(human_parameters[[sex+1]])],

          human_parameters[[sex+1]])



# set case-specific parameters

params[["TSTART"]]<-0.0         # START SIMULATION (HR)

params[["TSTOP"]]=Ndays*24      			# Simulation duration = 2 days

params[["AGE0"]]=subject_age

params[["BWSW"]] = 1   	 				# Switch for age (set =0) or set (set =1) if bwt provided

params[["BWST"]]= body_weight   	 			# kg

params[["FA"]]=1



# returns the average blood concentration of oxon

# based on the daily dose of "dose" ug/kg/day

avgCBLO <- function(dose){

  

  # TIMING COMMANDS ####

  MAXT=0.1       #maximum time step

  times<-seq(params[["TSTART"]],params[["TSTOP"]],by=MAXT)#

  

  # max number of points to write out to file

  POINTS_max<-10000  

  # if the more than 10000 timesteps, select evently spaced 10000 of them for reporting

  report_points<-if(length(times)<=POINTS_max) times else 

    times[seq(1,length(times),by=round(length(times)/POINTS_max))]

  table(report_points%in%times)#check all report values are in times.

  

  

  # once daily oral exposure for food

  if (route=="food"){

    if (Ndays < 100) {

      A <- c(dose)

      B <- c(0)

      C <- c("time","doral")

      

      DORAL <- data.frame(B,A)

      colnames(DORAL) <- C

    } else {

      A <- rep(dose,Ndays+1)

      B <- seq(0,Ndays*24,by=24)

      C <- c("time","doral")

      

      DORAL <- data.frame(B,A)

      colnames(DORAL) <- C

    }

  }

  # dosing for water exposure

  if (route=="water"){

    if (Ndays < 100) {

      # 6x daily for age <= 12

      if (subject_age<=12){

        A <- rep(dose/6.0,6)

        B <- seq(0,20,by=4)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

      # 4x daily for age > 12

      else {

        A <- rep(dose/4.0,4)

        B <- seq(0,18,by=6)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

    } else {

      # 6x daily for age <= 12

      if (subject_age<=12){

        A <- rep(dose/6.0,Ndays*6+1)

        B <- seq(0,Ndays*24,by=4)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

      # 4x daily for age > 12

      else {

        A <- rep(dose/4.0,Ndays*4+1)

        B <- seq(0,Ndays*24,by=6)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

    }

  }

  

  All_Dose<-DORAL%>%

    mutate(ODOSEOXON=doral*(params[["BWST"]]/params[["MWOXON"]])

           *params[["FA"]], # DIM dose conversion (ug/kg to umol)

           Level=paste(doral[1],"ug/kg",sep="_"))

  

  #~~~~APPLY MODEL~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~#### 

  # Do parallel for speed

  c1<-makeCluster(min(cores,n_distinct(All_Dose$Level))) # cluster for parallel 

  timestamp()

  modelOutput<-parLapply(c1,split(All_Dose,All_Dose$Level), function (LL,ini_par,t){

    #load data into cores

    source("human_pbpk.R")

    # Create dataframe of "events"that describe the dosing, which informs the

    # ODE function, and needs to have columns "var" = the state_variable that needs

    # to be changed,"time"= when the changes occurs,"value"=the value being changed

    # to,& "method"= how the new value interacts with the previous state variable

    # value. See ?deSolve::lsodes and ?deSolve::events.

    

    # combine or replace "base" parameters with case specific human parameters, 

    # carring out any calcuated paramters which are function of other specific case parameters 

    ini_pars <- initial_params_fun(params=ini_par)

    # STATE####

    # Subject specific UPDATES to the initial value of state variables

    st<-state_fun(st=state,ini_p=ini_pars)

    

    eventDat<-rbind(data.frame(var="ODOSEOXON",time=LL$time,

                               value=LL$ODOSEOXON ,	 

                               method="add",stringsAsFactors = FALSE),  # ("replace", "add", "multiply")

                    data.frame(var="ASTOMO",time=LL$time,

                               value=LL$ODOSEOXON ,	 

                               method="add",stringsAsFactors = FALSE))

    

    # DERIVATIVE ####

    # RUN MODEL 

    modelOutput<- ode(y = st, times = t,  #method = "lsodes",

                      func = Human_Model, parms = ini_pars,

                      events = list(data = eventDat[order(eventDat$time),]))

    result <- within(as.data.frame(modelOutput),{Level<-LL$Level[[1]]})

    return(result)

  },ini_par=params,t=times)

  stopCluster(c1)

  timestamp()

  ModelOutput<-do.call(rbind,modelOutput)##make big dataframe for evaluation



  #~~~END MODEL ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~####

  

  return(mean(tail(ModelOutput$CBLO,240)))

  

}



minRBCCEO <- function(dose){

  

  # TIMING COMMANDS ####

  MAXT=0.1       #maximum time step

  times<-seq(params[["TSTART"]],params[["TSTOP"]],by=MAXT)#

  

  # max number of points to write out to file

  POINTS_max<-10000  

  # if the more than 10000 timesteps, select evently spaced 10000 of them for reporting

  report_points<-if(length(times)<=POINTS_max) times else 

    times[seq(1,length(times),by=round(length(times)/POINTS_max))]

  table(report_points%in%times)#check all report values are in times.

  

  

  # Dosing ####

  

  # once daily oral exposure for food

  if (route=="food"){

    if (Ndays < 100) {

      A <- c(dose)

      B <- c(0)

      C <- c("time","doral")

      

      DORAL <- data.frame(B,A)

      colnames(DORAL) <- C

    } else {

      A <- rep(dose,Ndays+1)

      B <- seq(0,Ndays*24,by=24)

      C <- c("time","doral")

      

      DORAL <- data.frame(B,A)

      colnames(DORAL) <- C

    }

  }

  # dosing for water exposure

  if (route=="water"){

    if (Ndays < 100) {

      # 6x daily for age <= 12

      if (subject_age<=12){

        A <- rep(dose/6.0,6)

        B <- seq(0,20,by=4)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

      # 4x daily for age > 12

      else {

        A <- rep(dose/4.0,4)

        B <- seq(0,18,by=6)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

    } else {

      # 6x daily for age <= 12

      if (subject_age<=12){

        A <- rep(dose/6.0,Ndays*6+1)

        B <- seq(0,Ndays*24,by=4)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

      # 4x daily for age > 12

      else {

        A <- rep(dose/4.0,Ndays*4+1)

        B <- seq(0,Ndays*24,by=6)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

    }

  }

  

  All_Dose<-DORAL%>%

    mutate(ODOSEOXON=doral*(params[["BWST"]]/params[["MWOXON"]])

           *params[["FA"]], # DIM dose conversion (ug/kg to umol)

           Level=paste(doral[1],"ug/kg",sep="_"))

  

  #~~~~APPLY MODEL~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~#### 

  # Do parallel for speed

  c1<-makeCluster(min(cores,n_distinct(All_Dose$Level))) # cluster for parallel 

  timestamp()

  modelOutput<-parLapply(c1,split(All_Dose,All_Dose$Level), function (LL,ini_par,t){

    #load data into cores

    source("human_pbpk.R")

    # Create dataframe of "events"that describe the dosing, which informs the

    # ODE function, and needs to have columns "var" = the state_variable that needs

    # to be changed,"time"= when the changes occurs,"value"=the value being changed

    # to,& "method"= how the new value interacts with the previous state variable

    # value. See ?deSolve::lsodes and ?deSolve::events.

    

    # combine or replace "base" parameters with case specific human parameters, 

    # carring out any calcuated paramters which are function of other specific case parameters 

    ini_pars <- initial_params_fun(params=ini_par)

    # STATE####

    # Subject specific UPDATES to the initial value of state variables

    st<-state_fun(st=state,ini_p=ini_pars)

    

    eventDat<-rbind(data.frame(var="ODOSEOXON",time=LL$time,

                               value=LL$ODOSEOXON ,	 

                               method="add",stringsAsFactors = FALSE),  # ("replace", "add", "multiply")

                    data.frame(var="ASTOMO",time=LL$time,

                               value=LL$ODOSEOXON ,	 

                               method="add",stringsAsFactors = FALSE))

    

    # DERIVATIVE ####

    # RUN MODEL 

    modelOutput<- ode(y = st, times = t,  #method = "lsodes",

                      func = Human_Model, parms = ini_pars,

                      events = list(data = eventDat[order(eventDat$time),]))

    result <- within(as.data.frame(modelOutput),{Level<-LL$Level[[1]]})

    return(result)

  },ini_par=params,t=times)

  stopCluster(c1)

  timestamp()

  ModelOutput<-do.call(rbind,modelOutput)##make big dataframe for evaluation

  

  #~~~END MODEL ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~####

  

  return(min(ModelOutput$RBCCE))

  

}



just_run_model <- function(dose){

  

  # TIMING COMMANDS ####

  MAXT=0.1       #maximum time step

  times<-seq(params[["TSTART"]],params[["TSTOP"]],by=MAXT)#

  

  # max number of points to write out to file

  POINTS_max<-10000  

  # if the more than 10000 timesteps, select evently spaced 10000 of them for reporting

  report_points<-if(length(times)<=POINTS_max) times else 

    times[seq(1,length(times),by=round(length(times)/POINTS_max))]

  table(report_points%in%times)#check all report values are in times.

  

  

  # once daily oral exposure for food

  if (route=="food"){

    if (Ndays < 100) {

      A <- c(dose)

      B <- c(0)

      C <- c("time","doral")

      

      DORAL <- data.frame(B,A)

      colnames(DORAL) <- C

    } else {

      A <- rep(dose,Ndays+1)

      B <- seq(0,Ndays*24,by=24)

      C <- c("time","doral")

      

      DORAL <- data.frame(B,A)

      colnames(DORAL) <- C

    }

  }

  # dosing for water exposure

  if (route=="water"){

    if (Ndays < 100) {

      # 6x daily for age <= 12

      if (subject_age<=12){

        A <- rep(dose/6.0,6)

        B <- seq(0,20,by=4)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

      # 4x daily for age > 12

      else {

        A <- rep(dose/4.0,4)

        B <- seq(0,18,by=6)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

    } else {

      # 6x daily for age <= 12

      if (subject_age<=12){

        A <- rep(dose/6.0,Ndays*6+1)

        B <- seq(0,Ndays*24,by=4)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

      # 4x daily for age > 12

      else {

        A <- rep(dose/4.0,Ndays*4+1)

        B <- seq(0,Ndays*24,by=6)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

    }

  }

  

  All_Dose<-DORAL%>%

    mutate(ODOSEOXON=doral*(params[["BWST"]]/params[["MWOXON"]])

           *params[["FA"]], # DIM dose conversion (ug/kg to umol)

           Level=paste(doral[1],"ug/kg",sep="_"))

  

  #~~~~APPLY MODEL~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~#### 

  # Do parallel for speed

  c1<-makeCluster(min(cores,n_distinct(All_Dose$Level))) # cluster for parallel 

  timestamp()

  modelOutput<-parLapply(c1,split(All_Dose,All_Dose$Level), function (LL,ini_par,t){

    #load data into cores

    source("human_pbpk.R")

    # Create dataframe of "events"that describe the dosing, which informs the

    # ODE function, and needs to have columns "var" = the state_variable that needs

    # to be changed,"time"= when the changes occurs,"value"=the value being changed

    # to,& "method"= how the new value interacts with the previous state variable

    # value. See ?deSolve::lsodes and ?deSolve::events.

    

    # combine or replace "base" parameters with case specific human parameters, 

    # carring out any calcuated paramters which are function of other specific case parameters 

    ini_pars <- initial_params_fun(params=ini_par)

    # STATE####

    # Subject specific UPDATES to the initial value of state variables

    st<-state_fun(st=state,ini_p=ini_pars)

    

    eventDat<-rbind(data.frame(var="ODOSEOXON",time=LL$time,

                               value=LL$ODOSEOXON ,	 

                               method="add",stringsAsFactors = FALSE),  # ("replace", "add", "multiply")

                    data.frame(var="ASTOMO",time=LL$time,

                               value=LL$ODOSEOXON ,	 

                               method="add",stringsAsFactors = FALSE))

    

    # DERIVATIVE ####

    # RUN MODEL 

    modelOutput<- ode(y = st, times = t,  #method = "lsodes",

                      func = Human_Model, parms = ini_pars,

                      events = list(data = eventDat[order(eventDat$time),]))

    result <- within(as.data.frame(modelOutput),{Level<-LL$Level[[1]]})

    return(result)

  },ini_par=params,t=times)

  stopCluster(c1)

  timestamp()

  ModelOutput<-do.call(rbind,modelOutput)##make big dataframe for evaluation



  #~~~END MODEL ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~####

  

  return(ModelOutput)

  

}



PODcost <- function(test_dose){

  

  test_result <- minRBCCEO(test_dose*1000)

  test_error <- (test_result - 90.0)

  

  print(sprintf("%f  %f",test_dose,test_result))

  

  return(test_error*test_error)

}



AEDcost <- function(test_dose){

  

  test_result <- avgCBLO(test_dose*1000)

  test_error <- (test_result - ac_50)

  

  print(sprintf("%f  %f",test_dose,test_result))

  

  return(test_error*test_error)

}



# get the dose that reproduces the AC50 in blood concentration or 10% brain AChE inhibition



final_dose <- optim(par = 1.0, PODcost, method = "Brent",lower = 0.1, upper = 10, control = list(reltol = 1e-3))   # POD limits



# finally run the model for this concentration

ModelOutput <- just_run_model(final_dose$par*1000)

final_dose$par

min(ModelOutput$RBCCE)






rm(list = ls()) # Clear workspace



#set the working directory to the location of these scripts

#setwd(dirname(rstudioapi::getActiveDocumentContext()$path))



#Environment####

library(dplyr)

library(tidyr)

library(parallel)

# number of cores availabe on current machine

tot_cores<-detectCores(all.tests = FALSE, logical = TRUE)  

cores<-tot_cores-1 # leave one core for other tasks 



ac_50 <<- -999             # enter the AC50 value here; units = umol/L

Ndays = 123                        # number of days to simulate

target_chem = "parent"            # oxon or parent compound

body_weight = 81.2                 # body weight in kg

subject_age = 50

route = "food"



source("human_pbpk.R") # Loads model and base parameters

source("malathion_human_parameters.R") # male and female specific parameters



# Intial_parameters####

sex = 1						 # 0=male, 1= Female

params<-c(params[!names(params)%in%names(human_parameters[[sex+1]])],

          human_parameters[[sex+1]])



# set case-specific parameters

params[["TSTART"]]<-0.0         # START SIMULATION (HR)

params[["TSTOP"]]=Ndays*24      			# Simulation duration = 2 days

params[["AGE0"]]=subject_age

params[["BWSW"]] = 1   	 				# Switch for age (set =0) or set (set =1) if bwt provided

params[["BWST"]]= body_weight   	 			# kg

params[["FA"]]=1



# returns the average blood concentration of parent compound

# based on the daily dose of "dose" ug/kg/day

avgCBL <- function(dose){

  

  # TIMING COMMANDS ####

  MAXT=0.1       #maximum time step

  times<-seq(params[["TSTART"]],params[["TSTOP"]],by=MAXT)#

  

  # max number of points to write out to file

  POINTS_max<-10000  

  # if the more than 10000 timesteps, select evently spaced 10000 of them for reporting

  report_points<-if(length(times)<=POINTS_max) times else 

    times[seq(1,length(times),by=round(length(times)/POINTS_max))]

  table(report_points%in%times)#check all report values are in times.

  

  

  # once daily oral exposure for food

  if (route=="food"){

    if (Ndays < 100) {

      A <- c(dose)

      B <- c(0)

      C <- c("time","doral")

      

      DORAL <- data.frame(B,A)

      colnames(DORAL) <- C

    } else {

      A <- rep(dose,Ndays+1)

      B <- seq(0,Ndays*24,by=24)

      C <- c("time","doral")

      

      DORAL <- data.frame(B,A)

      colnames(DORAL) <- C

    }

  }

  # dosing for water exposure

  if (route=="water"){

    if (Ndays < 100) {

      # 6x daily for age <= 12

      if (subject_age<=12){

        A <- rep(dose/6.0,6)

        B <- seq(0,20,by=4)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

      # 4x daily for age > 12

      else {

        A <- rep(dose/4.0,4)

        B <- seq(0,18,by=6)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

    } else {

      # 6x daily for age <= 12

      if (subject_age<=12){

        A <- rep(dose/6.0,Ndays*6+1)

        B <- seq(0,Ndays*24,by=4)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

      # 4x daily for age > 12

      else {

        A <- rep(dose/4.0,Ndays*4+1)

        B <- seq(0,Ndays*24,by=6)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

    }

  }

  

  

  All_Dose<-DORAL%>%

    mutate(ODOSE=doral*(params[["BWST"]]/params[["MWPAR"]])

           *params[["FA"]], # DIM dose conversion (ug/kg to umol)

           Level=paste(doral[1],"ug/kg",sep="_"))

  

  #~~~~APPLY MODEL~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~#### 

  # Do parallel for speed

  c1<-makeCluster(min(cores,n_distinct(All_Dose$Level))) # cluster for parallel 

  timestamp()

  modelOutput<-parLapply(c1,split(All_Dose,All_Dose$Level), function (LL,ini_par,t){

    #load data into cores

    source("human_pbpk.R")

    # Create dataframe of "events"that describe the dosing, which informs the

    # ODE function, and needs to have columns "var" = the state_variable that needs

    # to be changed,"time"= when the changes occurs,"value"=the value being changed

    # to,& "method"= how the new value interacts with the previous state variable

    # value. See ?deSolve::lsodes and ?deSolve::events.

    

    # combine or replace "base" parameters with case specific human parameters, 

    # carring out any calcuated paramters which are function of other specific case parameters 

    ini_pars <- initial_params_fun(params=ini_par)

    # STATE####

    # Subject specific UPDATES to the initial value of state variables

    st<-state_fun(st=state,ini_p=ini_pars)

    

    eventDat<-rbind(data.frame(var="ODOSE",time=LL$time,

                               value=LL$ODOSE ,	 

                               method="add",stringsAsFactors = FALSE),  # ("replace", "add", "multiply")

                    data.frame(var="ASTOM",time=LL$time,

                               value=LL$ODOSE ,	 

                               method="add",stringsAsFactors = FALSE))

    

    # DERIVATIVE ####

    # RUN MODEL 

    modelOutput<- ode(y = st, times = t,  #method = "lsodes",

                      func = Human_Model, parms = ini_pars,

                      events = list(data = eventDat[order(eventDat$time),]))

    result <- within(as.data.frame(modelOutput),{Level<-LL$Level[[1]]})

    return(result)

  },ini_par=params,t=times)

  stopCluster(c1)

  timestamp()

  ModelOutput<-do.call(rbind,modelOutput)##make big dataframe for evaluation



  

  return(mean(tail(ModelOutput$CBL,240)))

  

}



# returns the average blood concentration of oxon

# based on the daily dose of "dose" ug/kg/day

avgCBLO <- function(dose){

  

  # TIMING COMMANDS ####

  MAXT=0.1       #maximum time step

  times<-seq(params[["TSTART"]],params[["TSTOP"]],by=MAXT)#

  

  # max number of points to write out to file

  POINTS_max<-10000  

  # if the more than 10000 timesteps, select evently spaced 10000 of them for reporting

  report_points<-if(length(times)<=POINTS_max) times else 

    times[seq(1,length(times),by=round(length(times)/POINTS_max))]

  table(report_points%in%times)#check all report values are in times.

  

  

  # once daily oral exposure for food

  if (route=="food"){

    if (Ndays < 100) {

      A <- c(dose)

      B <- c(0)

      C <- c("time","doral")

      

      DORAL <- data.frame(B,A)

      colnames(DORAL) <- C

    } else {

      A <- rep(dose,Ndays+1)

      B <- seq(0,Ndays*24,by=24)

      C <- c("time","doral")

      

      DORAL <- data.frame(B,A)

      colnames(DORAL) <- C

    }

  }

  # dosing for water exposure

  if (route=="water"){

    if (Ndays < 100) {

      # 6x daily for age <= 12

      if (subject_age<=12){

        A <- rep(dose/6.0,6)

        B <- seq(0,20,by=4)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

      # 4x daily for age > 12

      else {

        A <- rep(dose/4.0,4)

        B <- seq(0,18,by=6)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

    } else {

      # 6x daily for age <= 12

      if (subject_age<=12){

        A <- rep(dose/6.0,Ndays*6+1)

        B <- seq(0,Ndays*24,by=4)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

      # 4x daily for age > 12

      else {

        A <- rep(dose/4.0,Ndays*4+1)

        B <- seq(0,Ndays*24,by=6)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

    }

  }

  

  All_Dose<-DORAL%>%

    mutate(ODOSE=doral*(params[["BWST"]]/params[["MWPAR"]])

           *params[["FA"]], # DIM dose conversion (ug/kg to umol)

           Level=paste(doral[1],"ug/kg",sep="_"))

  

  #~~~~APPLY MODEL~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~#### 

  # Do parallel for speed

  c1<-makeCluster(min(cores,n_distinct(All_Dose$Level))) # cluster for parallel 

  timestamp()

  modelOutput<-parLapply(c1,split(All_Dose,All_Dose$Level), function (LL,ini_par,t){

    #load data into cores

    source("human_pbpk.R")

    # Create dataframe of "events"that describe the dosing, which informs the

    # ODE function, and needs to have columns "var" = the state_variable that needs

    # to be changed,"time"= when the changes occurs,"value"=the value being changed

    # to,& "method"= how the new value interacts with the previous state variable

    # value. See ?deSolve::lsodes and ?deSolve::events.

    

    # combine or replace "base" parameters with case specific human parameters, 

    # carring out any calcuated paramters which are function of other specific case parameters 

    ini_pars <- initial_params_fun(params=ini_par)

    # STATE####

    # Subject specific UPDATES to the initial value of state variables

    st<-state_fun(st=state,ini_p=ini_pars)

    

    eventDat<-rbind(data.frame(var="ODOSE",time=LL$time,

                               value=LL$ODOSE ,	 

                               method="add",stringsAsFactors = FALSE),  # ("replace", "add", "multiply")

                    data.frame(var="ASTOM",time=LL$time,

                               value=LL$ODOSE ,	 

                               method="add",stringsAsFactors = FALSE))

    

    # DERIVATIVE ####

    # RUN MODEL 

    modelOutput<- ode(y = st, times = t,  #method = "lsodes",

                      func = Human_Model, parms = ini_pars,

                      events = list(data = eventDat[order(eventDat$time),]))

    result <- within(as.data.frame(modelOutput),{Level<-LL$Level[[1]]})

    return(result)

  },ini_par=params,t=times)

  stopCluster(c1)

  timestamp()

  ModelOutput<-do.call(rbind,modelOutput)##make big dataframe for evaluation



  #~~~END MODEL ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~####

  

  return(mean(tail(ModelOutput$CBLO,240)))

  

}



# returns the average blood concentration of oxon

# based on the daily dose of "dose" ug/kg/day

minRBCCE <- function(dose){

  

  # TIMING COMMANDS ####

  MAXT=0.1       #maximum time step

  times<-seq(params[["TSTART"]],params[["TSTOP"]],by=MAXT)#

  

  # max number of points to write out to file

  POINTS_max<-10000  

  # if the more than 10000 timesteps, select evently spaced 10000 of them for reporting

  report_points<-if(length(times)<=POINTS_max) times else 

    times[seq(1,length(times),by=round(length(times)/POINTS_max))]

  table(report_points%in%times)#check all report values are in times.

  

  

  # once daily oral exposure for food

  if (route=="food"){

    if (Ndays < 100) {

      A <- c(dose)

      B <- c(0)

      C <- c("time","doral")

      

      DORAL <- data.frame(B,A)

      colnames(DORAL) <- C

    } else {

      A <- rep(dose,Ndays+1)

      B <- seq(0,Ndays*24,by=24)

      C <- c("time","doral")

      

      DORAL <- data.frame(B,A)

      colnames(DORAL) <- C

    }

  }

  # dosing for water exposure

  if (route=="water"){

    if (Ndays < 100) {

      # 6x daily for age <= 12

      if (subject_age<=12){

        A <- rep(dose/6.0,6)

        B <- seq(0,20,by=4)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

      # 4x daily for age > 12

      else {

        A <- rep(dose/4.0,4)

        B <- seq(0,18,by=6)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

    } else {

      # 6x daily for age <= 12

      if (subject_age<=12){

        A <- rep(dose/6.0,Ndays*6+1)

        B <- seq(0,Ndays*24,by=4)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

      # 4x daily for age > 12

      else {

        A <- rep(dose/4.0,Ndays*4+1)

        B <- seq(0,Ndays*24,by=6)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

    }

  }

  

  All_Dose<-DORAL%>%

    mutate(ODOSE=doral*(params[["BWST"]]/params[["MWPAR"]])

           *params[["FA"]], # DIM dose conversion (ug/kg to umol)

           Level=paste(doral[1],"ug/kg",sep="_"))

  

  #~~~~APPLY MODEL~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~#### 

  # Do parallel for speed

  c1<-makeCluster(min(cores,n_distinct(All_Dose$Level))) # cluster for parallel 

  timestamp()

  modelOutput<-parLapply(c1,split(All_Dose,All_Dose$Level), function (LL,ini_par,t){

    #load data into cores

    source("human_pbpk.R")

    # Create dataframe of "events"that describe the dosing, which informs the

    # ODE function, and needs to have columns "var" = the state_variable that needs

    # to be changed,"time"= when the changes occurs,"value"=the value being changed

    # to,& "method"= how the new value interacts with the previous state variable

    # value. See ?deSolve::lsodes and ?deSolve::events.

    

    # combine or replace "base" parameters with case specific human parameters, 

    # carring out any calcuated paramters which are function of other specific case parameters 

    ini_pars <- initial_params_fun(params=ini_par)

    # STATE####

    # Subject specific UPDATES to the initial value of state variables

    st<-state_fun(st=state,ini_p=ini_pars)

    

    eventDat<-rbind(data.frame(var="ODOSE",time=LL$time,

                               value=LL$ODOSE ,	 

                               method="add",stringsAsFactors = FALSE),  # ("replace", "add", "multiply")

                    data.frame(var="ASTOM",time=LL$time,

                               value=LL$ODOSE ,	 

                               method="add",stringsAsFactors = FALSE))

    

    # DERIVATIVE ####

    # RUN MODEL 

    modelOutput<- ode(y = st, times = t,  #method = "lsodes",

                      func = Human_Model, parms = ini_pars,

                      events = list(data = eventDat[order(eventDat$time),]))

    result <- within(as.data.frame(modelOutput),{Level<-LL$Level[[1]]})

    return(result)

  },ini_par=params,t=times)

  stopCluster(c1)

  timestamp()

  ModelOutput<-do.call(rbind,modelOutput)##make big dataframe for evaluation

  

  #~~~END MODEL ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~####

  

  return(min(ModelOutput$RBCCE))

  

}



just_run_model <- function(dose){

  

  # TIMING COMMANDS ####

  MAXT=0.1       #maximum time step

  times<-seq(params[["TSTART"]],params[["TSTOP"]],by=MAXT)#

  

  # max number of points to write out to file

  POINTS_max<-10000  

  # if the more than 10000 timesteps, select evently spaced 10000 of them for reporting

  report_points<-if(length(times)<=POINTS_max) times else 

    times[seq(1,length(times),by=round(length(times)/POINTS_max))]

  table(report_points%in%times)#check all report values are in times.

  

  

  # once daily oral exposure for food

  if (route=="food"){

    if (Ndays < 100) {

      A <- c(dose)

      B <- c(0)

      C <- c("time","doral")

      

      DORAL <- data.frame(B,A)

      colnames(DORAL) <- C

    } else {

      A <- rep(dose,Ndays+1)

      B <- seq(0,Ndays*24,by=24)

      C <- c("time","doral")

      

      DORAL <- data.frame(B,A)

      colnames(DORAL) <- C

    }

  }

  # dosing for water exposure

  if (route=="water"){

    if (Ndays < 100) {

      # 6x daily for age <= 12

      if (subject_age<=12){

        A <- rep(dose/6.0,6)

        B <- seq(0,20,by=4)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

      # 4x daily for age > 12

      else {

        A <- rep(dose/4.0,4)

        B <- seq(0,18,by=6)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

    } else {

      # 6x daily for age <= 12

      if (subject_age<=12){

        A <- rep(dose/6.0,Ndays*6+1)

        B <- seq(0,Ndays*24,by=4)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

      # 4x daily for age > 12

      else {

        A <- rep(dose/4.0,Ndays*4+1)

        B <- seq(0,Ndays*24,by=6)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

    }

  }

  

  All_Dose<-DORAL%>%

    mutate(ODOSE=doral*(params[["BWST"]]/params[["MWPAR"]])

           *params[["FA"]], # DIM dose conversion (ug/kg to umol)

           Level=paste(doral[1],"ug/kg",sep="_"))

  

  #~~~~APPLY MODEL~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~#### 

  # Do parallel for speed

  c1<-makeCluster(min(cores,n_distinct(All_Dose$Level))) # cluster for parallel 

  timestamp()

  modelOutput<-parLapply(c1,split(All_Dose,All_Dose$Level), function (LL,ini_par,t){

    #load data into cores

    source("human_pbpk.R")

    # Create dataframe of "events"that describe the dosing, which informs the

    # ODE function, and needs to have columns "var" = the state_variable that needs

    # to be changed,"time"= when the changes occurs,"value"=the value being changed

    # to,& "method"= how the new value interacts with the previous state variable

    # value. See ?deSolve::lsodes and ?deSolve::events.

    

    # combine or replace "base" parameters with case specific human parameters, 

    # carring out any calcuated paramters which are function of other specific case parameters 

    ini_pars <- initial_params_fun(params=ini_par)

    # STATE####

    # Subject specific UPDATES to the initial value of state variables

    st<-state_fun(st=state,ini_p=ini_pars)

    

    eventDat<-rbind(data.frame(var="ODOSE",time=LL$time,

                               value=LL$ODOSE ,	 

                               method="add",stringsAsFactors = FALSE),  # ("replace", "add", "multiply")

                    data.frame(var="ASTOM",time=LL$time,

                               value=LL$ODOSE ,	 

                               method="add",stringsAsFactors = FALSE))

    

    # DERIVATIVE ####

    # RUN MODEL 

    modelOutput<- ode(y = st, times = t,  #method = "lsodes",

                      func = Human_Model, parms = ini_pars,

                      events = list(data = eventDat[order(eventDat$time),]))

    result <- within(as.data.frame(modelOutput),{Level<-LL$Level[[1]]})

    return(result)

  },ini_par=params,t=times)

  stopCluster(c1)

  timestamp()

  ModelOutput<-do.call(rbind,modelOutput)##make big dataframe for evaluation



  #~~~END MODEL ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~####

  

  return(ModelOutput)

  

}







PODcost <- function(test_dose){

  

  test_result <- minRBCCE(test_dose*1000)

  test_error <- (test_result - 90.0)

  

  print(sprintf("%f  %f",test_dose,test_result))

  

  return(test_error*test_error)

}



AEDcost <- function(test_dose){

  

  test_result <- avgCBL(test_dose*1000)

  test_error <- (test_result - ac_50)

  

  print(sprintf("%f  %f",test_dose,test_result))

  

  return(test_error*test_error)

}



# get the dose that reproduces the AC50 in blood concentration or 10% brain AChE inhibition



final_dose <- optim(par = 17.3, PODcost, method = "Brent",lower = 0.1, upper = 30, control = list(reltol = 1e-3))   # POD limits



# finally run the model for this concentration

ModelOutput <- just_run_model(final_dose$par*1000)

final_dose$par

min(ModelOutput$RBCCE)






rm(list = ls()) # Clear workspace



#set the working directory to the location of these scripts

#setwd(dirname(rstudioapi::getActiveDocumentContext()$path))



#Environment####

library(dplyr)

library(tidyr)

library(parallel)

# number of cores availabe on current machine

tot_cores<-detectCores(all.tests = FALSE, logical = TRUE)  

cores<-tot_cores-1 # leave one core for other tasks 



ac_50 <<- -999             # enter the AC50 value here; units = umol/L

Ndays = 123                        # number of days to simulate

target_chem = "oxon"            # oxon or parent compound

body_weight = 72.9                 # body weight in kg

subject_age = 13

route = "food"



source("human_pbpk.R") # Loads model and base parameters

source("malathion_human_parameters.R") # male and female specific parameters



# Intial_parameters####

sex = 1						 # 0=male, 1= Female

params<-c(params[!names(params)%in%names(human_parameters[[sex+1]])],

          human_parameters[[sex+1]])



# set case-specific parameters

params[["TSTART"]]<-0.0         # START SIMULATION (HR)

params[["TSTOP"]]=Ndays*24      			# Simulation duration = 2 days

params[["AGE0"]]=subject_age

params[["BWSW"]] = 1   	 				# Switch for age (set =0) or set (set =1) if bwt provided

params[["BWST"]]= body_weight   	 			# kg

params[["FA"]]=1



# returns the average blood concentration of oxon

# based on the daily dose of "dose" ug/kg/day

avgCBLO <- function(dose){

  

  # TIMING COMMANDS ####

  MAXT=0.1       #maximum time step

  times<-seq(params[["TSTART"]],params[["TSTOP"]],by=MAXT)#

  

  # max number of points to write out to file

  POINTS_max<-10000  

  # if the more than 10000 timesteps, select evently spaced 10000 of them for reporting

  report_points<-if(length(times)<=POINTS_max) times else 

    times[seq(1,length(times),by=round(length(times)/POINTS_max))]

  table(report_points%in%times)#check all report values are in times.

  

  

  # once daily oral exposure for food

  if (route=="food"){

    if (Ndays < 100) {

      A <- c(dose)

      B <- c(0)

      C <- c("time","doral")

      

      DORAL <- data.frame(B,A)

      colnames(DORAL) <- C

    } else {

      A <- rep(dose,Ndays+1)

      B <- seq(0,Ndays*24,by=24)

      C <- c("time","doral")

      

      DORAL <- data.frame(B,A)

      colnames(DORAL) <- C

    }

  }

  # dosing for water exposure

  if (route=="water"){

    if (Ndays < 100) {

      # 6x daily for age <= 12

      if (subject_age<=12){

        A <- rep(dose/6.0,6)

        B <- seq(0,20,by=4)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

      # 4x daily for age > 12

      else {

        A <- rep(dose/4.0,4)

        B <- seq(0,18,by=6)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

    } else {

      # 6x daily for age <= 12

      if (subject_age<=12){

        A <- rep(dose/6.0,Ndays*6+1)

        B <- seq(0,Ndays*24,by=4)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

      # 4x daily for age > 12

      else {

        A <- rep(dose/4.0,Ndays*4+1)

        B <- seq(0,Ndays*24,by=6)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

    }

  }

  

  All_Dose<-DORAL%>%

    mutate(ODOSEOXON=doral*(params[["BWST"]]/params[["MWOXON"]])

           *params[["FA"]], # DIM dose conversion (ug/kg to umol)

           Level=paste(doral[1],"ug/kg",sep="_"))

  

  #~~~~APPLY MODEL~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~#### 

  # Do parallel for speed

  c1<-makeCluster(min(cores,n_distinct(All_Dose$Level))) # cluster for parallel 

  timestamp()

  modelOutput<-parLapply(c1,split(All_Dose,All_Dose$Level), function (LL,ini_par,t){

    #load data into cores

    source("human_pbpk.R")

    # Create dataframe of "events"that describe the dosing, which informs the

    # ODE function, and needs to have columns "var" = the state_variable that needs

    # to be changed,"time"= when the changes occurs,"value"=the value being changed

    # to,& "method"= how the new value interacts with the previous state variable

    # value. See ?deSolve::lsodes and ?deSolve::events.

    

    # combine or replace "base" parameters with case specific human parameters, 

    # carring out any calcuated paramters which are function of other specific case parameters 

    ini_pars <- initial_params_fun(params=ini_par)

    # STATE####

    # Subject specific UPDATES to the initial value of state variables

    st<-state_fun(st=state,ini_p=ini_pars)

    

    eventDat<-rbind(data.frame(var="ODOSEOXON",time=LL$time,

                               value=LL$ODOSEOXON ,	 

                               method="add",stringsAsFactors = FALSE),  # ("replace", "add", "multiply")

                    data.frame(var="ASTOMO",time=LL$time,

                               value=LL$ODOSEOXON ,	 

                               method="add",stringsAsFactors = FALSE))

    

    # DERIVATIVE ####

    # RUN MODEL 

    modelOutput<- ode(y = st, times = t,  #method = "lsodes",

                      func = Human_Model, parms = ini_pars,

                      events = list(data = eventDat[order(eventDat$time),]))

    result <- within(as.data.frame(modelOutput),{Level<-LL$Level[[1]]})

    return(result)

  },ini_par=params,t=times)

  stopCluster(c1)

  timestamp()

  ModelOutput<-do.call(rbind,modelOutput)##make big dataframe for evaluation

  

  #~~~END MODEL ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~####

  

  return(mean(tail(ModelOutput$CBLO,240)))

  

}



minRBCCEO <- function(dose){

  

  # TIMING COMMANDS ####

  MAXT=0.1       #maximum time step

  times<-seq(params[["TSTART"]],params[["TSTOP"]],by=MAXT)#

  

  # max number of points to write out to file

  POINTS_max<-10000  

  # if the more than 10000 timesteps, select evently spaced 10000 of them for reporting

  report_points<-if(length(times)<=POINTS_max) times else 

    times[seq(1,length(times),by=round(length(times)/POINTS_max))]

  table(report_points%in%times)#check all report values are in times.

  

  

  # Dosing ####

  

  # once daily oral exposure for food

  if (route=="food"){

    if (Ndays < 100) {

      A <- c(dose)

      B <- c(0)

      C <- c("time","doral")

      

      DORAL <- data.frame(B,A)

      colnames(DORAL) <- C

    } else {

      A <- rep(dose,Ndays+1)

      B <- seq(0,Ndays*24,by=24)

      C <- c("time","doral")

      

      DORAL <- data.frame(B,A)

      colnames(DORAL) <- C

    }

  }

  # dosing for water exposure

  if (route=="water"){

    if (Ndays < 100) {

      # 6x daily for age <= 12

      if (subject_age<=12){

        A <- rep(dose/6.0,6)

        B <- seq(0,20,by=4)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

      # 4x daily for age > 12

      else {

        A <- rep(dose/4.0,4)

        B <- seq(0,18,by=6)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

    } else {

      # 6x daily for age <= 12

      if (subject_age<=12){

        A <- rep(dose/6.0,Ndays*6+1)

        B <- seq(0,Ndays*24,by=4)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

      # 4x daily for age > 12

      else {

        A <- rep(dose/4.0,Ndays*4+1)

        B <- seq(0,Ndays*24,by=6)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

    }

  }

  

  All_Dose<-DORAL%>%

    mutate(ODOSEOXON=doral*(params[["BWST"]]/params[["MWOXON"]])

           *params[["FA"]], # DIM dose conversion (ug/kg to umol)

           Level=paste(doral[1],"ug/kg",sep="_"))

  

  #~~~~APPLY MODEL~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~#### 

  # Do parallel for speed

  c1<-makeCluster(min(cores,n_distinct(All_Dose$Level))) # cluster for parallel 

  timestamp()

  modelOutput<-parLapply(c1,split(All_Dose,All_Dose$Level), function (LL,ini_par,t){

    #load data into cores

    source("human_pbpk.R")

    # Create dataframe of "events"that describe the dosing, which informs the

    # ODE function, and needs to have columns "var" = the state_variable that needs

    # to be changed,"time"= when the changes occurs,"value"=the value being changed

    # to,& "method"= how the new value interacts with the previous state variable

    # value. See ?deSolve::lsodes and ?deSolve::events.

    

    # combine or replace "base" parameters with case specific human parameters, 

    # carring out any calcuated paramters which are function of other specific case parameters 

    ini_pars <- initial_params_fun(params=ini_par)

    # STATE####

    # Subject specific UPDATES to the initial value of state variables

    st<-state_fun(st=state,ini_p=ini_pars)

    

    eventDat<-rbind(data.frame(var="ODOSEOXON",time=LL$time,

                               value=LL$ODOSEOXON ,	 

                               method="add",stringsAsFactors = FALSE),  # ("replace", "add", "multiply")

                    data.frame(var="ASTOMO",time=LL$time,

                               value=LL$ODOSEOXON ,	 

                               method="add",stringsAsFactors = FALSE))

    

    # DERIVATIVE ####

    # RUN MODEL 

    modelOutput<- ode(y = st, times = t,  #method = "lsodes",

                      func = Human_Model, parms = ini_pars,

                      events = list(data = eventDat[order(eventDat$time),]))

    result <- within(as.data.frame(modelOutput),{Level<-LL$Level[[1]]})

    return(result)

  },ini_par=params,t=times)

  stopCluster(c1)

  timestamp()

  ModelOutput<-do.call(rbind,modelOutput)##make big dataframe for evaluation

  

  #~~~END MODEL ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~####

  

  return(min(ModelOutput$RBCCE))

  

}



just_run_model <- function(dose){

  

  # TIMING COMMANDS ####

  MAXT=0.1       #maximum time step

  times<-seq(params[["TSTART"]],params[["TSTOP"]],by=MAXT)#

  

  # max number of points to write out to file

  POINTS_max<-10000  

  # if the more than 10000 timesteps, select evently spaced 10000 of them for reporting

  report_points<-if(length(times)<=POINTS_max) times else 

    times[seq(1,length(times),by=round(length(times)/POINTS_max))]

  table(report_points%in%times)#check all report values are in times.

  

  

  # once daily oral exposure for food

  if (route=="food"){

    if (Ndays < 100) {

      A <- c(dose)

      B <- c(0)

      C <- c("time","doral")

      

      DORAL <- data.frame(B,A)

      colnames(DORAL) <- C

    } else {

      A <- rep(dose,Ndays+1)

      B <- seq(0,Ndays*24,by=24)

      C <- c("time","doral")

      

      DORAL <- data.frame(B,A)

      colnames(DORAL) <- C

    }

  }

  # dosing for water exposure

  if (route=="water"){

    if (Ndays < 100) {

      # 6x daily for age <= 12

      if (subject_age<=12){

        A <- rep(dose/6.0,6)

        B <- seq(0,20,by=4)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

      # 4x daily for age > 12

      else {

        A <- rep(dose/4.0,4)

        B <- seq(0,18,by=6)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

    } else {

      # 6x daily for age <= 12

      if (subject_age<=12){

        A <- rep(dose/6.0,Ndays*6+1)

        B <- seq(0,Ndays*24,by=4)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

      # 4x daily for age > 12

      else {

        A <- rep(dose/4.0,Ndays*4+1)

        B <- seq(0,Ndays*24,by=6)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

    }

  }

  

  All_Dose<-DORAL%>%

    mutate(ODOSEOXON=doral*(params[["BWST"]]/params[["MWOXON"]])

           *params[["FA"]], # DIM dose conversion (ug/kg to umol)

           Level=paste(doral[1],"ug/kg",sep="_"))

  

  #~~~~APPLY MODEL~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~#### 

  # Do parallel for speed

  c1<-makeCluster(min(cores,n_distinct(All_Dose$Level))) # cluster for parallel 

  timestamp()

  modelOutput<-parLapply(c1,split(All_Dose,All_Dose$Level), function (LL,ini_par,t){

    #load data into cores

    source("human_pbpk.R")

    # Create dataframe of "events"that describe the dosing, which informs the

    # ODE function, and needs to have columns "var" = the state_variable that needs

    # to be changed,"time"= when the changes occurs,"value"=the value being changed

    # to,& "method"= how the new value interacts with the previous state variable

    # value. See ?deSolve::lsodes and ?deSolve::events.

    

    # combine or replace "base" parameters with case specific human parameters, 

    # carring out any calcuated paramters which are function of other specific case parameters 

    ini_pars <- initial_params_fun(params=ini_par)

    # STATE####

    # Subject specific UPDATES to the initial value of state variables

    st<-state_fun(st=state,ini_p=ini_pars)

    

    eventDat<-rbind(data.frame(var="ODOSEOXON",time=LL$time,

                               value=LL$ODOSEOXON ,	 

                               method="add",stringsAsFactors = FALSE),  # ("replace", "add", "multiply")

                    data.frame(var="ASTOMO",time=LL$time,

                               value=LL$ODOSEOXON ,	 

                               method="add",stringsAsFactors = FALSE))

    

    # DERIVATIVE ####

    # RUN MODEL 

    modelOutput<- ode(y = st, times = t,  #method = "lsodes",

                      func = Human_Model, parms = ini_pars,

                      events = list(data = eventDat[order(eventDat$time),]))

    result <- within(as.data.frame(modelOutput),{Level<-LL$Level[[1]]})

    return(result)

  },ini_par=params,t=times)

  stopCluster(c1)

  timestamp()

  ModelOutput<-do.call(rbind,modelOutput)##make big dataframe for evaluation

  

  #~~~END MODEL ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~####

  

  return(ModelOutput)

  

}



PODcost <- function(test_dose){

  

  test_result <- minRBCCEO(test_dose*1000)

  test_error <- (test_result - 90.0)

  

  print(sprintf("%f  %f",test_dose,test_result))

  

  return(test_error*test_error)

}



AEDcost <- function(test_dose){

  

  test_result <- avgCBLO(test_dose*1000)

  test_error <- (test_result - ac_50)

  

  print(sprintf("%f  %f",test_dose,test_result))

  

  return(test_error*test_error)

}





# get the dose that reproduces the AC50 in blood concentration or 10% brain AChE inhibition

# (final_dose in mg/kg/day)

final_dose <- optim(par = 600, PODcost, method = "Brent",lower = 1, upper = 1e6, control = list(reltol = 1e-3))   # POD limits



# finally run the model for this concentration

ModelOutput <- just_run_model(final_dose$par*1000)

final_dose$par

min(ModelOutput$RBCCE)




rm(list = ls()) # Clear workspace



#set the working directory to the location of these scripts

#setwd(dirname(rstudioapi::getActiveDocumentContext()$path))



#Environment####

library(dplyr)

library(tidyr)

library(parallel)

# number of cores availabe on current machine

tot_cores<-detectCores(all.tests = FALSE, logical = TRUE)  

cores<-tot_cores-1 # leave one core for other tasks 



ac_50 <<- -999             # enter the AC50 value here; units = umol/L

Ndays = 123                        # number of days to simulate

target_chem = "parent"            # oxon or parent compound

body_weight = 72.9                 # body weight in kg

subject_age = 13

route = "food"



source("human_pbpk.R") # Loads model and base parameters

source("malathion_human_parameters.R") # male and female specific parameters



# Intial_parameters####

sex = 1						 # 0=male, 1= Female

params<-c(params[!names(params)%in%names(human_parameters[[sex+1]])],

          human_parameters[[sex+1]])



# set case-specific parameters

params[["TSTART"]]<-0.0         # START SIMULATION (HR)

params[["TSTOP"]]=Ndays*24      			# Simulation duration = 2 days

params[["AGE0"]]=subject_age

params[["BWSW"]] = 1   	 				# Switch for age (set =0) or set (set =1) if bwt provided

params[["BWST"]]= body_weight   	 			# kg

params[["FA"]]=1



# combine or replace "base" parameters with case specific human parameters, carring out any calcuated paramters which are function of other specific case parameters 

initial_params <- initial_params_fun(params)



# returns the average blood concentration of parent compound

# based on the daily dose of "dose" ug/kg/day

avgCBL <- function(dose){

  

  # TIMING COMMANDS ####

  MAXT=0.1       #maximum time step

  times<-seq(params[["TSTART"]],params[["TSTOP"]],by=MAXT)#

  

  # max number of points to write out to file

  POINTS_max<-10000  

  # if the more than 10000 timesteps, select evently spaced 10000 of them for reporting

  report_points<-if(length(times)<=POINTS_max) times else 

    times[seq(1,length(times),by=round(length(times)/POINTS_max))]

  table(report_points%in%times)#check all report values are in times.

  

  

  # once daily oral exposure for food

  if (route=="food"){

    if (Ndays < 100) {

      A <- c(dose)

      B <- c(0)

      C <- c("time","doral")

      

      DORAL <- data.frame(B,A)

      colnames(DORAL) <- C

    } else {

      A <- rep(dose,Ndays+1)

      B <- seq(0,Ndays*24,by=24)

      C <- c("time","doral")

      

      DORAL <- data.frame(B,A)

      colnames(DORAL) <- C

    }

  }

  # dosing for water exposure

  if (route=="water"){

    if (Ndays < 100) {

      # 6x daily for age <= 12

      if (subject_age<=12){

        A <- rep(dose/6.0,6)

        B <- seq(0,20,by=4)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

      # 4x daily for age > 12

      else {

        A <- rep(dose/4.0,4)

        B <- seq(0,18,by=6)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

    } else {

      # 6x daily for age <= 12

      if (subject_age<=12){

        A <- rep(dose/6.0,Ndays*6+1)

        B <- seq(0,Ndays*24,by=4)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

      # 4x daily for age > 12

      else {

        A <- rep(dose/4.0,Ndays*4+1)

        B <- seq(0,Ndays*24,by=6)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

    }

  }

  

  

  All_Dose<-DORAL%>%

    mutate(ODOSE=doral*(params[["BWST"]]/params[["MWPAR"]])

           *params[["FA"]], # DIM dose conversion (ug/kg to umol)

           Level=paste(doral[1],"ug/kg",sep="_"))

  

  #~~~~APPLY MODEL~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~#### 

  # Do parallel for speed

  c1<-makeCluster(min(cores,n_distinct(All_Dose$Level))) # cluster for parallel 

  timestamp()

  modelOutput<-parLapply(c1,split(All_Dose,All_Dose$Level), function (LL,ini_par,t){

    #load data into cores

    source("human_pbpk.R")

    # Create dataframe of "events"that describe the dosing, which informs the

    # ODE function, and needs to have columns "var" = the state_variable that needs

    # to be changed,"time"= when the changes occurs,"value"=the value being changed

    # to,& "method"= how the new value interacts with the previous state variable

    # value. See ?deSolve::lsodes and ?deSolve::events.

    

    # combine or replace "base" parameters with case specific human parameters, 

    # carring out any calcuated paramters which are function of other specific case parameters 

    ini_pars <- initial_params_fun(params=ini_par)

    # STATE####

    # Subject specific UPDATES to the initial value of state variables

    st<-state_fun(st=state,ini_p=ini_pars)

    

    eventDat<-rbind(data.frame(var="ODOSE",time=LL$time,

                               value=LL$ODOSE ,	 

                               method="add",stringsAsFactors = FALSE),  # ("replace", "add", "multiply")

                    data.frame(var="ASTOM",time=LL$time,

                               value=LL$ODOSE ,	 

                               method="add",stringsAsFactors = FALSE))

    

    # DERIVATIVE ####

    # RUN MODEL 

    modelOutput<- ode(y = st, times = t,  #method = "lsodes",

                      func = Human_Model, parms = ini_pars,

                      events = list(data = eventDat[order(eventDat$time),]))

    result <- within(as.data.frame(modelOutput),{Level<-LL$Level[[1]]})

    return(result)

  },ini_par=params,t=times)

  stopCluster(c1)

  timestamp()

  ModelOutput<-do.call(rbind,modelOutput)##make big dataframe for evaluation

  

  

  return(mean(tail(ModelOutput$CBL,240)))

  

}



# returns the average blood concentration of oxon

# based on the daily dose of "dose" ug/kg/day

avgCBLO <- function(dose){

  

  # TIMING COMMANDS ####

  MAXT=0.1       #maximum time step

  times<-seq(params[["TSTART"]],params[["TSTOP"]],by=MAXT)#

  

  # max number of points to write out to file

  POINTS_max<-10000  

  # if the more than 10000 timesteps, select evently spaced 10000 of them for reporting

  report_points<-if(length(times)<=POINTS_max) times else 

    times[seq(1,length(times),by=round(length(times)/POINTS_max))]

  table(report_points%in%times)#check all report values are in times.

  

  

  # once daily oral exposure for food

  if (route=="food"){

    if (Ndays < 100) {

      A <- c(dose)

      B <- c(0)

      C <- c("time","doral")

      

      DORAL <- data.frame(B,A)

      colnames(DORAL) <- C

    } else {

      A <- rep(dose,Ndays+1)

      B <- seq(0,Ndays*24,by=24)

      C <- c("time","doral")

      

      DORAL <- data.frame(B,A)

      colnames(DORAL) <- C

    }

  }

  # dosing for water exposure

  if (route=="water"){

    if (Ndays < 100) {

      # 6x daily for age <= 12

      if (subject_age<=12){

        A <- rep(dose/6.0,6)

        B <- seq(0,20,by=4)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

      # 4x daily for age > 12

      else {

        A <- rep(dose/4.0,4)

        B <- seq(0,18,by=6)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

    } else {

      # 6x daily for age <= 12

      if (subject_age<=12){

        A <- rep(dose/6.0,Ndays*6+1)

        B <- seq(0,Ndays*24,by=4)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

      # 4x daily for age > 12

      else {

        A <- rep(dose/4.0,Ndays*4+1)

        B <- seq(0,Ndays*24,by=6)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

    }

  }

  

  All_Dose<-DORAL%>%

    mutate(ODOSE=doral*(params[["BWST"]]/params[["MWPAR"]])

           *params[["FA"]], # DIM dose conversion (ug/kg to umol)

           Level=paste(doral[1],"ug/kg",sep="_"))

  

  #~~~~APPLY MODEL~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~#### 

  # Do parallel for speed

  c1<-makeCluster(min(cores,n_distinct(All_Dose$Level))) # cluster for parallel 

  timestamp()

  modelOutput<-parLapply(c1,split(All_Dose,All_Dose$Level), function (LL,ini_par,t){

    #load data into cores

    source("human_pbpk.R")

    # Create dataframe of "events"that describe the dosing, which informs the

    # ODE function, and needs to have columns "var" = the state_variable that needs

    # to be changed,"time"= when the changes occurs,"value"=the value being changed

    # to,& "method"= how the new value interacts with the previous state variable

    # value. See ?deSolve::lsodes and ?deSolve::events.

    

    # combine or replace "base" parameters with case specific human parameters, 

    # carring out any calcuated paramters which are function of other specific case parameters 

    ini_pars <- initial_params_fun(params=ini_par)

    # STATE####

    # Subject specific UPDATES to the initial value of state variables

    st<-state_fun(st=state,ini_p=ini_pars)

    

    eventDat<-rbind(data.frame(var="ODOSE",time=LL$time,

                               value=LL$ODOSE ,	 

                               method="add",stringsAsFactors = FALSE),  # ("replace", "add", "multiply")

                    data.frame(var="ASTOM",time=LL$time,

                               value=LL$ODOSE ,	 

                               method="add",stringsAsFactors = FALSE))

    

    # DERIVATIVE ####

    # RUN MODEL 

    modelOutput<- ode(y = st, times = t,  #method = "lsodes",

                      func = Human_Model, parms = ini_pars,

                      events = list(data = eventDat[order(eventDat$time),]))

    result <- within(as.data.frame(modelOutput),{Level<-LL$Level[[1]]})

    return(result)

  },ini_par=params,t=times)

  stopCluster(c1)

  timestamp()

  ModelOutput<-do.call(rbind,modelOutput)##make big dataframe for evaluation

  

  #~~~END MODEL ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~####

  

  return(mean(tail(ModelOutput$CBLO,240)))

  

}



# returns the average blood concentration of oxon

# based on the daily dose of "dose" ug/kg/day

minRBCCE <- function(dose){

  

  # TIMING COMMANDS ####

  MAXT=0.1       #maximum time step

  times<-seq(params[["TSTART"]],params[["TSTOP"]],by=MAXT)#

  

  # max number of points to write out to file

  POINTS_max<-10000  

  # if the more than 10000 timesteps, select evently spaced 10000 of them for reporting

  report_points<-if(length(times)<=POINTS_max) times else 

    times[seq(1,length(times),by=round(length(times)/POINTS_max))]

  table(report_points%in%times)#check all report values are in times.

  

  

  # once daily oral exposure for food

  if (route=="food"){

    if (Ndays < 100) {

      A <- c(dose)

      B <- c(0)

      C <- c("time","doral")

      

      DORAL <- data.frame(B,A)

      colnames(DORAL) <- C

    } else {

      A <- rep(dose,Ndays+1)

      B <- seq(0,Ndays*24,by=24)

      C <- c("time","doral")

      

      DORAL <- data.frame(B,A)

      colnames(DORAL) <- C

    }

  }

  # dosing for water exposure

  if (route=="water"){

    if (Ndays < 100) {

      # 6x daily for age <= 12

      if (subject_age<=12){

        A <- rep(dose/6.0,6)

        B <- seq(0,20,by=4)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

      # 4x daily for age > 12

      else {

        A <- rep(dose/4.0,4)

        B <- seq(0,18,by=6)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

    } else {

      # 6x daily for age <= 12

      if (subject_age<=12){

        A <- rep(dose/6.0,Ndays*6+1)

        B <- seq(0,Ndays*24,by=4)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

      # 4x daily for age > 12

      else {

        A <- rep(dose/4.0,Ndays*4+1)

        B <- seq(0,Ndays*24,by=6)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

    }

  }

  

  All_Dose<-DORAL%>%

    mutate(ODOSE=doral*(params[["BWST"]]/params[["MWPAR"]])

           *params[["FA"]], # DIM dose conversion (ug/kg to umol)

           Level=paste(doral[1],"ug/kg",sep="_"))

  

  #~~~~APPLY MODEL~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~#### 

  # Do parallel for speed

  c1<-makeCluster(min(cores,n_distinct(All_Dose$Level))) # cluster for parallel 

  timestamp()

  modelOutput<-parLapply(c1,split(All_Dose,All_Dose$Level), function (LL,ini_par,t){

    #load data into cores

    source("human_pbpk.R")

    # Create dataframe of "events"that describe the dosing, which informs the

    # ODE function, and needs to have columns "var" = the state_variable that needs

    # to be changed,"time"= when the changes occurs,"value"=the value being changed

    # to,& "method"= how the new value interacts with the previous state variable

    # value. See ?deSolve::lsodes and ?deSolve::events.

    

    # combine or replace "base" parameters with case specific human parameters, 

    # carring out any calcuated paramters which are function of other specific case parameters 

    ini_pars <- initial_params_fun(params=ini_par)

    # STATE####

    # Subject specific UPDATES to the initial value of state variables

    st<-state_fun(st=state,ini_p=ini_pars)

    

    eventDat<-rbind(data.frame(var="ODOSE",time=LL$time,

                               value=LL$ODOSE ,	 

                               method="add",stringsAsFactors = FALSE),  # ("replace", "add", "multiply")

                    data.frame(var="ASTOM",time=LL$time,

                               value=LL$ODOSE ,	 

                               method="add",stringsAsFactors = FALSE))

    

    # DERIVATIVE ####

    # RUN MODEL 

    modelOutput<- ode(y = st, times = t,  #method = "lsodes",

                      func = Human_Model, parms = ini_pars,

                      events = list(data = eventDat[order(eventDat$time),]))

    result <- within(as.data.frame(modelOutput),{Level<-LL$Level[[1]]})

    return(result)

  },ini_par=params,t=times)

  stopCluster(c1)

  timestamp()

  ModelOutput<-do.call(rbind,modelOutput)##make big dataframe for evaluation

  

  #~~~END MODEL ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~####

  

  return(min(ModelOutput$RBCCE))

  

}



just_run_model <- function(dose){

  

  # TIMING COMMANDS ####

  MAXT=0.1       #maximum time step

  times<-seq(params[["TSTART"]],params[["TSTOP"]],by=MAXT)#

  

  # max number of points to write out to file

  POINTS_max<-10000  

  # if the more than 10000 timesteps, select evently spaced 10000 of them for reporting

  report_points<-if(length(times)<=POINTS_max) times else 

    times[seq(1,length(times),by=round(length(times)/POINTS_max))]

  table(report_points%in%times)#check all report values are in times.

  

  

  # once daily oral exposure for food

  if (route=="food"){

    if (Ndays < 100) {

      A <- c(dose)

      B <- c(0)

      C <- c("time","doral")

      

      DORAL <- data.frame(B,A)

      colnames(DORAL) <- C

    } else {

      A <- rep(dose,Ndays+1)

      B <- seq(0,Ndays*24,by=24)

      C <- c("time","doral")

      

      DORAL <- data.frame(B,A)

      colnames(DORAL) <- C

    }

  }

  # dosing for water exposure

  if (route=="water"){

    if (Ndays < 100) {

      # 6x daily for age <= 12

      if (subject_age<=12){

        A <- rep(dose/6.0,6)

        B <- seq(0,20,by=4)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

      # 4x daily for age > 12

      else {

        A <- rep(dose/4.0,4)

        B <- seq(0,18,by=6)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

    } else {

      # 6x daily for age <= 12

      if (subject_age<=12){

        A <- rep(dose/6.0,Ndays*6+1)

        B <- seq(0,Ndays*24,by=4)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

      # 4x daily for age > 12

      else {

        A <- rep(dose/4.0,Ndays*4+1)

        B <- seq(0,Ndays*24,by=6)

        C <- c("time","doral")

        

        DORAL <- data.frame(B,A)

        colnames(DORAL) <- C

      }

    }

  }

  

  All_Dose<-DORAL%>%

    mutate(ODOSE=doral*(params[["BWST"]]/params[["MWPAR"]])

           *params[["FA"]], # DIM dose conversion (ug/kg to umol)

           Level=paste(doral[1],"ug/kg",sep="_"))

  

  #~~~~APPLY MODEL~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~#### 

  # Do parallel for speed

  c1<-makeCluster(min(cores,n_distinct(All_Dose$Level))) # cluster for parallel 

  timestamp()

  modelOutput<-parLapply(c1,split(All_Dose,All_Dose$Level), function (LL,ini_par,t){

    #load data into cores

    source("human_pbpk.R")

    # Create dataframe of "events"that describe the dosing, which informs the

    # ODE function, and needs to have columns "var" = the state_variable that needs

    # to be changed,"time"= when the changes occurs,"value"=the value being changed

    # to,& "method"= how the new value interacts with the previous state variable

    # value. See ?deSolve::lsodes and ?deSolve::events.

    

    # combine or replace "base" parameters with case specific human parameters, 

    # carring out any calcuated paramters which are function of other specific case parameters 

    ini_pars <- initial_params_fun(params=ini_par)

    # STATE####

    # Subject specific UPDATES to the initial value of state variables

    st<-state_fun(st=state,ini_p=ini_pars)

    

    eventDat<-rbind(data.frame(var="ODOSE",time=LL$time,

                               value=LL$ODOSE ,	 

                               method="add",stringsAsFactors = FALSE),  # ("replace", "add", "multiply")

                    data.frame(var="ASTOM",time=LL$time,

                               value=LL$ODOSE ,	 

                               method="add",stringsAsFactors = FALSE))

    

    # DERIVATIVE ####

    # RUN MODEL 

    modelOutput<- ode(y = st, times = t,  #method = "lsodes",

                      func = Human_Model, parms = ini_pars,

                      events = list(data = eventDat[order(eventDat$time),]))

    result <- within(as.data.frame(modelOutput),{Level<-LL$Level[[1]]})

    return(result)

  },ini_par=params,t=times)

  stopCluster(c1)

  timestamp()

  ModelOutput<-do.call(rbind,modelOutput)##make big dataframe for evaluation

  

  #~~~END MODEL ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~####

  

  return(ModelOutput)

  

}







PODcost <- function(test_dose){

  

  test_result <- minRBCCE(test_dose*1000)

  test_error <- (test_result - 90.0)

  

  print(sprintf("%f  %f",test_dose,test_result))

  

  return(test_error*test_error)

}



AEDcost <- function(test_dose){

  

  test_result <- avgCBL(test_dose*1000)

  test_error <- (test_result - ac_50)

  

  print(sprintf("%f  %f",test_dose,test_result))

  

  return(test_error*test_error)

}



# get the dose that reproduces the AC50 in blood concentration or 10% brain AChE inhibition



final_dose <- optim(par = 17.3, PODcost, method = "Brent",lower = 0.1, upper = 30, control = list(reltol = 1e-3))   # POD limits



# finally run the model for this concentration

ModelOutput <- just_run_model(final_dose$par*1000)

final_dose$par

min(ModelOutput$RBCCE)
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or Average Blood Concentrations for
Developmental Neurotoxicity Assessment using a
Physiologically Based Pharmacokinetic-
Pharmacodynamic (PBPK-PD) Model

Prepared by OPP/HED/RABS8 on 10-April-2023

Contents

T A go Yo [V 4[] o U S OUSTOP PSP UPTOTST 2
(00 To [ o] - =PRSS 3
Model OPEration AN USE......ccccciiiiiiiiiiecciiiee ettt erite e e e e e e e st e e e e s baeeeeabaee e e abaeeeanstaeeesssteeeennseneeennsees 8

Introduction

To replace the default uncertainty factors associated with interspecies extrapolation from an animal
point of departure (POD), the registrant developed a physiologically based pharmacokinetic-
pharmacodynamic (PBPK-PD) model to predict human PODs based on a maximum of 10%
acetylcholinesterase (AChE) inhibition in humans. A review of the model code, model modifications, and
determination of updated points of departure (PODs) for malathion was conducted by the Agency and
reported in “Report on Malathion and Dimethoate Physiologically-Based Pharmacokinetic (PBPK) Model
Review and Point of Departure (POD) Calculations” (D. Hoer, C. Addington, B. Ingle, TXR 0058366,
12/01/2021).

The rat version of the model was subsequently used by Agency scientists to calculate average blood
concentrations at in vivo PODs based on 10% AChE inhibition to compare with half-maximal activity
concentration (ACso) values from a battery of in vitro assays that assess processes critical to
development of the nervous system (hereafter referred to as the DNT NAM battery). This comparison
evaluated the relative sensitivity of activity in the DNT NAM battery to AChE inhibition.

Herein we briefly describe how to use the model files to estimate PODs based on AChE inhibition as well
as average blood concentrations for comparison to ACso values from the DNT NAM battery. This
document is meant to serve as a technical resource for understanding the storage of the model files and
their use.
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Code Storage

To simplify storage and distribution of the model code, it has been organized into a pdf portfolio; this
format allows for organization and dissemination of multiple file types in a single, uncompressed unit.
The portfolio is organized into folders based on target organism (human or rat) and then within each
organism there are subfolders for each modeled exposure pathway (e.g., dietary, dermal, and
inhalation). For the rat, there is an additional subfolder for calculating the average blood concentration.
Each subfolder contains several files: scenario files, a parameter file, and the main PBPK-PD model. The
scenarios require both the parameter and main model to be in the same directory to function properly.
Therefore, one can extract the files at the organism level or the exposure pathway level and retain all
the necessary files for proper operation. Extraction of the scenarios individually requires that the user
also extract the model and parameters to the same directory.

For conciseness, the scenario names contain an organism (human or rat), number, output (POD; average
blood concentrations are calculated in batch), and chemical (parent or oxon). A description of the
conditions simulated by each numbered scenario file is shown in Tables 1 through 4. Average blood
concentrations were only calculated using the rat model and are calculated in batch using the scenario
file entitled “run_pod_blood_conc.R”; a description of simulated conditions are shown in Table 5. The
numbers shown in Tables 1 through 5 correspond to the scenario numbers in the filenames of the model
code; for example, the scenario file named ‘HUMAN_3 PARENT_POD.R’ will determine the AChE-based
POD for acute dietary exposure to malathion in human children 3-5 years of age (i.e., scenario 3 in Table
1).

Table 1. Numbered simulations of human dietary exposure to malathion or malaoxon in food. All food
scenarios assume a single exposure per day. Acute scenarios simulate 2 days of time with chemical
exposure occurring only on the first day, whereas steady state scenarios model 123 days of daily
exposure.

Scenario Population Exposure Bodyweight | Parent, Oxon,
Number Subgroup Frequency (kg) or Both
All infants
1 (<1 year old) Acute 4.8 Both
2 Children Acute 12.6 Both
(1-2 years)
Children
3 (3-5 years) Acute 18.7 Both
Children
4 (6-12 years) Acute 37.1 Both
Youth
5 (13-19 years) Acute 67.3 Both
Adults
6 (20-49 years) Acute 81.5 Both
Adults
7 (50-99 years) Acute 81.2 Both
Female
8 (13-49 years) Acute 72.9 Both
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Scenario Population Exposure Bodyweight | Parent, Oxon,
Number Subgroup Frequency (kg) or Both

9 (SIJZZ?SIZ) Steady State 4.8 Both

10 (f—gil:/taeps) Steady State 12.6 Both

11 (?E:-r;il:/taeps) Steady State 18.7 Both

12 (6?3?/22?5) Steady State 37.1 Both

13 (13-Y109u;2ars) Steady State 67.3 Both

14 (Zoﬁliuyl/?ars) Steady State 81.5 Both

15 (50-A9CSI9uy|/?ars) Steady State 81.2 Both

16 (1;23132;5) Steady State 72.9 Both

Table 2. Numbered simulations of human dietary exposure to malathion and malaoxon in drinking
water. Drinking water scenarios with individuals 12 years old or younger assume 6 exposure events per
day; scenarios with individuals 13 or older assume 4 exposure events per day. As in food exposure, acute
scenarios simulate 2 days of time with chemical exposure occurring only on the first day, whereas steady

state scenarios model 123 days of daily exposure.

Scenario Population Exposure Bodyweight | Parent, Oxon,
Number Subgroup Frequency (kg) or Both
17 All infants Acute 4.8 Both
(<1 year old)
18 Children Acute 12.6 Both
(1-2 years)
19 Children Acute 18.7 Both
(3-5 years)
Children
2 A 7.1 Both
0 (6-12 years) cute 3 ot
Youth
21 A 7. Both
(13-19 years) cute 67.3 ot
Adults
22 A 1. Both
(20-49 years) cute 81.5 ot
Adults
2 A 1.2 Both
3 (50-99 years) cute 8 ot
Female
24 A 72. Both
(13-49 years) cute 9 ot
All infants
25 (<1 year old) Steady State 4.8 Both
Children
26 (1-2 years) Steady State 12.6 Both
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Scenario Population Exposure Bodyweight | Parent, Oxon,
Number Subgroup Frequency (kg) or Both

27 (;giljéaers) Steady State 18.7 Both

28 (6(—:?3?12225) Steady State 37.1 Both

29 (13-Y109u;2ars) Steady State 67.3 Both

30 (ZOQ%UJ/Sars) Steady State 81.5 Both

31 (SO-A"E)(;UJ/?ars) Steady State 81.2 Both

32 (1;23132;5) Steady State 72.9 Both

Table 3. Numbered simulations of human inhalation and incidental oral exposure to malathion or
malaoxon in residential and occupational settings. All scenarios simulate 123 days of time with chemical

exposures occurring as outlined in the table.

Scenario Population Exposure Bodyweight | Parent, Oxon,
Number Subgroup Frequency (kg) or Both
Occupational 8.3 L mint
33 Worker: 5 days week? 69 Both
Inhalation 8 hours day™?
Occupational 16.7 L min*
34 Worker: 5 days week? 69 Both
Inhalation 8 hours day™?
Occupational 26.7 Lmin
35 Worker: 5 days week? 69 Both
Inhalation 8 hours day™?
Occupational 28.8 Lmin™
36 Worker: 5 days week* 69 Both
Inhalation 8 hours day™?
Residential 10.7 L min
37 Handler: 7 days week* 69 Both
Inhalation 1 hour day*
Aerial 10.7 L min?
38 Mosquitocide: 7 days week* 69 Both
Inhalation, Adult | 1.5 hour day™
Aerial 5.5L min?
39 Mosquitocide: 7 days week* 11 Both
Inhalation, Child 1.5 hour day™
Non-Occupational
Bystander: 10.7 L min?
40 Inhalation, 24 hours day? 69 Both
Ambient Air (Max 1 day
Conc), Adult
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Scenario Population Exposure Bodyweight | Parent, Oxon,

Number Subgroup Frequency (kg) or Both
Non-Occupational
Bystander: 5.5 L min?
41 Inhalation, 24 hours day? 11 Both
Ambient Air (Max 1 day
Conc), Child
Non-Occupational
Bystander: 10.7 L min*
42 Inhalation, 24 hours day™ 69 Both

Ambient Air (Avg. | 7 days week?
Conc), Adult
Non-Occupational

Bystander: 5.5Lmin?
43 Inhalation, 24 hours day™ 11 Both
Ambient Air (Avg. | 7 days week®

Conc), Adult
Non-Occupational

Bystander: 10.7 L min
44 Inhalation, 2 hours day? 69 Both
Ambient Air (Max 1 day

Conc), Adult
Non-Occupational

Bystander: 5.5L min*
45 Inhalation, 2 hours day! 11 Both
Ambient Air (Max 1 day
Conc), Child
Mosquitocide: 4
46 Incidental Oral 7 days week 11 Both

1.5 hours day™?

Children 1 to <2

Table 4. Numbered simulations of human dermal exposure to malathion or malaoxon in residential and
occupational settings. All scenarios simulate 123 days of time with chemical exposures occurring as
outlined in the table. The dermal absorption factor for human scenarios was set to 1% over 8 hours.

Scenario Population Exposure Bodyweight | Parent, Oxon,
Number Subgroup Frequency (kg) or Both
Occupational

5 days week?

47 Handler & Post- 1 69 Both
. 8 hours day
Application
Residential 7 days week?
48 Handler 1.1 hours day™? 69 Both
Residential Post- 1
49 Application: 7 days week 69 Both

2.2 hours day™

Gardens, Adult
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Scenario Population Exposure Bodyweight | Parent, Oxon,
Number Subgroup Frequency (kg) or Both
Residential Post- 1
50 Application: ;f%iﬁedeak 4 32 Both
Gardens, Child ' y
Residential Post- 1
51 Application: Pick ;iitsrrlgaelil 69 Both
Your Own, Adult y
Residential Post- 1
52 Application: Pick 179d221:zedeak 1 32 Both
Your Own, Child ' y
Residential Post-
Application: Spray
Drift, 7 days week?
>3 Mosquitocide 1.5 hours day™? 69 Both
Aerial and
Ground, Adult
Residential Post-
Application: Spray
Drift 7 days week*
4 ’ 11 Both
> Mosquitocide 1.5 hours day ot
Aerial and
Ground, Child

Table 5. Numbered simulations of rat oral, dermal, and inhalation exposure to malathion used for
calculating average blood concentrations. Simulated doses shown are AChE-based PODs from the
previous Malathion risk assessment (S. Shelat, 09 June 2016, D414107). Scenario conditions are
established to match the in vivo study from which the POD was derived. The dermal absorption factor
for rat scenarios was set to 2.7% over 8 hours, to match the dermal absorption determined in the in vivo
rat study. All steady state exposures were simulated for 32 days.

Scenario Population Exposure Bodyweight | Parent, Oxon, I'SM.D;'[O'for .AChE
Number Subgroup Frequency (kg) or Both inhibition in rat
(mg/kg bw/day)°
1 Rat Dietary Acute 0.25 Parent 450°
. Steady State Parent c
2 Rat Dietary 32 days 0.25 25
5 days week?
3 Rat Inhalation 6 hours day? 0.25 Parent 53¢
32 days
7 days week?
4 Rat Dermal 6 hours day™ 0.25 Parent 2200¢
32 days

2BMD;g values were obtained from the 2016 draft risk assessment unless otherwise noted (S. Shelat, D414107,
09-JUN-2016).

®The AChE-based POD used for simulations for acute oral exposure was the lowest observed adverse effect
level (LOAEL) based on 17% AChE inhibition in adult female rats (MRID 45566201). This value was selected
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because the PBPK-PD rat model simulates adult individuals and available BMD1 value from the 2016 DRA was
from studies using PND11 rat pups (S. Shelat, 09 June 2016, D414107).

¢The value used for simulations of steady state oral exposure was the mean BMD;, from in vivo steady-state
oral exposure (S. Shelat, D414107, 09-JUN-2016).

4The BMD1o from the 90-day inhalation study in male rats (0.17 mg/L/day) was converted from a concentration
in inhaled air (0.17 mg/L) to a dose to match the units in dermal and oral exposures (0.17 mg/Lx 129 L/hrx 6
hrs/day + 0.25 kg, where 12.9 L/hr was the modeled rat respiration rate, 6 hrs/day was the exposure duration
in the study, and 0.25 kg was the modeled rat bodyweight).

¢Since the available BMD;, from the 2016 DRA was determined from a rabbit in vivo study, the AChE-based POD
used for simulations was predicted using the rat PBPK-PD model.

Model Operation and Use

The model submitted to the Agency on behalf of the registrant was built in R and can be run from the
command line or from RStudio. The model scenarios use packages outside of base R (e.g., “parallel”,
“dplyr”, “tidyr”, and “readxl|”), which, prior to running any scenarios, will need to be installed by the
user.

These can be installed via the RStudio GUI or via the install.packages() command in the terminal.
Further, as discussed above, the scenario files need to be in the same directory as the model and
parameter files to function properly. The structure utilized in the pdf portfolio is such that the user can
extract the files at the organism level or the exposure pathway level and retain all the necessary files for
proper operation. Extraction of the scenarios individually requires that the user also extract the
appropriate model and parameters to the same directory.

The model is run using the only the scenario files; that is to say, the scenario files will source the main
model and the associated parameter files automatically without need for user intervention. In order to
generate an average blood concentration or POD value, the user will run the scenario file of interest and
the script will print the resulting POD to the terminal (in mg kg bw™ day™) along with the minimum AChE
activity (as a percentage; i.e., 90% activity would indicate 10% inhibition) for POD scenarios. For average
blood concentration calculations, the scenario will read scenario-specific parameters from an Excel file
entitled “malathion_rat_pods.xlsx”; this file is stored in the average blood concentration subfolder and
requires no modification to reproduce the appropriate values. When calculating the average blood
concentrations, the scenario script will automatically calculate the average blood concentration for all
scenarios shown in Table 5 and will output the results in a comma delimited text file entitled
"updated_malathion_rat_pods.csv". This file will be saved in the directory where the model and
scenario files are saved on the user’s machine. The output contains all the provided scenario data as
well as the calculated average blood concentration and simulated minimum AChE activity (as a
percentage).

The scenario does not, by default, set the directory to the location of the file being used. If using
RStudio, pasting the command “setwd(dirname(rstudioapi::getActiveDocumentContext()Spath))” below
the “rm(list = Is())” command in a given scenario will set the working directory to the location of the file
in use; this command is in place in the scenario files, but it is currently commented out. This will not
work outside of RStudio and the user will need to manually set the working directory using the setwd()
command.
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As stored in the portfolio, the scenarios are set up to recreate the POD or average blood concentration
estimates shown in other Agency memos (e.g., “Report on Malathion and Dimethoate Physiologically-
Based Pharmacokinetic (PBPK) Model Review and Point of Departure (POD) Calculations” (D. Hoer, C.
Addington, B. Ingle, TXR 0058366, 12/01/2021)). No user modifications are required to reproduce the
appropriate values.
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#clear workspace

rm(list = ls())



#set the working directory to the location of these scripts

#setwd(dirname(rstudioapi::getActiveDocumentContext()$path))



# malathion AC50

ac_50 = -999 #set to an arbitrary value



BW_scenario <- 0.25  # kg

ndays = 32            # days to simulate; test conditions in MRID 43266601

dpw   = 5             # days per week; test conditions in MRID 43266601

hpd   = 6             # hours per day; test conditions in MRID 43266601



#Environment####

library(readxl)

library(ggplot2)

library(dplyr)

library(tidyr)



#source the model and parameters

source("adult_rat_pbpk_mod.R")

source("malathion_adult_rat_parameters.R") 	        # rat parameters



# Initial_parameters



params[["TSTART"]] = 0.0            # START SIMULATION (HR)

params[["TSTOP"]]  = ndays*24		    # Simulation duration = 1 day

params[["BW"]]     = BW_scenario   	# kg

params[["IZONE"]]  = 1              # Turn inhalation on



params[["W3"]] = ndays              # days exposed per year

params[["D3"]] = dpw                # days exposed per week

params[["P3"]] = hpd                # hours exposed per day



# combine or replace "base" parameters with case specific parameters

initial_params <- initial_params_fun(params)



# get blood concentration resulting from inhalation

avgBloodConc <-function(air_conc){

  

  # concentration in mg/m^3

  conc_mgm3 = air_conc

  

  # TIMING COMMANDS ####

  MAXT=0.1       #maximum time step

  times<-seq(initial_params[["TSTART"]],initial_params[["TSTOP"]],by=MAXT)#

  

  # max number of points to write out to file

  POINTS_max<-10000  

  # if the more than 10000 timesteps, select evently spaced 10000 of them for reporting

  report_points<-if(length(times)<=POINTS_max) times else 

    times[seq(1,length(times),by=round(length(times)/POINTS_max))]

  table(report_points%in%times)#check all report values are in times.

  

  

  # STATE####

  # Subject specific UPDATES to the initial value of state varibles

  state<-state_fun()

  

  # Dosing ####

  # 6 hours/day, 5 days/week, ~3 weeks exposure

  

  All_Dose<-data.frame(time=times)%>%

    mutate(Level=paste(conc_mgm3,"MGM",sep="_"),

           CIM = (conc_mgm3/1000),# mg/L

           pulse1=pulse(t=time,

                        p=initial_params[["YEAR"]]*24,

                        w=initial_params[["W3"]]*24),

           pulse2=pulse(t=time,

                        p=7*24,

                        w=initial_params[["D3"]]*24),

           pulse3=pulse(t=time,

                        p=24,

                        w=initial_params[["P3"]]),

           pulse=pulse1*pulse2*pulse3,

           CIM=CIM*pulse/initial_params[["MWPAR"]]*1000,#inhaled dose concentration (from mg/L to umol/L)

           is.change=c(1,diff(pulse)))%>%

    filter(is.change!=0)

  

  #print(All_Dose$Level)

  #~~~~APPLY MODEL~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~#### 



  timestamp()

  modelOutput<-lapply(split(All_Dose,All_Dose$Level), function (LL,ini_par,st,t){



    # Create dataframe of "events"that describe the dosing, which informs the

    # ODE function, and needs to have columns "var" = the state_variable that needs

    # to be changed,"time"= when the changes occurs,"value"=the value being changed

    # to,& "method"= how the new value interacts with the previous state variable

    # value. See ?deSolve::lsodes and ?deSolve::events.

    eventDat<-rbind(data.frame(var="CI",time=LL$time,

                               value=LL$CIM,	 

                               method="replace",stringsAsFactors = FALSE)

    )

    

    # DERIVITIVE ####

    # RUN MODEL 

    modelOutput<- ode(y = st, times = t,  #method = "lsodes",

                      func = adult_rat_Model, parms = ini_par,

                      events = list(data = eventDat[order(eventDat$time),]))

    result <- within(as.data.frame(modelOutput),{Level<-LL$Level[[1]]})

    return(result)

  },ini_par=initial_params,st=state,t=times)

  timestamp()

  ModelOutput<-do.call(rbind,modelOutput)##make big dataframe for evaluation

  

  return(mean(tail(ModelOutput$CBL,240)))

}



# get maximum AChE inhibition resulting from inhalation

minAChE <-function(air_conc){

  

  # concentration in mg/m^3

  conc_mgm3 = air_conc

  

  # TIMING COMMANDS ####

  MAXT=0.1       #maximum time step

  times<-seq(initial_params[["TSTART"]],initial_params[["TSTOP"]],by=MAXT)#

  

  # max number of points to write out to file

  POINTS_max<-10000  

  # if the more than 10000 timesteps, select evently spaced 10000 of them for reporting

  report_points<-if(length(times)<=POINTS_max) times else 

    times[seq(1,length(times),by=round(length(times)/POINTS_max))]

  table(report_points%in%times)#check all report values are in times.

  

  

  # STATE####

  # Subject specific UPDATES to the initial value of state varibles

  state<-state_fun()

  

  # Dosing ####

  # 6 hours/day, 5 days/week, ~3 weeks exposure

  

  All_Dose<-data.frame(time=times)%>%

    mutate(Level=paste(conc_mgm3,"MGM",sep="_"),

           CIM = (conc_mgm3/1000),# mg/L

           pulse1=pulse(t=time,

                        p=initial_params[["YEAR"]]*24,

                        w=initial_params[["W3"]]*24),

           pulse2=pulse(t=time,

                        p=7*24,

                        w=initial_params[["D3"]]*24),

           pulse3=pulse(t=time,

                        p=24,

                        w=initial_params[["P3"]]),

           pulse=pulse1*pulse2*pulse3,

           CIM=CIM*pulse/initial_params[["MWPAR"]]*1000,#inhaled dose concentration (from mg/L to umol/L)

           is.change=c(1,diff(pulse)))%>%

    filter(is.change!=0)

  

  #print(All_Dose$Level)

  #~~~~APPLY MODEL~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~#### 



  timestamp()

  modelOutput<-lapply(split(All_Dose,All_Dose$Level), function (LL,ini_par,st,t){



    # Create dataframe of "events"that describe the dosing, which informs the

    # ODE function, and needs to have columns "var" = the state_variable that needs

    # to be changed,"time"= when the changes occurs,"value"=the value being changed

    # to,& "method"= how the new value interacts with the previous state variable

    # value. See ?deSolve::lsodes and ?deSolve::events.

    eventDat<-rbind(data.frame(var="CI",time=LL$time,

                               value=LL$CIM,	 

                               method="replace",stringsAsFactors = FALSE)

    )

    

    # DERIVITIVE ####

    # RUN MODEL 

    modelOutput<- ode(y = st, times = t,  #method = "lsodes",

                      func = adult_rat_Model, parms = ini_par,

                      events = list(data = eventDat[order(eventDat$time),]))

    result <- within(as.data.frame(modelOutput),{Level<-LL$Level[[1]]})

    return(result)

  },ini_par=initial_params,st=state,t=times)

  timestamp()

  ModelOutput<-do.call(rbind,modelOutput)##make big dataframe for evaluation

  

  return(min(ModelOutput$RBCCE))

}



# get maximum AChE inhibition resulting from inhalation

run_model <-function(air_conc){

  

  # concentration in mg/m^3

  conc_mgm3 = air_conc

  

  # TIMING COMMANDS ####

  MAXT=0.1       #maximum time step

  times<-seq(initial_params[["TSTART"]],initial_params[["TSTOP"]],by=MAXT)#

  

  # max number of points to write out to file

  POINTS_max<-10000  

  # if the more than 10000 timesteps, select evently spaced 10000 of them for reporting

  report_points<-if(length(times)<=POINTS_max) times else 

    times[seq(1,length(times),by=round(length(times)/POINTS_max))]

  table(report_points%in%times)#check all report values are in times.

  

  

  # STATE####

  # Subject specific UPDATES to the initial value of state varibles

  state<-state_fun()

  

  # Dosing ####

  # 6 hours/day, 5 days/week, ~3 weeks exposure

  

  All_Dose<-data.frame(time=times)%>%

    mutate(Level=paste(conc_mgm3,"MGM",sep="_"),

           CIM = (conc_mgm3/1000),# mg/L

           pulse1=pulse(t=time,

                        p=initial_params[["YEAR"]]*24,

                        w=initial_params[["W3"]]*24),

           pulse2=pulse(t=time,

                        p=7*24,

                        w=initial_params[["D3"]]*24),

           pulse3=pulse(t=time,

                        p=24,

                        w=initial_params[["P3"]]),

           pulse=pulse1*pulse2*pulse3,

           CIM=CIM*pulse/initial_params[["MWPAR"]]*1000,#inhaled dose concentration (from mg/L to umol/L)

           is.change=c(1,diff(pulse)))%>%

    filter(is.change!=0)

  

  #print(All_Dose$Level)

  #~~~~APPLY MODEL~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~#### 



  timestamp()

  modelOutput<-lapply(split(All_Dose,All_Dose$Level), function (LL,ini_par,st,t){



    # Create dataframe of "events"that describe the dosing, which informs the

    # ODE function, and needs to have columns "var" = the state_variable that needs

    # to be changed,"time"= when the changes occurs,"value"=the value being changed

    # to,& "method"= how the new value interacts with the previous state variable

    # value. See ?deSolve::lsodes and ?deSolve::events.

    eventDat<-rbind(data.frame(var="CI",time=LL$time,

                               value=LL$CIM,	 

                               method="replace",stringsAsFactors = FALSE)

    )

    

    # DERIVITIVE ####

    # RUN MODEL 

    modelOutput<- ode(y = st, times = t,  #method = "lsodes",

                      func = adult_rat_Model, parms = ini_par,

                      events = list(data = eventDat[order(eventDat$time),]))

    result <- within(as.data.frame(modelOutput),{Level<-LL$Level[[1]]})

    return(result)

  },ini_par=initial_params,st=state,t=times)

  timestamp()

  ModelOutput<-do.call(rbind,modelOutput)##make big dataframe for evaluation

  

  return(ModelOutput)

}



# cost based on maximum AChE inhibition

POD_cost <- function(air_conc){

  

  test_result <- minAChE(air_conc)

  test_error <- (test_result - 90.0)

  print(sprintf("%f  %f",air_conc,test_result))

  

  return(test_error*test_error)

}



# cost based on final 24-hour plasma oxon conc. average

AED_cost <- function(air_conc){

  

  test_result <- avgBloodConc(air_conc)

  test_error <- (test_result - ac_50)

  print(sprintf("%f  %f",air_conc,test_result))

  

  return(test_error*test_error)

}





# get the air concentration (ppm) required to reproduce the ac_50 or 10% AChE inhibition

vapor_conc <- optim(par = 250, POD_cost, method = "Brent",lower = 0.1, upper = 1e5, control = list(reltol = 1e-3)) # AChE-based (POD)

#vapor_conc <- optim(par = 12, AED_cost, method = "Brent",lower = 0.1, upper = 1e4, control = list(reltol = 1e-3)) # AC50-based (AED)



#run the model and get the output

result = run_model(vapor_conc$par)

# convert the vapor conc. to a dose (mg/m^3 to mg/kg/day); params[["QALV"]] is in L/hr for rats.

final_dose <- vapor_conc$par*params[["QALV"]]*(1/1000)*params[["P3"]]/params[["BW"]]



print(final_dose) #mkd dose

print(vapor_conc$par) #mg/m3 dose

print(min(result$RBCCE)) #RBC AChE inhibition


# "PROGRAM adult_rat #####



# Envrionment ####

library(deSolve) # This solves the derivative. 

library(readxl)

library(ggplot2)

library(dplyr)

library(tidyr)

library(parallel)

if(!file.exists("Output")) dir.create("Output") #create output folder if it doesn't exist.

tot_cores<-detectCores(all.tests = FALSE, logical = TRUE)  # number of cores avaiable on current machine



#INITIAL ####

  #Abbreviations: 

  #PAR -- Parent  

  #OXON -- Oxon  

  #AChE--acetylcholinesterase

  #BuChE--butyrlcholinesterase

  #CaE--carboxylesterase



  #compartments included for liver, kidney, brain, fat, and lumped for slow and

  #rapidly perfused. exposure routes:  oral only 2-compartment model for oral

  #exposure includes stomach and intestine (no blood flow) bioactivation (PARENT ->

  #OXON) occurs in liver inhibition of B-esterases (AChE, BuChE, CaE) described

  #in liver, kidney, brain, plasma, RBCs.



  #detoxification of Parent occurs in liver, kidney, brain, and plasma (to

  #metabolites; these are modeled as a single compartment). detoxification of oxon

  #by B-esterases is stoichiometric; the oxon-enzyme complex serves as a "trap"

  #for the oxon. CaE assumed to undergo reactivation; AChE and BuChE assumed to

  #undergo reactivation/aging. catalytic detoxification of oxon in liver,

  #plasma, brain, kidney



# Initial parameter function####

# inputs basic and runspecifc parameters to calculate full set of initial parameters

initial_params_fun <-function(params){ within(as.list(params),{

  # SCALING FOR PLASMA FLOWS

  # Flows are plasma flows as opposed to whole blood flows.  Mass gets into RBCs

  # through transfer from plasma into RBC and vice versa

  QC = QCC*(BW**0.75)* (1-HCT)     #CARDIAC OUTPUT (L/H) adjusted for plasma

  QCf= QCC*(BW**0.75)              #Full cardiac output (L/H)

  QK = QKC*QC                      #KIDNEY (L/H)

  QF = QFC*QC                      #FAT (L/H)

  QH = QHC*QC                      #LIVER (L/H)

  QBR = QBRC*QC                    #BRAIN (L/H)

  QR = QRC*QC                      #RAPIDLY PERFUSED TISSUES (L/H)

  QS = QSC*QC                      #SLOWLY PERFUSED TISSUES (L/H)

  

  QBAL = QC-(QF+QH+QBR+QR+QS+QK)  #BALANCE CHECK

  

  #SCALING FOR TISSUE VOLUMES (L)

  VBL = VBLC*BW                    #BLOOD

  VPLAS = VBL*(1-HCT)              #PLASMA

  VRBC = VBL*HCT                   #RBCS

  VF = VFC*BW                      #FAT

  VH =  VHC*BW                     #LIVER

  VBR = VBRC*BW                    #BRAIN

  VK = VKC*BW                      #KIDNEY

  VR = VRC*BW                      #RAPIDLY PERFUSED TISSUES

  VS = VSC*BW                      #SLOWLY PERFUSED TISSUES

  

  #SCALING FOR VMAX FOR PARENT DETOXIFICATION (UMOL/HR/KG TISSUE TO UMOL/HR)

  VMAXparL = VMAXparLC*VH                      #LIVER PARENT DETOX

  VMAXparBR = VMAXparBRC*VBR                   #BRAIN PARENT DETOX

  VMAXparK = VMAXparKC*VK                      #KIDNEY PARENT DETOX

  VMAXparP = VMAXparPC*VPLAS                   #PLASMA PARENT DETOX

  CRparL = CRparLC*VH                          #LIVER PARENT DETOX

  CRparBR = CRparBRC*VBR                       #BRAIN PARENT DETOX

  CRparK = CRparKC*VK                          #KIDNEY PARENT DETOX

  CRparPL = CRparPLC*VPLAS                     #PLASMA PARENT DETOX

  

  #OXIDATION--PARENT to OXON

  VMAXparoxon = VMAXparoxonC*VH               #LIVER--CYPS

  

  #OXON DETOX

  VMAXoxonL = VMAXoxonLC*VH                   #LIVER OXON DETOX

  VMAXoxonBR = VMAXoxonBRC*VBR                #BRAIN OXON DETOX

  VMAXoxonK = VMAXoxonKC*VK                   #KIDNEY OXON DETOX

  VMAXoxonP = VMAXoxonPC*VPLAS                #PLASMA OXON DETOX

  CRoxonL = CRoxonLC*VH                       #LIVER OXON DETOX

  CRoxonBR = CRoxonBRC*VBR                    #BRAIN OXON DETOX

  CRoxonK = CRoxonKC*VK                       #KIDNEY OXON DETOX

  CRoxonPL = CRoxonPLC*VPLAS                  #PLASMA OXON DETOX

  

  #ENZYME ACTIVITY (UMOL/H) IN TISSUES

  #ACHE

  SBACH=BACHE*VBR             #BRAIN

  SHACH=HACHE*VH              #LIVER

  SBLACH=BLACHE*VBL*(1-HCT)   #PLASMA

  SRBACH=RBCHE*VRBC           #RBC

  SKACH=KACHE*VK              #KIDNEY

  

  #BUCHE

  SBBUC=BBUCE*VBR             #BRAIN

  SHBUC=HBUCE*VH              #LIVER

  SBLBUC=BLBUCE*VBL*(1-HCT)   #PLASMA

  SKBUC=KBUCE*VK              #KIDNEY

  

  #CAE

  SBRCE=BRCE*VBR              #BRAIN

  SHECE=HECE*VH               #LIVER

  SPLOCE=PLOCE*VBL*(1-HCT)    #PLASMA

  SKACE=KECE*VK               #KIDNEY

  

  #CALCULATION OF ESTERASE BINDING SITES (UMOL)

  #ACHE

  IBCE=SBACH/TRCE   #TOTAL BRAIN ACHE (UMOL)

  IHCE=SHACH/TRCE   #TOTAL LIVER ACHE (UMOL)

  IBLCE=SBLACH/TRCE #TOTAL PLASMA ACHE (UMOL)

  IRBCE=SRBACH/TRCE #TOTAL RBC ACHE (UMOL)

  IKCE=SKACH/TRCE   #TOTAL KIDNEY ACHE (UMOL)

  

  #BUCHE

  IBBE=SBBUC/TRBE   #TOTAL BRAIN BUCHE (UMOL)

  IHBE=SHBUC/TRBE   #TOTAL LIVER BUCHE (UMOL)

  IBLBE=SBLBUC/TRBE #TOTAL PLASMA BUCHE (UMOL)

  IKBE=SKBUC/TRBE   #TOTAL KIDNEY BUCHE (UMOL)

  

  #CAE

  IBCR=SBRCE/TRCR   #TOTAL BRAIN CAE (UMOL)

  IHCR=SHECE/TRCR   #TOTAL LIVER CAE (UMOL)

  IBLCR=SPLOCE/TRCR #TOTAL PLASMA CAE (UMOL)

  IKCR=SKACE/TRCR   #TOTAL KIDNEY CAE (UMOL)



  #CALCULATION OF ENZYME SYNTHESIS RATES IN TISSUES (UMOL/HR)

  #LIVER

  KSHCE=IHCE*KDHCE  #ACHE

  KSHBE=IHBE*KDHBE  #BUCHE

  KSHCR=IHCR*KDHCR  #CAE

  #BRAIN

  KSBCE=IBCE*KDBCE  #ACHE

  KSBBE=IBBE*KDBBE  #BUCHE

  KSBCR=IBCR*KDBCR  #CAE

  #KIDNEY

  KSKCE=IKCE*KDKCE  #ACHE

  KSKBE=IKBE*KDKBE  #BUCHE

  KSKCR=IKCR*KDKCR  #CAE

  #PLASMA

  KSBLCE=IBLCE*KDBLCE #ACHE

  KSBLBE=IBLBE*KDBLBE #BUCHE

  KSBLCR=IBLCR*KDBLCR #CAE

  #RBC

  KSRBCE=KDRBCE*IRBCE #ACHE

})}



#Report Point####



report_fn<-function(pmax=10000,tms=times){

  if(length(times)<=pmax) tms else 

  tms[seq(1,length(tms),by=round(length(tms)/pmax))]

}





# State ####

# state variables,set intially to zero

state<-c(ODOSE=0,ODOSEO=0,

         ASTOM=0, AINTM=0, ALM=0, ALM1=0, ALM2=0, AKM=0,  AFM=0, ASpar=0, 

         ABRM=0,  ARM=0, APL=0,  ASTOMO=0, AINTO=0, ALO=0, 

         AALOD=0, AHCE=0, ANHCE=0, HOCE=0, AHPCE=0, AHBE=0, ANHBE=0, HOBE=0, 

         AHPBE=0, AHCR=0, ANHCR=0, HOCR=0, AHPCR=0, AFO =0, ASO =0, ARO =0, 

         ABRO =0,  ABCE=0, ANBCE=0, BOCE=0, ABPCE=0, ABBE=0, ANBBE=0, 

         BOBE=0, ABPBE=0, ABCR=0, ANBCR=0, BOCR=0, ABPCR=0, AKO =0, 

         AKCE=0, ANKCE=0, KOCE=0, AKPCE=0, AKBE=0, ANKBE=0, KOBE=0, AKPBE=0,

         AKCR=0, ANKCR=0, KOCR=0, AKPCR=0, ABLCE=0, ANBLCE=0,

         BLOCE=0, ABLPCE=0, ABLBE=0, ANBLBE=0, BLOBE=0, ABLPBE=0, ABLCR=0,

         ANBLCR=0, BLOCR=0, ABLPCR=0, ARBCE=0, ANRBCE=0, RBCOCE=0, ARBPCE=0,

         APLO=0, APOD=0, APD=0, ARBCO=0, APB=0, APOB=0, ARBC=0,

         AKM2=0, AAKOD=0, AEXCO=0,

         CI=0, AINH=0,

         CIO=0,AINHO=0,

         ASURF=0,ADL=0,DDOSE=0,TDDOSE=0,

         ASURFO=0,ADLO=0,DDOSEO=0,TDDOSEO=0)



# Function to update intial states where needed. 

state_fun<-function(st=state,ini_p=initial_params){

  st[["AHCE"]]<-ini_p$IHCE

  st[["ANHCE"]]<-ini_p$IHCE

  st[["AHBE"]]<-ini_p$IHBE			

  st[["ANHBE"]]<-ini_p$IHBE

  st[["AHCR"]]<-ini_p$IHCR	

  st[["ANHCR"]]<-ini_p$IHCR

  st[["ABCE"]]<-ini_p$IBCE

  st[["ANBCE"]]<-ini_p$IBCE

  st[["ABBE"]]<-ini_p$IBBE

  st[["ANBBE"]]<-ini_p$IBBE

  st[["ABCR"]]<-ini_p$IBCR

  st[["ANBCR"]]<-ini_p$IBCR

  st[["AKCE"]]<-ini_p$IKCE

  st[["ANKCE"]]<-ini_p$IKCE

  st[["AKBE"]]<-ini_p$IKBE	

  st[["ANKBE"]]<-ini_p$IKBE

  st[["AKCR"]]<-ini_p$IKCR

  st[["ANKCR"]]<-ini_p$IKCR

  st[["ABLCE"]]<-ini_p$IBLCE 

  st[["ANBLCE"]]<-ini_p$IBLCE

  st[["ABLBE"]]<-ini_p$IBLBE

  st[["ANBLBE"]]<-ini_p$IBLBE

  st[["ABLCR"]]<-ini_p$IBLCR

  st[["ANBLCR"]]<-ini_p$IBLCR

  st[["ARBCE"]]<-ini_p$IRBCE

  st[["ANRBCE"]]<-ini_p$IRBCE

return(st)

}



# A function to mimic the "pulse train" determining dose on/off times for events  

pulse<-function(t,p,w){

  #t is the times, p= period, w= width

  rep_len(

    c(rep(1,which(near(w,t))),

      rep(0, if(any(near(p,t))) which(near(p,t))-which(near(w,t)) else 0  )),

    length.out = length(t)

  )

}



# DERIVATIVE FUNCTION ####

adult_rat_Model <- function(t,state,parameters){

  with(

    as.list(c(state,parameters)),{

    #DOSING

    #--------------------------------------------------------------.

    #PARENT COMPOUND####

    #---------------------------------------------------------------.

    #Parent ORAL DOSING####

    #STOMACH

    ## Oral Dose(s) added to ASTOM via events

    RSTOM = -KAS*ASTOM-KSI*ASTOM                      #RATE OF CHANGE PARENT IN STOMACH (UMOL/HR)

    DASTOM = RSTOM                                    #AMOUNT PARENT IN STOMACH (UMOL)

    DODOSE <- 0        #The dose itself does not change, used to track total dose



    #INTESTINE

    RINST = KSI*ASTOM- KAI*AINTM                     #RATE OF PARENT CHANGE IN INTESTINE (UMOL/HR)

    DAINTM=RINST                                     #AMOUNT PARENT IN INTESTINE (UMOL)                     

    

    #PLASMA & RBC

    CPL=APL/VPLAS                                   #CONC PARENT IN PLASMA (umol/L)

    CRBC=ARBC/VRBC                                  #CONC PARENT IN RBC (umol/L)

    

    #PLASMA (FROM OXON, due to ordering, see below) - Assume Rapid equilibration with RBCs via PTORBC

    CPLO=APLO/VPLAS                                #CONC OXON IN PLASMA (umol/L)



    #PLASMA CATALYTIC DETOX 

    if(USEKM_PARP) {

      if(USECOMINH_PARP) {

        RAPD = (VMAXparP*CPL*FuPAR*(FCXB*(ABLCR/ANBLCR)+(1-FCXB)))/(KMparP+CPL*FuPAR)      #RATE OF PARENT CATALYTIC DETOX IN PLASMA

        DAPD = RAPD                                        #AMT OF PARENT CATALYTIC DETOX IN PLASMA

      } else {  

        RAPD = (VMAXparP*CPL*FuPAR)/(KMparP+CPL*FuPAR)             #RATE OF PARENT CATALYTIC DETOX IN PLASMA

        DAPD = RAPD                                      #AMT OF PARENT CATALYTIC DETOX IN PLASMA

      }

    } else {

      if(USECOMINH_PARP) {

        RAPD = CRparPL*(FCXB*(ABLCR/ANBLCR)+(1-FCXB))*CPL*FuPAR           #RATE OF PARENT CATALYTIC DETOX IN PLASMA

        DAPD = RAPD 					                            #AMT OF PARENT CATALYTIC DETOX IN PLASMA

      } else {  

        RAPD = CRparPL*CPL*FuPAR    	    		            #RATE OF PARENT CATALYTIC DETOX IN PLASMA

        DAPD = RAPD 					                            #AMT OF PARENT CATALYTIC DETOX IN PLASMA

      }

    }

    

    #LIVER

    CLM = ALM/VH                                    #CONC PARENT IN LIVER (UMOL/L)

    CVLM = CLM/PparL                                #CONC PARENT IN VENOUS BLOOD LEAVING LIVER (UMOL/L)

    

    #LIVER METABOLISM OF PAR BY CYPS--OXIDATION

    RALM1 = (VMAXparoxon*CVLM*FuPAR)/(KMparoxon+CVLM*FuPAR)     #RATE OF OXON FORMATION (UMOL/HR)

    DALM1 = RALM1                                   #AMT OXON FORMED (UMOL)

    

    #LIVER FROM OXON (partial due to ordering, see below)

    CLO = ALO/VH                                    #CONC OXON IN LIVER (UMOL/L)

    CVLO = CLO/PoxonL                               #CONC OXON IN VENOUS BLOOD LEAVING LIVER (UMOL/L)

    

    #LIVER DETOXICATION OF PARENT

    if(USEKM_PARL) {

      if(USECOMINH_PARL) {

        RALM2 = (VMAXparL*CVLM*FuPAR*(FCXB*(AHCR/ANHCR)+(1-FCXB)))/(KMparL+CVLM*FuPAR)           #RATE OF PARENT LIVER METABOLISM (umol/hr)

        DALM2 = RALM2                                   #AMT OF METABOLITE FORMED (mol)

      } else {        

        RALM2 = (VMAXparL*CVLM*FuPAR)/(KMparL+CVLM*FuPAR)           #RATE OF PARENT LIVER METABOLISM (umol/hr)

        DALM2 = RALM2                                   #AMT OF METABOLITE FORMED (mol)

      }

    } else {

      if(USECOMINH_PARL) {

        RALM2 = CRparL*CVLM*FuPAR*(FCXB*(AHCR/ANHCR)+(1-FCXB))     #RATE OF PARENT LIVER METABOLISM (umol/hr)

        DALM2 = RALM2

      } else {

        RALM2 = CRparL*CVLM*FuPAR                       #RATE OF PARENT LIVER METABOLISM (umol/hr)

        DALM2 = RALM2                                    #AMT OF METABOLITE FORMED (mol)

      }

    }

      

    #RATE OF CHANGE IN LIVER

    RALM=QH*CPL-QH*CVLM+KAI*AINTM+KAS*ASTOM-RALM1-RALM2     #RATE OF PARENT CHANGE IN LIVER (UMOL/HR)

    DALM = RALM                                             #AMOUNT PARENT IN LIVER (UMOL)

    

    #KIDNEY

    CKM = AKM/VK                                    #CONC PARENT IN KIDNEY (UMOL/L)

    CVKM = CKM/PparK                                #CONC PARENT IN VENOUS BLOOD LEAVING KIDNEY (UMOL/L)

    

    #KIDNEY (FROM OXON, due to ordering, see below)

    CKO = AKO/VK                                   #CONC OXON IN KIDNEY (UMOL/L)

    CVKO = CKO/PoxonK                               #CONC OXON IN VENOUS BLOOD LEAVING KIDNEY (UMOL/L)

    

    #KIDNEY- CATALYTIC METABOLISM OF PARENT

    if(USEKM_PARK) {

      if(USECOMINH_PARK) {

        RAKM2 = VMAXparK*CVKM*FuPAR*(FCXB*(AKCR/ANKCR)+(1-FCXB))/(KMparK+CVKM*FuPAR)               #RATE OF METABOLITES FORMED IN KIDNEY (UMOL/HR)

        DAKM2 = RAKM2  

      } else {  

        RAKM2 = VMAXparK*CVKM*FuPAR/(KMparK+CVKM*FuPAR)               #RATE OF METABOLITES FORMED IN KIDNEY (UMOL/HR)

        DAKM2 = RAKM2                                     #AMOUNT OF METABOLITES FORMED IN KIDNEY (UMOL)

      }

    } else {

      if(USECOMINH_PARK) {

        RAKM2 = CRparK*CVKM*FuPAR*(FCXB*(AKCR/ANKCR)+(1-FCXB))       #RATE OF METABOLITES FORMED IN KIDNEY (UMOL/HR)

        DAKM2 = RAKM2                                     #AMOUNT OF METABOLITES FORMED IN KIDNEY (UMOL)

      } else {   

        RAKM2 = CRparK*CVKM*FuPAR                                #RATE OF METABOLITES FORMED IN KIDNEY (UMOL/HR)

        DAKM2 = RAKM2                                       #AMOUNT OF METABOLITES FORMED IN KIDNEY (UMOL)

      }  

    }

    

    #KIDNEY RATE OF CHANGE

    RAKM = QK*CPL-QK*CVKM -RAKM2                   #RATE OF PARENT CHANGE IN KIDNEY (UMOL/HR)

    DAKM = RAKM                                    #AMT IN PARENT KIDNEY (UMOL)

   

    #FAT

    CFM = AFM/VF                                   #CONC PARENT IN FAT (UMOL/L)

    CVFM = CFM/PparF                               #CONC PARENT IN VENOUS BLOOD LEAVING FAT (UMOL/L)

    RAFM = QF*CPL-QF*CVFM                          #RATE OF PARENT CHANGE IN FAT (UMOL/HR)

    DAFM = RAFM                                    #AMT PARENT IN FAT (UMOL)



    #SLOWLY PERFUSED

    CSM = ASpar/VS                                 #CONC PARENT IN SLOWLY PERFUSED (UMOL/L)

    CVSM = CSM/PparS                               #CONC PARENT IN VENOUS BLOOD LEAVING SLOWLY PERFUSED (UMOL/L)

    RASM = QS*CPL-QS*CVSM                          #RATE OF PARENT CHANGE IN SLOWLY PERFUSED (UMOL/HR)

    DASpar = RASM                                  #AMT PARENT IN SLOWLY PERFUSED (UMOL)



    #BRAIN

    CBRM = ABRM/VBR                                #CONC OXON IN BRAIN (UMOL/L)

    CVBRM = CBRM/PparBR                            #CONC OXON IN VENOUS BLOOD LEAVING BRAIN (UMOL/L)

    

    #BRAIN (FROM OXON, due to ordering, see below)

    CBRO = ABRO/VBR                                #CONC OXON IN BRAIN (UMOL/L)

    CVBRO = CBRO/PoxonBR                           #CONC OXON IN VENOUS BLOOD LEAVING BRAIN (UMOL/L)



    #BRAIN - PARENT CATALYTIC METABOLISM

    if(USEKM_PARB) {

      if(USECOMINH_PARB) {

        RAPB = (VMAXparBR*CVBRM*FuPAR*(FCXB*(ABCR/ANBCR)+(1-FCXB)))/(KMparBR+CVBRM*FuPAR)  	   #RATE OF CHANGE PARENT CATALYTIC DETOX IN BRAIN

        DAPB=RAPB 					                           #AMT OF PARENT CATALYTIC DETOX IN BRAIN

      } else {  

        RAPB = (VMAXparBR*CVBRM*FuPAR)/(KMparBR+CVBRM*FuPAR)  	   #RATE OF CHANGE PARENT CATALYTIC DETOX IN BRAIN

        DAPB=RAPB 					                           #AMT OF PARENT CATALYTIC DETOX IN BRAIN

      }

    } else {

      if(USECOMINH_PARB) {

        RAPB = CRparBR*CVBRM*FuPAR*(FCXB*(ABCR/ANBCR)+(1-FCXB))   #RATE OF CHANGE PARENT CATALYTIC DETOX IN BRAIN

        DAPB = RAPB                                   #AMT OF PARENT CATALYTIC DETOX IN BRAIN

      } else {  

        RAPB = CRparBR*CVBRM*FuPAR                          #RATE OF CHANGE PARENT CATALYTIC DETOX IN BRAIN

        DAPB = RAPB                                   #AMT OF PARENT CATALYTIC DETOX IN BRAIN

      }

    }

    

    RABRM = QBR*CPL-QBR*CVBRM-RAPB                 #RATE OF PARENT CHANGE IN BRAIN (UMOL/HR)

    DABRM = RABRM                                  #AMT PARENT IN BRAIN (UMOL)



    #RAPIDLY PERFUSED TISSUES

    CRM = ARM/VR                                   #CONC PARENT  IN RAPIDLY PERFUSED (UMOL/L)

    CVRM = CRM/PparR                               #CONC PARENT IN VENOUS BLOOD LEAVING RAPIDLY PERFUSED (UMOL/L)

    RARM = QR*CPL-QR*CVRM                          #RATE OF PARENT CHANGE IN RAPIDLY PERFUSED (UMOL/HR)

    DARM = RARM                                    #AMT PARENT IN RAPIDLY PERFUSED (UMOL)



    #VENOUS PLASMA

    CV=(QH*CVLM+QF*CVFM+QK*CVKM+QS*CVSM+QBR*CVBRM+QR*CVRM)/QC   #CONC PARENT FREE IN VENOUS PLASMA (UMOL/L)

  

    ## DERMAL EXPOSURE####    

    RASURF=-DERMPERCNT*ASURF*DZONE                          #RATE OF PARENT CHANGE AT SKIN SURFACE (UMOL/HR)

    DASURF=RASURF                                           #AMT PARENT AT SKIN SURFACE (UMOL)

    DDDOSE<-RASURF                                          #Cumulative amount at surface

    DTDDOSE<-0                                              #Tracks cumulative total dermal dose

    RADL=DERMPERCNT*ASURF*DZONE                             #RATE OF PARENT UPTAKE INTO SKIN TISSUE FROM SKIN SURFACE (UMOL/HR)

    DADL=RADL                                               #AMT PARENT UPTAKE (UMOL)

    

    #INHALATION EXPOSURES

    RINH <- IZONE*QALV*ABS_INH*CI                     #RATE OF INHALATION UMOLE/HR

    DINH <- RINH                              #RATE OF INHALATION, UMOLE/HR

    DCI <- 0                                  #CI is constant

    

    # Tisues####

    #PLASMA

    RAPL=QC*(CV-CPL)-PTORBC*(CPL-CRBC/PparRBC)-RAPD+RADL+RINH

    DAPL=RAPL                           		      #AMT PARENT IN PLASMA (UMOL)

    

    #RBC

    RRBC=PTORBC*(CPL-CRBC/PparRBC)			   #RATE OF PARENT CHANGE IN RBC (umol/hr)

    DRBC=RRBC                                      #AMT PARENT IN RBC (umol/hr)

    

    #WHOLE BLOOD 

    ABL = APL+ARBC                                 #AMT PARENT IN MIXED BLOOD(umol)

    CBL=ABL/VBL                                    #CONC PARENT IN MIXED BLOOD (UMOL/L)



    #-------------------------------------------------------------------------------.

    #OXON###

    ##SOME OXON EQUATIONS ARE ABOVE FOR ORDERING

    #-------------------------------------------------------------------------------.

    # OXON ORAL DOSING####

    #STOMACH

    ## Dose(s) added to ASTOMO via events

    RASTOMO = -KSIO*ASTOMO-KASO*ASTOMO             #RATE OF CHANGE OXON IN STOMACH (UMOL/HR)

    DASTOMO = RASTOMO

    DODOSEO <- 0

    

    #INTESTINE

    RAINTO = -KAIO*AINTO+KSIO*ASTOMO                 #RATE OF CHANGE OXON IN INTESTINE (UMOL/HR)

    DAINTO = RAINTO                                  #AMT OXON IN INTESTINE (UMOL)

    

    #LIVER

    RHPCE=AHCE*KIHCE*CLO*FuOXON	                     #RATE OF NON-CATALYTIC OXON CONSUMPTION BY LIVER ACHE(UMOL/HR)

    DAHPCE=RHPCE                                     #AMT OF NON-CATALYTIC OXON CONSUMED BY LIVER ACHE (UMOL)

    

    RHPBE=AHBE*KIHBE*CLO*FuOXON			                 #RATE OF NON-CATALYTIC OXON CONSUMPTION BY LIVER BCHE (UMOL/HR)

    DAHPBE=RHPBE                                     #AMT OF NON-CATALYTIC OXON CONSUMED BY LIVER BCHE (UMOL)

    

    RHPCR=AHCR*KIHCR*CLO*FuOXON			                 #RATE OF NON-CATALYTIC OXON CONSUMPTION BY LIVER CAE (UMOL/HR)

    DAHPCR=RHPCR                                     #AMT OF NON-CATALYTIC OXON CONSUMED BY LIVER CAE (UMOL)



    #OXON DETOXICATION IN LIVER

    

    if (USEKM_OXONL) {

      RALOD = (VMAXoxonL*CVLO*FuOXON)/(KMoxonL+CVLO*FuOXON)            #RATE OXON CATALYTIC DETOX IN LIVER

      DAALOD = RALOD                                     #AMT OF OXON CATALYTIC DETOX IN LIVER

    } else {

      RALOD = CRoxonL*CVLO*FuOXON                               #RATE OXON CATALYTIC DETOX IN LIVER

      DAALOD = RALOD                                     #AMT OF OXON CATALYTIC DETOX IN LIVER

    }					    

    

    RALO = QH*(CPLO-CVLO)+RALM1-(RHPCE+RHPBE+RHPCR)+KAIO*AINTO+KASO*ASTOMO-RALOD  #RATE OF OXON CHANGE IN LIVER (UMOL/HR)

    DALO = RALO                                      #AMT OXON IN LIVER (UMOL)

    

    #ACHE ACTIVITY--LIVER

    RHCE=KSHCE-AHCE*(KDHCE+KIHCE*CLO*FuOXON)+HOCE*KRHCE	    #RATE OF ACHE ACTIVITY (UMOL/HR)

    DAHCE=RHCE                                            #LIVER ACHE ACTIVITY (UMOL)

    RNHCE=KSHCE-ANHCE*KDHCE				          #RATE OF BASELINE ACHE ACTIVITY (UMOL/HR)

    DANHCE=RNHCE            			                #AMT OF BASELINE ACHE (UMOL)

    RHOCE=AHCE*KIHCE*CLO*FuOXON-HOCE*(KAHCE+KRHCE)		    #RATE OF ACHE INHIBITION (UMOL/HR)

    DHOCE=RHOCE               	                      #AMT OF LIVER ACHE INHIBITED (UMOL)



    #BUCHE ACTIVITY--LIVER

    RHBE=KSHBE-AHBE*(KDHBE+KIHBE*CLO*FuOXON)+HOBE*KRHBE	    #RATE OF BUCHE ACTIVITY (UMOL/HR)

    DAHBE=RHBE            			                #LIVER BUCHE ACTIVITY (UMOL)

    RNHBE=KSHBE-ANHBE*KDHBE				          #RATE OF BASELINE BUCHE ACT (UMOL/HR)

    DANHBE=RNHBE          				          #AMT OF BASELINE BUCHE (UMOL)

    RHOBE=AHBE*KIHBE*CLO*FuOXON-HOBE*(KAHBE+KRHBE)		    #RATE OF BUCHE INHIBITION (UMOL/HR)

    DHOBE=RHOBE           			                #AMT OF LIVER BUCHE INHIBITED (UMOL)



    #CAE ACTIVITY--LIVER

    RHCR=KSHCR-AHCR*(KDHCR+KIHCR*CLO*FuOXON)+HOCR*KRHCR	    #RATE OF CAE ACTIVITY (UMOL/HR)

    DAHCR=RHCR                                            #LIVER CAE ACTIVITY (UMOL)

    RNHCR=KSHCR-ANHCR*KDHCR				          #RATE OF BASELINE CAE ACT (UMOL/HR)

    DANHCR=RNHCR            			                #AMT OF BASELINE CAE (UMOL)

    RHOCR=AHCR*KIHCR*CLO*FuOXON-HOCR*(KAHCR+KRHCR)		    #RATE OF CAE INHIBITION (UMOL/HR)

    DHOCR=RHOCR           			                #AMT OF LIVER CAE INHIBITED (UMOL)



    #TOTAL AMOUNT DETOXIFIED--NON-CATALYTIC IN LIVER

    AHTOTNC=AHPCE+AHPBE+AHPCR                          #UMOL OXON DETOXIFIED IN LIVER

    

    #LIVER B-ESTERASE (ACHE, BUCHE, AND CAE) ACTIVITY

    HBE=AHCE+AHBE+AHCR			                       #TOTAL B-ESTERASE=ACHE+BUCHE+CAE (UMOL)

    IHE=100*(HBE/(ANHCE+ANHBE+ANHCR))	                 #% TOTAL B-ESTERASE ACTIVITY

    HCE=100*(AHCE/ANHCE)			                 #% ACHE ACTIVITY

    HBES=100*(AHBE/ANHBE)			                 #% BUCHE ACTIVITY

    HCR=100*(AHCR/ANHCR)			                 #% CAE ACTIVITY

    

    #FAT

    CFO = AFO/VF                                       #CONC OXON IN FAT (UMOL/L)

    CVFO = CFO/PoxonF                                  #CONC OXON IN VENOUS BLOOD LEAVING FAT (UMOL/L)

    RAFO = QF*CPLO-QF*CVFO                             #RATE OF OXON CHANGE IN FAT (UMOL/HR)

    DAFO = RAFO                                        #AMT OXON IN FAT (UMOL)

    

    #SLOWLY PERFUSED

    CSO = ASO/VS                                       #CONC OXON IN SLOWLY PERFUSED (UMOL/L)

    CVSO = CSO/PoxonS                                  #CONC OXON IN VENOUS BLOOD LEAVING SLOWLY PERFUSED (UMOL/L)

    RASO = QS*CPLO-QS*CVSO                             #RATE OF OXON CHANGE IN SLOWLY PERFUSED (UMOL/HR)

    DASO = RASO                                        #AMT OXON IN SLOWLY PERFUSED (UMOL)



    #RAPIDLY PERFUSED TISSUES

    CRO = ARO/VR                                      #CONC OXON IN RAPIDLY PERFUSED (UMOL/L)

    CVRO = CRO/PoxonR                                 #CONC OXON IN VENOUS BLOOD LEAVING RAPIDLY PERFUSED (UMOL/L)

    RARO = QR*CPLO-QR*CVRO                            #RATE OF OXON CHANGE IN RAPIDLY PERFUSED (UMOL/HR)

    DARO = RARO                                       #AMT OXON IN RAPIDLY PERFUSED (UMOL)

    

    #BRAIN

    CBRO = ABRO/VBR                                   #CONC OXON IN BRAIN (UMOL/L)

    CVBRO = CBRO/PoxonBR                              #CONC OXON IN VENOUS BLOOD LEAVING BRAIN (UMOL/L)

  

    RBPCE=ABCE*KIBCE*CBRO*FuOXON                      #RATE OF NON-CATALYTIC OXON CONSUMPTION BY ACHE IN BRAIN (UMOL/HR)

    DABPCE=RBPCE                                      #AMT OF NON-CATALYTIC OXON CONSUMED BY ACHE IN BRAIN (UMOL)

    

    RBPBE=ABBE*KIBBE*CBRO*FuOXON 	                    #RATE OF NON-CATALYTIC  OXON CONSUMPTION BY BCHE IN BRAIN(UMOL/HR)

    DABPBE=RBPBE                                      #AMT OF NON-CATALYTIC OXON CONSUMED BY BCHE IN BRAIN (UMOL)

    

    RBPCR=ABCR*KIBCR*CBRO*FuOXON                      #RATE OF NON-CATALYTIC OXON CONSUMPTION BY CAE (UMOL/HR)

    DABPCR=RBPCR                                      #AMT OF NON-CATALYTIC OXON CONSUMED BY CAE (UMOL)



    #BRAIN - CATALYTIC DETOX OF OXON

    if (USEKM_OXONB) {

      RAPOB = (VMAXoxonBR*CVBRO*FuOXON)/(KMoxonBR+CVBRO*FuOXON)  	    #RATE OF CHANGE OXON CATALYTIC DETOX IN BRAIN

      DAPOB=RAPOB 					                            #AMT OF OXON CATALYTIC DETOX IN BRAIN

    } else {

      RAPOB = CRoxonBR*CVBRO*FuOXON                      	    #RATE OF CHANGE OXON CATALYTIC DETOX IN BRAIN

      DAPOB=RAPOB 					                            #AMT OF OXON CATALYTIC DETOX IN BRAIN

    }

      

    RABRO = QBR*(CPLO-CVBRO)-(RBPCE+RBPBE+RBPCR)-RAPOB    #RATE OF OXON CHANGE IN BRAIN (UMOL/HR)

    DABRO = RABRO                                         #AMT OXON IN BRAIN (UMOL)

    

    #ACHE ACTIVITY--BRAIN

    RBCE=KSBCE-ABCE*(KDBCE+KIBCE*CBRO*FuOXON)+BOCE*KRBCE	#RATE OF ACHE ACTIVITY (UMOL/HR)

    DABCE=RBCE            			                  #BRAIN ACHE ACTIVITY (UMOL)

    RNBCE=KSBCE-ANBCE*KDBCE				                #RATE OF BASELINE ACHE ACT (UMOL/HR)

    DANBCE=RNBCE          				                #AMT OF BASELINE ACHE (UMOL)

    RBOCE=ABCE*KIBCE*CBRO*FuOXON-BOCE*(KABCE+KRBCE)	    #RATE OF ACHE INHIBITION (UMOL/HR)

    DBOCE=RBOCE	        			                    #AMOUNT OF BRAIN ACHE INHIBITED (UMOL)



    #BUCHE ACTIVITY--BRAIN

    RBBE=KSBBE-ABBE*(KDBBE+KIBBE*CBRO*FuOXON)+BOBE*KRBBE	#RATE OF BUCHE ACTIVITY (UMOL/HR)

    DABBE=RBBE 			                              #BRAIN BUCHE ACTIVITY (UMOL)

    RNBBE=KSBBE-ANBBE*KDBBE				                #RATE OF BASELINE BUCHE ACT (UMOL/HR)

    DANBBE=RNBBE        		                      #AMT OF BASELINE BUCHE (UMOL)

    RBOBE=ABBE*KIBBE*CBRO*FuOXON-BOBE*(KABBE+KRBBE)	    #RATE OF BUCHE INHIBITION (UMOL/HR)

    DBOBE=RBOBE           		                    #AMOUNT OF BRAIN BUCHE INHIBITED (UMOL)



    #CAE ACTIVITY--BRAIN

    RBCR=KSBCR-ABCR*(KDBCR+KIBCR*CBRO*FuOXON)+BOCR*KRBCR	#RATE OF CAE ACTIVITY (UMOL/HR)

    DABCR=RBCR                                    #BRAIN CAE ACTIVITY (UMOL)

    RNBCR=KSBCR-ANBCR*KDBCR				                #RATE OF BASELINE CAE ACT (UMOL/HR)

    DANBCR=RNBCR            		                  #AMT OF BASELINE CAE (UMOL)

    RBOCR=ABCR*KIBCR*CBRO*FuOXON-BOCR*(KABCR+KRBCR)	   	#RATE OF CAE INHIBITION (UMOL/HR)

    DBOCR=RBOCR        			                      #AMOUNT OF BRAIN CAE INHIBITED (UMOL)



    #BRAIN B-ESTERASE (ACHE, BUCHE, AND CAE) ACTIVITY

    BBE=ABCE+ABBE+ABCR			                  #TOTAL B-ESTERASE=ACHE+BUCHE+CAE (UMOL)

    IBE=100*(BBE/(ANBCE+ANBBE+ANBCR))	            #TOTAL B-ESTERASE ACTIVITY

    BCE=100*(ABCE/ANBCE)			            #% ACHE ACTIVITY

    BBES=100*(ABBE/ANBBE)			            #% BUCHE ACTIVITY

    BCR=100*(ABCR/ANBCR)			            #% CAE ACTIVITY

    

    #KIDNEY

    RKPCE=AKCE*KIKCE*CKO*FuOXON				      #RATE OF NON-CATALYTIC OXON CONSUMPTION VIA ACHE (UMOL/HR)

    DAKPCE=RKPCE                                      #AMT OF NON-CATALYTIC OXON CONSUMED VIA ACHE(UMOL)

    

    RKPBE=AKBE*KIKBE*CKO*FuOXON 				      #RATE OF NON-CATALYTIC OXON CONSUMPTION VIA BCEE (UMOL/HR)

    DAKPBE=RKPBE                                      #AMT OF NON-CATALYTIC  OXON CONSUMED VIA BCHE(UMOL)

    

    RKPCR=AKCR*KIKCR*CKO*FuOXON				      #RATE OF NON-CATALYTIC OXON CONSUMPTION VIA CAE (UMOL/HR)

    DAKPCR=RKPCR                                      #AMT OF NON-CATALYTIC OXON CONSUMED VIA CAE (UMOL)

    

    #CATALYTIC OXON DETOX IN THE KIDNEY

    if (USEKM_OXONK) {

      RAKOD = (VMAXoxonK*CVKO*FuOXON)/(KMoxonK+CVKO*FuOXON)	         #RATE OF OXON CATALYTIC DETOX IN KIDNEY (UMOL/HR)

      DAAKOD = RAKOD 						                       #AMT OF OXON CATALYTIC DETOX IN KIDNEY (UMOL)

    } else {

      RAKOD = CRoxonK*CVKO*FuOXON                  	         #RATE OF OXON CATALYTIC DETOX IN KIDNEY (UMOL/HR)

      DAAKOD = RAKOD 						                       #AMT OF OXON CATALYTIC DETOX IN KIDNEY (UMOL)

    }  

    

    #EXCRETION FROM THE KIDNEY

    REXCO = KEO*AKO

    DEXCO = REXCO

    

    #RATE OF CHANGE IN KIDNEY

    RAKO = QK*CPLO-QK*CVKO-(RKPCE+RKPBE+RKPCR)-RAKOD-REXCO #RATE OF OXON CHANGE IN KIDNEY (UMOL/HR)

    DAKO = RAKO                                       #AMT OXON IN KIDNEY (UMOL)



    # ACHE ACTIVITY--KIDNEY

    RKCE=KSKCE-AKCE*(KDKCE+KIKCE*CKO*FuOXON)+KOCE*KRKCE	#RATE OF ACHE ACTIVITY (UMOL/HR)

    DAKCE=RKCE   				                  #KIDNEY ACHE ACTIVITY (UMOL)

    RNKCE=KSKCE-ANKCE*KDKCE				      #RATE OF BASELINE ACHE ACT (UMOL/HR)

    DANKCE=RNKCE                                      #AMT OF BASELINE ACHE (UMOL)

    RKOCE=AKCE*KIKCE*CKO*FuOXON-KOCE*(KAKCE+KRKCE)		#RATE OF ACHE INHIBITION (UMOL/HR)

    DKOCE=RKOCE  				                  #AMOUNT OF KIDNEY ACHE INHIBITED (UMOL)



    # BUCHE ACTIVITY--KIDNEY

    RKBE=KSKBE-AKBE*(KDKBE+KIKBE*CKO*FuOXON)+KOBE*KRKBE	#RATE OF BUCHE ACTIVITY (UMOL/HR)

    DAKBE=RKBE                            		#KIDNEY BUCHE ACTIVITY (UMOL)

    RNKBE=KSKBE-ANKBE*KDKBE 			            #RATE OF BASELINE BUCHE ACT (UMOL/HR)

    DANKBE=RNKBE  				            #AMT OF BASELINE BUCHE (UMOL)

    RKOBE=AKBE*KIKBE*CKO*FuOXON-KOBE*(KAKBE+KRKBE)	      #RATE OF BUCHE INHIBITION (UMOL/HR)

    DKOBE=RKOBE 				                  #AMOUNT OF KIDNEY BUCHE INHIBITED (UMOL)



    # CAE ACTIVITY--KIDNEY

    RKCR=KSKCR-AKCR*(KDKCR+KIKCR*CKO*FuOXON)+KOCR*KRKCR	#RATE OF CAE ACTIVITY (UMOL/HR)

    DAKCR=RKCR                                        #KIDNEY CAE ACTIVITY (UMOL)

    RNKCR=KSKCR-ANKCR*KDKCR	                        #RATE OF BASELINE CAE ACT (UMOL/HR)

    DANKCR=RNKCR  				                        #AMT OF BASELINE CAE (UMOL)

    RKOCR=AKCR*KIKCR*CKO*FuOXON-KOCR*(KAKCR+KRKCR)           #RATE OF CAE INHIBITION (UMOL/HR)

    DKOCR=RKOCR 		 	                        #AMOUNT OF KIDNEY CAE INHIBITED (UMOL)

    

    #KIDNEY B-ESTERASE (ACHE, BUCHE, AND CAE) ACTIVITY

    KBE=AKCE+AKBE+AKCR			                  #TOTAL B-ESTERASE=ACHE+BUCHE+CAE (UMOL)

    IKE=100*(KBE/(ANKCE+ANKBE+ANKCR))	            #% TOTAL B-ESTERASE ACTIVITY

    KCE=100*(AKCE/ANKCE)			            #% ACHE ACTIVITY

    KBES=100*(AKBE/ANKBE)			            #% BUCHE ACTIVITY

    KCR=100*(AKCR/ANKCR)		                  #% CAE ACTIVITY

    

    #PLASMA

    CVO=(QH*CVLO+QF*CVFO+QS*CVSO+QR*CVRO+QBR*CVBRO+QK*CVKO)/QC   #CONC OXON IN VENOUS PLASMA (UMOL/L)

    

    #RBC

    CRBCO = ARBCO/VRBC                              #CONC OXON IN RBC (UMOL/L)



    RBLPBE=ABLBE*KIBLBE*CPLO*FuOXON  			                #RATE OF NON-CATALYTIC OXON CONSUMPTION VIA BCHE PLASMA (UMOL/HR)

    DABLPBE=RBLPBE                                  #AMT OF NON-CATALYTIC OXON CONSUMED VIA BCHE PLASMA (UMOL)

    

    RBLPCR=ABLCR*KIBLCR*CPLO*FuOXON                        #RATE OF NON-CATALYTIC OXON CONSUMPTION VIA PLASMA CAE (UMOL/HR)

    DABLPCR=RBLPCR                                  #AMT OF NON-CATALYTIC OXON CONSUMED VIA PLASMA CAE (UMOL)

    

    RBLPCE=ABLCE*KIBLCE*CPLO*FuOXON                        #RATE OF NON-CATALYTIC OXON CONSUMPTION VIA ACHE PLASMA (UMOL/HR)

    DABLPCE=RBLPCE                                  #AMT OF NON-CATALYTIC OXON CONSUMED VIA ACHE PLASMA (UMOL)

    

    RRBPCE=ARBCE*KIRBCE*CRBCO*FuOXON                       #RATE OF NON-CATALYTIC OXON CONSUMPTION VIA ACHE RBCs (UMOL/HR)

    DARBPCE=RRBPCE                                  #AMT OF NON-CATALYTIC OXON CONSUMED VIA ACHE RBCs(UMOL)

   

    #OXON DETOXICATION IN PLASMA

    if(USEKM_OXONP) {

      RAPOD=(VMAXoxonP*CPLO*FuOXON)/(KMoxonP+CPLO*FuOXON) #RATE OF CHANGE CATALYTIC OXON DETOX IN PLASMA

      DAPOD=RAPOD                           #AMT OF OXON CATALYTIC DETOX IN PLASMA

    } else {

      RAPOD = CRoxonPL*CPLO*FuOXON  	    		       #RATE OF CHANGE CATALYTIC OXON DETOX IN PLASMA

      DAPOD=RAPOD 					                 #AMT OF OXON CATALYTIC DETOX IN PLASMA

    }

    

    ## INHALATION EXPOSURE ##

    ## Inhalation exposure to oxon (11 May 2022; DRH)

    RINHO <- IZONE*QALV*ABS_INH*CIO   # rate of oxon inhalation (umol/h) 

    DINHO <- RINHO                    # rate of oxon inhalation (umol/h)

    DCIO  <- 0                        # inhaled concentration is constant 

    

    ## DERMAL OXON EXPOSURE####

    ## Dermal exposure to oxon (11 May 2022; DRH)

    RASURFO=-DERMPERCNT*ASURFO*DZONE                          #RATE OF PARENT CHANGE AT SKIN SURFACE (UMOL/HR)

    DASURFO=RASURFO                                           #AMT PARENT AT SKIN SURFACE (UMOL)

    DDDOSEO<-RASURFO                                          #Cumulative amount at surface

    DTDDOSEO<-0                                              #Tracks cumulative total dermal dose

    RADLO=DERMPERCNT*ASURFO*DZONE                             #RATE OF PARENT UPTAKE INTO SKIN TISSUE FROM SKIN SURFACE (UMOL/HR)

    DADLO=RADLO                                               #AMT PARENT UPTAKE (UMOL)

    

    #PLASMA - assume rapid equilibration with RBC via PTORBC

    #RATE OF CHANGE IN PLASMA

    RAPLO=QC*(CVO-CPLO)-PTORBC*(CPLO-CRBCO/PoxonRBC)-(RBLPBE+RBLPCR+RBLPCE)-RAPOD+RADLO+RINHO	  #RATE OF OXON CHANGE IN PLASMA (umol/hr)

    DAPLO=RAPLO                                     		                    #AMT OXON IN PLASMA (umol)



    #RBCs

    RRBCO=PTORBC*(CPLO-CRBCO/PoxonRBC)-RRBPCE			 #RATE OF OXON CHANGE IN RBC (umol/hr)

    DRBCO=RRBCO                                              #AMT OXON IN RBC (umol/hr)



    #WHOLE BLOOD

    ABLO=ARBCO+APLO							 #MASS OXON IN WHOLE BLOOD (UMOL)

    CBLO=ABLO/VBL								 #CONC OXON IN WHOLE BLOOD (UMOL/L)



    # ACHE ACTIVITY--PLASMA

    RBLCE=KSBLCE-ABLCE*(KDBLCE+KIBLCE*CPLO*FuOXON)+BLOCE*KRBLCE	#RATE OF ACHE ACTIVITY (UMOL/HR)

    DABLCE=RBLCE                  				                #PLASMA ACHE ACTIVITY (UMOL)

    RNBLCE=KSBLCE-ANBLCE*KDBLCE				                    #RATE OF BASELINE ACHE ACT (UMOL/HR)

    DANBLCE=RNBLCE              			                    #AMT OF BASELINE ACHE (UMOL)

    RBLOCE=ABLCE*KIBLCE*CPLO*FuOXON-BLOCE*(KABLCE+KRBLCE)	    	#RATE OF ACHE INHIBITION (UMOL/HR)

    DBLOCE=RBLOCE           					                    #AMOUNT OF PLASMA ACHE INHIBITED (UMOL)



    # BUCHE ACTIVITY--PLASMA

    RBLBE=KSBLBE-ABLBE*(KDBLBE+KIBLBE*CPLO*FuOXON)+BLOBE*KRBLBE	#RATE OF BUCHE ACTIVITY (UMOL/HR)

    DABLBE=RBLBE            				                      #PLASMA BUCHE ACTIVITY (UMOL)

    RNBLBE=KSBLBE-ANBLBE*KDBLBE				                    #RATE OF BASELINE BUCHE ACT (UMOL/HR)

    DANBLBE=RNBLBE            				                    #AMT OF BASELINE BUCHE (UMOL)

    RBLOBE=ABLBE*KIBLBE*CPLO*FuOXON-BLOBE*(KABLBE+KRBLBE)	    	#RATE OF BUCHE INHIBITION (UMOL/HR)

    DBLOBE=RBLOBE         					                     #AMOUNT OF PLASMA BUCHE INHIBITED (UMOL)



    # CAE ACTIVITY--PLASMA

    RBLCR=KSBLCR-ABLCR*(KDBLCR+KIBLCR*CPLO*FuOXON)+BLOCR*KRBLCR	#RATE OF CAE ACTIVITY (UMOL/HR)

    DABLCR=RBLCR                		                      #PLASMA CAE ACTIVITY (UMOL)

    RNBLCR=KSBLCR-ANBLCR*KDBLCR				                    #RATE OF BASELINE CAE ACT (UMOL/HR)

    DANBLCR=RNBLCR            				                    #AMT OF BASELINE CAE (UMOL)

    RBLOCR=ABLCR*KIBLCR*CPLO*FuOXON-BLOCR*(KABLCR+KRBLCR)		    #RATE OF CAE INHIBITION (UMOL/HR)

    DBLOCR=RBLOCR                                         #AMOUNT OF PLASMA CAE INHIBITED (UMOL)



    #PLASMA B-ESTERASE (ACHE, BUCHE, AND CAE) ACTIVITY

    BLBE=ABLCE+ABLBE+ABLCR				            #TOTAL B-ESTERASE=ACHE+BUCHE+CAE (UMOL)

    IBLE=100*(BLBE/(ANBLCE+ANBLBE+ANBLCR))		#% TOTAL B-ESTERASE ACTIVITY IN PLASMA

    BLCE=100*(ABLCE/ANBLCE)				            #% ACHE ACTIVITY IN PLASMA

    BLBES=100*(ABLBE/ANBLBE)			            #% BUCHE ACTIVITY IN PLASMA

    BLCR=100*(ABLCR/ANBLCR)				            #% CAE ACTIVITY IN PLASMA

    

    # ACHE ACTIVITY--RBCS

    RRBCCE=KSRBCE-ARBCE*(KDRBCE+KIRBCE*CRBCO*FuOXON)+RBCOCE*KRRBCE	#RATE OF ACHE ACTIVITY (UMOL/HR)

    DARBCE=RRBCCE             		  	                      #RBC ACHE ACTIVITY (UMOL)

    RNRBCCE=KSRBCE-ANRBCE*KDRBCE				                    #RATE OF BASELINE ACHE ACT (UMOL/HR)

    DANRBCE=RNRBCCE            				                      #AMT OF BASELINE ACHE (UMOL)

    RRBOCE=ARBCE*KIRBCE*CRBCO*FuOXON-RBCOCE*(KARBCE+KRRBCE)	 	    #RATE OF ACHE INHIBITION (UMOL/HR)

    DRBCOCE=RRBOCE        				                          #AMOUNT OF RBC ACHE INHIBITED (UMOL)

    

    #RBC B-ESTERASE (ACHE ONLY)ACTIVITY

    RBCCE=100*(ARBCE/ANRBCE)			                  #% ACHE ACTIVITY IN RBCS

    

    

    #----------------------------------------------------------------------------------.

    #MASS BALANCE####

    TMASSpar=ASTOM+AINTM+ALM+AKM+AFM+ASpar+ABRM+ARM+APL+ARBC    #UMOL

    TMASSoxon=ASTOMO+AINTO+ALO+AFO+ASO+AKO+ARO+ABRO+APLO+ARBCO   #UMOL

    TMASSMETAB=ALM2+AKM2+APD+APB                                #CATALYTIC PARENT DETOX (UMOL)

    TMASSODT=AALOD+APOD+APOB+AAKOD                              #CATALYTIC OXON DETOX (UMOL)

    TMASSOXONNC=AHPCE+AHPBE+AHPCR+ABPCE+ABPBE+ABPCR+AKPCE+AKPBE+AKPCR+ABLPCE+ABLPBE+ABLPCR+ARBPCE #NON-CATALYTIC OXON DETOX (UMOL)  

    TMASSEXC=AEXCO                                                #OXON EXCRETION

    TMASSTOTAL=TMASSpar+TMASSoxon+TMASSODT+TMASSOXONNC+TMASSMETAB+TMASSEXC #UMOL 

    

    TDOSE=ODOSE+ODOSEO+AINH+ASURF         #TOTAL DOSE (UMOL)

    MASSBAL=TMASSTOTAL/(TDOSE+1E-99)       #SHOULD EQUAL 1 (OR REALLY CLOSE TO IT)

    

    

    #FROM THE ODE HELP:"THE RETURN VALUE OF FUNC SHOULD BE A LIST, WHOSE FIRST

    #ELEMENT IS A VECTOR CONTAINING THE DERIVATIVES OF Y WITH RESPECT TO TIME,

    #AND WHOSE NEXT ELEMENTS ARE GLOBAL VALUES THAT ARE REQUIRED AT EACH POINT

    #IN TIMES. THE DERIVATIVES MUST BE SPECIFIED IN THE SAME ORDER AS THE STATE

    #VARIABLES Y." 

    list(#DERVATIVES

          c(DODOSE,DODOSEO,

            DASTOM, DAINTM, DALM, DALM1, DALM2, DAKM,  DAFM, DASpar,  

            DABRM,  DARM, DAPL,  DASTOMO, DAINTO, DALO, DAALOD, 

            DAHCE, DANHCE, DHOCE, DAHPCE, DAHBE, DANHBE, DHOBE, DAHPBE, DAHCR,

            DANHCR, DHOCR, DAHPCR, DAFO, DASO, DARO, DABRO,  DABCE,  

            DANBCE, DBOCE, DABPCE, DABBE, DANBBE, DBOBE, DABPBE, DABCR, DANBCR,

            DBOCR, DABPCR, DAKO,  DAKCE, DANKCE, DKOCE, DAKPCE, DAKBE, 

            DANKBE, DKOBE, DAKPBE, DAKCR, DANKCR, DKOCR, DAKPCR,  

            DABLCE, DANBLCE, DBLOCE, DABLPCE, DABLBE, DANBLBE, DBLOBE, DABLPBE,

            DABLCR, DANBLCR, DBLOCR, DABLPCR, DARBCE, DANRBCE, DRBCOCE, DARBPCE,

            DAPLO, DAPOD, DAPD, DRBCO, DAPB, DAPOB, DRBC, DAKM2,DAAKOD,DEXCO,

            DCI, DINH,

            DCIO,DINHO,

            DASURF,DADL,DDDOSE,DTDDOSE,

            DASURFO,DADLO,DDDOSEO,DTDDOSEO),

          #'GLOBAL VALUES TO BE RETURNED.

          BCE=BCE,

          RBCCE=RBCCE,

          BLBES=BLBES,

          HCR=HCR,

          ABL=ABL,

          ABLO=ABLO,

          CPL=CPL,

          CPLO=CPLO,

          CLM=CLM,

          CLO=CLO,

          CKM=CKM,

          CKO=CKO,

          CBRM=CBRM,

          CBRO=CBRO,

          CFM=CFM,

          CFO=CFO,

          CSM=CSM,

          CSO=CSO,

          CRM=CRM,

          CRO=CRO,

          CRBC=CRBC,

          CRBCO=CRBCO,

          CBL=CBL,

          CBLO=CBLO,

          CV=CV,

          CVO=CVO,

          QCf=QCf,

          QSC=QSC,

          QC=QC,

          QFC=QFC,

          QHC=QHC,

          QRC=QRC,

          QKC=QKC,

          BW=BW,

          QALV=QALV,

          TDOSE=TDOSE,

          TMASSTOTAL=TMASSTOTAL,

          MASSBAL=MASSBAL,

          TMASSpar=TMASSpar,

          TMASSoxon=TMASSoxon,

          TMASSMETAB=TMASSMETAB,

          TMASSODT=TMASSODT,

          TMASSOXONNC=TMASSOXONNC,

          TMASSEXC=TMASSEXC,

          QBAL=QBAL,

          CVLM=CVLM,

          VMAXparoxon=VMAXparoxon,

          KMparoxon=KMparoxon,

          VMAXparL=VMAXparL,

          KMparL=KMparL

         )

})

}#end derivative function###



























 


# ======================== Script  Information =================================

# Adult rat parameters for use in malathion PBPK/PD model

# 

# PROJECT INFORMATION:
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#   Number: Version 1

#   QAID:   1200734.002

#

# HISTORY:----

#   Date            Remarks

#  -----------	   -------------------------------------------------------------

#  2018_05_23       Started by AMD

#  2020_02_14       RR Provided to EPA





#Parameter=value     #Description (units)-----------------------------------Reference

params<-c(TSTART=0,

# Run parameters  

#blood flows - note 6% goes to skin and this is added to slowly perfused because blood

#flow to the skin is not modeled

#Timchalk did not have a kidney compartment so this value comes from Brown and substracted

#out of richly perfused

QCC=15.0,		   #Cardiac Output(L/hr/kg BW**0.75)-----------------------Brown et al 1997 

QFC=0.09,#		 #Fractional Blood Flow to Fat(%QCC)---------------------Timchalk et al 2002

QHC=0.25,#		 #Fractional Blood Flow to Liver(%QCC)-------------------Timchalk et al 2002

QRC=0.29,#		 #Fractional Blood Flow to Richly Perfused Tissue--------Timchalk et al 2002 & Brown et al. 1997

QSC=0.20,#     #Fractional Blood Flow to Slowly Perfused---------------Timchalk et al. 2002 (includes skin)

QBRC=0.03,#    #Fractional blood flow to brain-------------------------Timchalk et al. 2002

QKC=0.14,#     #Fraction of blood flow to kidney-----------------------Brown et al 1997



#Tissue Volumes   - 

BW=0.300,#		   #Body Weight(kg)----------------------------------------between 0.2 - 0.5 kg

VBLC=0.06,#		   #Blood Volume(%BW)--------------------------------------Timchalk et al 2002

VFC=0.07,#		   #Fat Volume(%BW)----------------------------------------Timchalk et al 2002

VHC=0.04,#		   #Liver Volume(%BW)--------------------------------------Timchalk et al 2002

VBRC=0.012,#     #Brain volume(%BW)--------------------------------------Timchalk et al 2002

VKC=0.0073,#     #Kidney volume (%BW)------------------------------------Brown et al 1997

VSC=0.7778,#     #Slowly perfused tissues(%BW)---------------------------Timchalk et al 2002

VRC=0.023,#      #Rapidly perfused tissues(%BW)--------------------------Timchalk et al 2002

HCT=0.45,#       #Hematocrit---------------------------------------------Timchalk et al 2002



#molecular weights

MWPAR=330.36,#     #molecular wt of malathion (g/mol)

MWOXON=314.29,#     #molecular wt of malaoxon (g/mol)



#partition coefficients (tissue:plasma)# All values calculated with EPA's httk R package

#Malathion is one of the chemicals in the httk library but a new chemical was added to 

#to represent malathion without protein binding per below.  Malaoxon is not in the chemical

#library and was added with a logp=1.38 from Leonard et al. (2016)

#Malathion

PparF = 19.4,#    #fat:plasma

PparR = 24.8,    #richly perfused:plasma (same as liver)

PparL = 24.8,    #liver:plasma

PparK = 20.6,    #kidney:plasma

PparBR = 8.3,    #brain:plasma

PparS = 5.4,     #slowly perfused:plasma

PparRBC = 2.1,   #RBC:plasma

PparLung = 1000,  #lung:plasma



#Malaoxon

PoxonF = 4.8,  #fat:plasma

PoxonR = 8.9,  #richly perfused:plasma (same as liver)

PoxonL = 8.9,  #liver:plasma

PoxonK = 8.2,#       #kidney:plasma

PoxonBR = 2.2,      #brain:plasma

PoxonS = 1.9,      #slowly perfused:plasma

PoxonRBC = 1.5,   #RBC:plasma





#Fraction of metabolism from carboxylesterase based on data from rat metabolism study showing

#roughly 95% of metabolites are from carboxylesterase pathway (Bradway and Shafik, 1977)

FCXB = 0.95,



#Plasma protein binding

#No binding is assumed based on Tarhoni et al. (2008) that shows no albumin bindings for malathion

#or malaoxon.  Note EPA high throughput measurements show binding for both malathion and 

#malaoxon, but the Tarhoni measurements are considered more accurate

#We also consided the Wetmore et al. (2013) findings that better fits

#were obtained to in vivo data for several chemicals when assuming everything is unbound

FuPAR = 1.0,          #parent binding

FuOXON = 1.0,         #oxon binding



#transfer rate from plasma to RBC - set to facilitate fast plasma-RBC equilbrium

PTORBC = 100,



#metabolism parameters

#variable to select using KM/VMAX or clearance rate

#IF TRUE, a Km and Vmax is assumed.  If FALSE, only a clearance rate is used

USEKM_PARL = TRUE,

USEKM_PARK = TRUE,

USEKM_PARB = TRUE,

USEKM_PARP = TRUE,

USEKM_OXONL = FALSE,

USEKM_OXONK = FALSE,

USEKM_OXONB = FALSE,

USEKM_OXONP = FALSE,





#variable to select whether to account for competitive inhibition due to malaoxon inhibition of CaE

#set to TRUE for malathion given known carboxylesterase inhibition (e.g., Main and Dauterman, 1968)

USECOMINH_PARL = TRUE,

USECOMINH_PARK = TRUE,

USECOMINH_PARB = TRUE,

USECOMINH_PARP = TRUE,



#maximum rates of metabolism (umol/hr/kg tissue)

#malathion detoxification

VMAXparLC = 853920*0.85,#, 853920,#liver Kassahun (2019) MRID 50927802 FITTED at 50% of measured value

VMAXparBRC = 1000,#   #brain - FITTED VALUE - fits for brain not optimized because brain inhibition is not

#relevant to risk assessment

VMAXparKC = 853920*0.6*0.85,#  #kidney (60% of liver per Talcott, 1979) FITTED at 50% per liver fit

VMAXparPC = 90.4,  #plasma - Measured clearance rate of 90.4 from Mallupudi et al. (1980).  Km assumed as 1 



#malathion oxidation--malathion to malaoxon

VMAXparoxonC = 3318,        #liver - Kassahun (2019) MRID 50927802



#oxon detox - NOT Used for liver, brain, and plasma.  Clearance rates used instead. No

#oxon metabolism assumed in kidney

VMAXoxonLC = 0.0,#   #liver

VMAXoxonBRC = 0.0, #brain

VMAXoxonKC = 0.0, #kidney

VMAXoxonPC = 0.0, #plasma



#affinity constants

#malathion detoxification

KMparL = 2.42*1.5,#            #liver - Kassahun (2019) MRID 50927802

KMparBR = 2,0,#           #brain - FITTED value

KMparK = 2.42*1.5,#            #kidney - set same as liver

KMparP = 1.0,#             #plasma - fitted - informed by Mallupudi et al. (1980)



#malathion oxidation--malathion to malaoxon

KMparoxon = 5.83,#          #liver - Kassahun (2019) MRID 50927802



#oxon detox - NOT used; clearance rates used instead

KMoxonL = 0.01,#       #liver

KMoxonBR = 0.01,#     #brain

KMoxonK = 0.01,#      #kidney

KMoxonP= 0.01,#         #plasma



#clearance rates (only applicable if USEKM variable is TRUE)

CRparLC = 0,               #clearance rate parent in liver

CRparKC = 0,               #clearance rate parent in kidney

CRparBRC = 0,              #clearance rate parent in brain

CRparPLC = 0, 	           #clearance rate parent in plasma (L/hr/L plasma)	

CRoxonLC = 15313*0.25, #15313*0.3,#           #clearance rate oxon in liver - Chambers and Meek (2019) MRID 50927801 - 

#adjusted to 20% for fitting

CRoxonKC = 0.0,              #clearance rate oxon in kidney - assumed to be zero

CRoxonBRC = 500,             #clearance rate oxon in brain - FITTED

CRoxonPLC = 3209*0.15,#		     #clearance rate oxon in plasma (L/hr/L plasma) - Chambers and Meek (2019) MRID 50927801

# fitted to 10% of measured value



 

#inhalation parameters

QALV = 12.9,                   #volumetric flow (L/hr) MPPD default-166 breathes/min and 200 g rat - asymmetric SD rat model

IZONE = 0,                    #include inhalation exposure

ABS_INH=1.0,



#dermal parameters

DERMPERCNT = 0.01/8,       #dermal exposure percent per hour

DZONE = 0,                  #include dermal exposure (DZONE=1)



#uptake parameters - all values fitted

#malathion

KAS=2.0,       #transfer stomach to liver (/h)

KSI=0.2,	      #transfer stomach to intestine (/h)

KAI=0.2,        #transfer intestine to liver (/h)

FA=1,           #Fractional oral Absorption



#oxon

KASO=3.0,       #transfer stomach to liver (/h)

KSIO=0.5, 	    #transfer stomach to intestine (/h)

KAIO=0.5,       #transfer intestine to liver (/h)

FAO=1,          #Fractional oral Absorption





#elimination rate for oxon (1/h) - metabolism studies show no malaoxon in urine

KEO = 0.0,





#pharmacodynamic parameters

# AChE activity (umol/hr/kg tissue) 

BACHE=4.40e5,#	 #brain% Poet et al 2014

BLACHE=2.33e4,#    #plasma% Poet et al 2014

HACHE=1.02e4,#     #liver% Poet et al 2014

RBCHE=3.39e4,#	 #RBCs% Poet et al 2014

KACHE=5.4e3,#      #kidney% Maxwell 1987



# BuChE activity (umol/hr/kg tissue) 

BBUCE=4.68e4,#	#brain% Poet et al 2014

HBUCE=3.0e4,#     #liver% Poet et al 2014

BLBUCE=7.85e3,#	#plasma% Poet et al 2014

KBUCE=1.02e4,#    #kidney% Maxwell 1987



# CaE activity (umol/hr/kg tissue) 

BRCE=2.88e5,#	 #brain% Poet et al 2014   

HECE=1.94e6,#	 #liver% Poet et al 2014

PLOCE=8.4e4,#	 #plasma% Poet et al 2014

KECE=1.79e6,#  #kidney% Maxwell 1987





# Degradation of esterase (1/h)--Gearhart et al. 1990, Timchalk et al. 2002 and Poet et al 2014.

# Gearhart inlcudes original values of 0.1 per hour for BChE from Traina and Serpietri (1984) and

# 0.01 per hour from Wenthold et al. (1974).  Timchalk cites Gearhart for these values but

# uses somewhat different values in some cases.  Poet, an update to Timchalk, uses different values 

# than both Timchalk and Gearhart.  We reverted to the measured values as cited by Gearhart

# except for carboxylestearse where there are no available measurements.  In this case, we 

# used the fitted values from Poet et al. 2014.  Poet al. 2014 does not have a value for kidney

# so we used the value for liver.

KDBBE=0.1,#                #BuChE (brain)   

KDBCE=0.01,#                 #AChE (brain)  

KDBCR=0.000754,#             #CaE (brain)

KDBLBE=0.1,#                #BuChE (blood/plasma) 

KDBLCE=0.01,#                 #AChE (blood/plasma)

KDBLCR=0.001,#              #CaE (blood/plasma)   

KDHBE=0.1,#                #BuChE (liver)

KDHCE=0.01,#                 #AChE (liver)   

KDHCR=0.001,#               #CaE (liver)

KDRBCE=0.01,#                #AChE (RBC)   

KDKBE=0.1,#                #BuChE (kidney)

KDKCE=0.01,#                #AChE (kidney)

KDKCR=0.001,#               #CaE (kidney)





# Esterase aging rates (1/h)--chemical-specific 

# AChE aging rate from Mason et al 2000 (human RBC AChE for azinphos-methyl, also a dimethoxy OP)

# BuChE aging rate from Mason et al 2000 (human plasma BuChE for azinphos-methyl, also a dimethoxy OP)

# CaE set to 0.001 based on Maxwell and Brecht (2001) showing no evidence of ageing (differs from chlorpyrifos model)

KABBE=0.116,#              #BuChE (brain)

KABCE=0.022,#              #AChE (brain)

KABCR=0.001,#             #CaE (brain)

KABLBE=0.116,#             #BuChE (blood/plasma)

KABLCE=0.022,#             #AChE (blood/plasma)

KABLCR=0.001,#             #CaE (blood/plasma)

KAHBE=0.116,#              #BuChE (liver)

KAHCE=0.022,#              #AChE (liver)

KAHCR=0.001,#             #CaE (liver)

KARBCE=0.022,#             #AChE (RBC)

KAKBE=0.116,#              #BuChE (kidney)

KAKCE=0.022,#              #AChE (kidney)

KAKCR=0.001,#             #CaE (kidney)





#Inhibition of esterase (L/umol/h)--chemical-specific. 

#AChE from Chambers et al. (MRID 50773501) 

#BuChE from Herzsprung 1992 for human plasma BuChE

#CaE measured value of approximately 1 L/umol/hr in Main and Dauterman (1968). Fit to 

#5 L/umol/hr because (1) Main and Dauterman can only be considered an order of magnitude

#measurement given age of study and difficulty of measuring inhibition when there is also

#very fast catalytic reaction (2) to be similar to AChE rate per Timchalk et al.

KIBBE=1.3,#             #BuChE (brain)

KIBCE=4.6*2,#             #AChE (brain) - 

KIBCR=4.6*1.75,#              #CaE (brain)

KIBLBE=1.3,#           #BuChE (blood/plasma)

KIBLCE=4.6*2,#            #AChE (blood/plasma) - 

KIBLCR=4.6*1.75,#             #CaE (blood/plasma)

KIHBE=1.3,#            #BuChE (liver)

KIHCE=4.6*2,#             #AChE (liver) - 

KIHCR=4.6*1.75,#             #CaE (liver)

KIRBCE=4.6*2,#            #AChE (RBCs) - 

KIKBE=1.3,#            #BuChE (kidney)

KIKCE=4.6*2,#             #AChE (kidney) - 

KIKCR=4.6*1.75,#             #CaE (kidney)



#Reactivation of esterase (1/h)--chemical specific 

# AChE reactivation rate from Mason et al 2000 (human RBC AChE for azinphos-methyl, also a dimethoxy OP)

# BuChE reactivation rate from Mason et al 2000 (human plasma BuChE for azinphos-methyl, also a dimethoxy OP)

# CaE was fit. THere are no available data and Timchalk assumed same rate as for AChE.  Fitted value is somewhat lower

# than for AChE

KRBBE=0.03,#                #BuChE (brain)

KRBCE=0.018,#               #AChE (brain)

KRBCR=0.001,               #CaE (brain)

KRBLBE=0.03,#               #BuChE (blood/plasma)

KRBLCE=0.018,#              #AChE (blood/plasma)

KRBLCR=0.001,#              #CaE (blood/plasma)

KRHBE=0.03,#                #Bu,ChE (liver)

KRHCE=0.018,#               #AChE (liver)

KRHCR=0.001,#               #CaE (liver)

KRRBCE=0.018,#              #AChE (RBCs)

KRKBE=0.03,#                #BuChE (kidney)

KRKCE=0.018,#               #AChE (kidney)

KRKCR=0.001,#               #CaE (kidney)





# Enzyme turnover rate (substrate hydrolysis/h/active site) (Poet et al. 2014)

TRCE=1.17e7,#      #AChE

TRCR=1.086e5,#     #CaE

TRBE=3.66e6#       #BuChE

)#




# "PROGRAM adult_rat #####



# Envrionment ####

library(deSolve) # This solves the derivative. 

library(readxl)

library(ggplot2)

library(dplyr)

library(tidyr)

library(parallel)

if(!file.exists("Output")) dir.create("Output") #create output folder if it doesn't exist.

tot_cores<-detectCores(all.tests = FALSE, logical = TRUE)  # number of cores avaiable on current machine



#INITIAL ####

  #Abbreviations: 

  #PAR -- Parent  

  #OXON -- Oxon  

  #AChE--acetylcholinesterase

  #BuChE--butyrlcholinesterase

  #CaE--carboxylesterase



  #compartments included for liver, kidney, brain, fat, and lumped for slow and

  #rapidly perfused. exposure routes:  oral only 2-compartment model for oral

  #exposure includes stomach and intestine (no blood flow) bioactivation (PARENT ->

  #OXON) occurs in liver inhibition of B-esterases (AChE, BuChE, CaE) described

  #in liver, kidney, brain, plasma, RBCs.



  #detoxification of Parent occurs in liver, kidney, brain, and plasma (to

  #metabolites; these are modeled as a single compartment). detoxification of oxon

  #by B-esterases is stoichiometric; the oxon-enzyme complex serves as a "trap"

  #for the oxon. CaE assumed to undergo reactivation; AChE and BuChE assumed to

  #undergo reactivation/aging. catalytic detoxification of oxon in liver,

  #plasma, brain, kidney



# Initial parameter function####

# inputs basic and runspecifc parameters to calculate full set of initial parameters

initial_params_fun <-function(params){ within(as.list(params),{

  # SCALING FOR PLASMA FLOWS

  # Flows are plasma flows as opposed to whole blood flows.  Mass gets into RBCs

  # through transfer from plasma into RBC and vice versa

  QC = QCC*(BW**0.75)* (1-HCT)     #CARDIAC OUTPUT (L/H) adjusted for plasma

  QCf= QCC*(BW**0.75)              #Full cardiac output (L/H)

  QK = QKC*QC                      #KIDNEY (L/H)

  QF = QFC*QC                      #FAT (L/H)

  QH = QHC*QC                      #LIVER (L/H)

  QBR = QBRC*QC                    #BRAIN (L/H)

  QR = QRC*QC                      #RAPIDLY PERFUSED TISSUES (L/H)

  QS = QSC*QC                      #SLOWLY PERFUSED TISSUES (L/H)

  

  QBAL = QC-(QF+QH+QBR+QR+QS+QK)  #BALANCE CHECK

  

  #SCALING FOR TISSUE VOLUMES (L)

  VBL = VBLC*BW                    #BLOOD

  VPLAS = VBL*(1-HCT)              #PLASMA

  VRBC = VBL*HCT                   #RBCS

  VF = VFC*BW                      #FAT

  VH =  VHC*BW                     #LIVER

  VBR = VBRC*BW                    #BRAIN

  VK = VKC*BW                      #KIDNEY

  VR = VRC*BW                      #RAPIDLY PERFUSED TISSUES

  VS = VSC*BW                      #SLOWLY PERFUSED TISSUES

  

  #SCALING FOR VMAX FOR PARENT DETOXIFICATION (UMOL/HR/KG TISSUE TO UMOL/HR)

  VMAXparL = VMAXparLC*VH                      #LIVER PARENT DETOX

  VMAXparBR = VMAXparBRC*VBR                   #BRAIN PARENT DETOX

  VMAXparK = VMAXparKC*VK                      #KIDNEY PARENT DETOX

  VMAXparP = VMAXparPC*VPLAS                   #PLASMA PARENT DETOX

  CRparL = CRparLC*VH                          #LIVER PARENT DETOX

  CRparBR = CRparBRC*VBR                       #BRAIN PARENT DETOX

  CRparK = CRparKC*VK                          #KIDNEY PARENT DETOX

  CRparPL = CRparPLC*VPLAS                     #PLASMA PARENT DETOX

  

  #OXIDATION--PARENT to OXON

  VMAXparoxon = VMAXparoxonC*VH               #LIVER--CYPS

  

  #OXON DETOX

  VMAXoxonL = VMAXoxonLC*VH                   #LIVER OXON DETOX

  VMAXoxonBR = VMAXoxonBRC*VBR                #BRAIN OXON DETOX

  VMAXoxonK = VMAXoxonKC*VK                   #KIDNEY OXON DETOX

  VMAXoxonP = VMAXoxonPC*VPLAS                #PLASMA OXON DETOX

  CRoxonL = CRoxonLC*VH                       #LIVER OXON DETOX

  CRoxonBR = CRoxonBRC*VBR                    #BRAIN OXON DETOX

  CRoxonK = CRoxonKC*VK                       #KIDNEY OXON DETOX

  CRoxonPL = CRoxonPLC*VPLAS                  #PLASMA OXON DETOX

  

  #ENZYME ACTIVITY (UMOL/H) IN TISSUES

  #ACHE

  SBACH=BACHE*VBR             #BRAIN

  SHACH=HACHE*VH              #LIVER

  SBLACH=BLACHE*VBL*(1-HCT)   #PLASMA

  SRBACH=RBCHE*VRBC           #RBC

  SKACH=KACHE*VK              #KIDNEY

  

  #BUCHE

  SBBUC=BBUCE*VBR             #BRAIN

  SHBUC=HBUCE*VH              #LIVER

  SBLBUC=BLBUCE*VBL*(1-HCT)   #PLASMA

  SKBUC=KBUCE*VK              #KIDNEY

  

  #CAE

  SBRCE=BRCE*VBR              #BRAIN

  SHECE=HECE*VH               #LIVER

  SPLOCE=PLOCE*VBL*(1-HCT)    #PLASMA

  SKACE=KECE*VK               #KIDNEY

  

  #CALCULATION OF ESTERASE BINDING SITES (UMOL)

  #ACHE

  IBCE=SBACH/TRCE   #TOTAL BRAIN ACHE (UMOL)

  IHCE=SHACH/TRCE   #TOTAL LIVER ACHE (UMOL)

  IBLCE=SBLACH/TRCE #TOTAL PLASMA ACHE (UMOL)

  IRBCE=SRBACH/TRCE #TOTAL RBC ACHE (UMOL)

  IKCE=SKACH/TRCE   #TOTAL KIDNEY ACHE (UMOL)

  

  #BUCHE

  IBBE=SBBUC/TRBE   #TOTAL BRAIN BUCHE (UMOL)

  IHBE=SHBUC/TRBE   #TOTAL LIVER BUCHE (UMOL)

  IBLBE=SBLBUC/TRBE #TOTAL PLASMA BUCHE (UMOL)

  IKBE=SKBUC/TRBE   #TOTAL KIDNEY BUCHE (UMOL)

  

  #CAE

  IBCR=SBRCE/TRCR   #TOTAL BRAIN CAE (UMOL)

  IHCR=SHECE/TRCR   #TOTAL LIVER CAE (UMOL)

  IBLCR=SPLOCE/TRCR #TOTAL PLASMA CAE (UMOL)

  IKCR=SKACE/TRCR   #TOTAL KIDNEY CAE (UMOL)



  #CALCULATION OF ENZYME SYNTHESIS RATES IN TISSUES (UMOL/HR)

  #LIVER

  KSHCE=IHCE*KDHCE  #ACHE

  KSHBE=IHBE*KDHBE  #BUCHE

  KSHCR=IHCR*KDHCR  #CAE

  #BRAIN

  KSBCE=IBCE*KDBCE  #ACHE

  KSBBE=IBBE*KDBBE  #BUCHE

  KSBCR=IBCR*KDBCR  #CAE

  #KIDNEY

  KSKCE=IKCE*KDKCE  #ACHE

  KSKBE=IKBE*KDKBE  #BUCHE

  KSKCR=IKCR*KDKCR  #CAE

  #PLASMA

  KSBLCE=IBLCE*KDBLCE #ACHE

  KSBLBE=IBLBE*KDBLBE #BUCHE

  KSBLCR=IBLCR*KDBLCR #CAE

  #RBC

  KSRBCE=KDRBCE*IRBCE #ACHE

})}



#Report Point####



report_fn<-function(pmax=10000,tms=times){

  if(length(times)<=pmax) tms else 

  tms[seq(1,length(tms),by=round(length(tms)/pmax))]

}





# State ####

# state variables,set intially to zero

state<-c(ODOSE=0,ODOSEO=0,

         DDOSE=0,TDDOSE=0,

         ASURF=0,

         ADL=0,

         ASTOM=0, AINTM=0, ALM=0, ALM1=0, ALM2=0, AKM=0,  AFM=0, ASpar=0, 

         ABRM=0,  ARM=0, APL=0,  ASTOMO=0, AINTO=0, ALO=0, 

         AALOD=0, AHCE=0, ANHCE=0, HOCE=0, AHPCE=0, AHBE=0, ANHBE=0, HOBE=0, 

         AHPBE=0, AHCR=0, ANHCR=0, HOCR=0, AHPCR=0, AFO =0, ASO =0, ARO =0, 

         ABRO =0,  ABCE=0, ANBCE=0, BOCE=0, ABPCE=0, ABBE=0, ANBBE=0, 

         BOBE=0, ABPBE=0, ABCR=0, ANBCR=0, BOCR=0, ABPCR=0, AKO =0, 

         AKCE=0, ANKCE=0, KOCE=0, AKPCE=0, AKBE=0, ANKBE=0, KOBE=0, AKPBE=0,

         AKCR=0, ANKCR=0, KOCR=0, AKPCR=0, ABLCE=0, ANBLCE=0,

         BLOCE=0, ABLPCE=0, ABLBE=0, ANBLBE=0, BLOBE=0, ABLPBE=0, ABLCR=0,

         ANBLCR=0, BLOCR=0, ABLPCR=0, ARBCE=0, ANRBCE=0, RBCOCE=0, ARBPCE=0,

         APLO=0, APOD=0, APD=0, ARBCO=0, APB=0, APOB=0, ARBC=0,

         AKM2=0, AAKOD=0, AEXCO=0,

         CI=0, AINH=0)



# Function to update intial states where needed. 

state_fun<-function(st=state,ini_p=initial_params){

  st[["AHCE"]]<-ini_p$IHCE

  st[["ANHCE"]]<-ini_p$IHCE

  st[["AHBE"]]<-ini_p$IHBE			

  st[["ANHBE"]]<-ini_p$IHBE

  st[["AHCR"]]<-ini_p$IHCR	

  st[["ANHCR"]]<-ini_p$IHCR

  st[["ABCE"]]<-ini_p$IBCE

  st[["ANBCE"]]<-ini_p$IBCE

  st[["ABBE"]]<-ini_p$IBBE

  st[["ANBBE"]]<-ini_p$IBBE

  st[["ABCR"]]<-ini_p$IBCR

  st[["ANBCR"]]<-ini_p$IBCR

  st[["AKCE"]]<-ini_p$IKCE

  st[["ANKCE"]]<-ini_p$IKCE

  st[["AKBE"]]<-ini_p$IKBE	

  st[["ANKBE"]]<-ini_p$IKBE

  st[["AKCR"]]<-ini_p$IKCR

  st[["ANKCR"]]<-ini_p$IKCR

  st[["ABLCE"]]<-ini_p$IBLCE 

  st[["ANBLCE"]]<-ini_p$IBLCE

  st[["ABLBE"]]<-ini_p$IBLBE

  st[["ANBLBE"]]<-ini_p$IBLBE

  st[["ABLCR"]]<-ini_p$IBLCR

  st[["ANBLCR"]]<-ini_p$IBLCR

  st[["ARBCE"]]<-ini_p$IRBCE

  st[["ANRBCE"]]<-ini_p$IRBCE

return(st)

}



# A function to mimic the "pulse train" determining dose on/off times for events  

pulse<-function(t,p,w){

  #t is the times, p= period, w= width

  rep_len(

    c(rep(1,which(near(w,t))),

      rep(0, if(any(near(p,t))) which(near(p,t))-which(near(w,t)) else 0  )),

    length.out = length(t)

  )

}



# DERIVATIVE FUNCTION ####

adult_rat_Model <- function(t,state,parameters){

  with(

    as.list(c(state,parameters)),{

    #DOSING

    #--------------------------------------------------------------.

    #PARENT COMPOUND####

    #---------------------------------------------------------------.

    #Parent ORAL DOSING####

    #STOMACH

    ## Oral Dose(s) added to ASTOM via events

    RSTOM = -KAS*ASTOM-KSI*ASTOM                      #RATE OF CHANGE PARENT IN STOMACH (UMOL/HR)

    DASTOM = RSTOM                                    #AMOUNT PARENT IN STOMACH (UMOL)

    DODOSE <- 0        #The dose itself does not change, used to track total dose



    #INTESTINE

    RINST = KSI*ASTOM- KAI*AINTM                     #RATE OF PARENT CHANGE IN INTESTINE (UMOL/HR)

    DAINTM=RINST                                     #AMOUNT PARENT IN INTESTINE (UMOL)                     

    

    #PLASMA & RBC

    CPL=APL/VPLAS                                   #CONC PARENT IN PLASMA (umol/L)

    CRBC=ARBC/VRBC                                  #CONC PARENT IN RBC (umol/L)

    

    #PLASMA (FROM OXON, due to ordering, see below) - Assume Rapid equilibration with RBCs via PTORBC

    CPLO=APLO/VPLAS                                #CONC OXON IN PLASMA (umol/L)



    #PLASMA CATALYTIC DETOX 

    if(USEKM_PARP) {

      if(USECOMINH_PARP) {

        RAPD = (VMAXparP*CPL*FuPAR*(FCXB*(ABLCR/ANBLCR)+(1-FCXB)))/(KMparP+CPL*FuPAR)      #RATE OF PARENT CATALYTIC DETOX IN PLASMA

        DAPD = RAPD                                        #AMT OF PARENT CATALYTIC DETOX IN PLASMA

      } else {  

        RAPD = (VMAXparP*CPL*FuPAR)/(KMparP+CPL*FuPAR)             #RATE OF PARENT CATALYTIC DETOX IN PLASMA

        DAPD = RAPD                                      #AMT OF PARENT CATALYTIC DETOX IN PLASMA

      }

    } else {

      if(USECOMINH_PARP) {

        RAPD = CRparPL*(FCXB*(ABLCR/ANBLCR)+(1-FCXB))*CPL*FuPAR           #RATE OF PARENT CATALYTIC DETOX IN PLASMA

        DAPD = RAPD 					                            #AMT OF PARENT CATALYTIC DETOX IN PLASMA

      } else {  

        RAPD = CRparPL*CPL*FuPAR    	    		            #RATE OF PARENT CATALYTIC DETOX IN PLASMA

        DAPD = RAPD 					                            #AMT OF PARENT CATALYTIC DETOX IN PLASMA

      }

    }

    

    #LIVER

    CLM = ALM/VH                                    #CONC PARENT IN LIVER (UMOL/L)

    CVLM = CLM/PparL                                #CONC PARENT IN VENOUS BLOOD LEAVING LIVER (UMOL/L)

    

    #LIVER METABOLISM OF PAR BY CYPS--OXIDATION

    RALM1 = (VMAXparoxon*CVLM*FuPAR)/(KMparoxon+CVLM*FuPAR)     #RATE OF OXON FORMATION (UMOL/HR)

    DALM1 = RALM1                                   #AMT OXON FORMED (UMOL)

    

    #LIVER FROM OXON (partial due to ordering, see below)

    CLO = ALO/VH                                    #CONC OXON IN LIVER (UMOL/L)

    CVLO = CLO/PoxonL                               #CONC OXON IN VENOUS BLOOD LEAVING LIVER (UMOL/L)

    

    #LIVER DETOXICATION OF PARENT

    if(USEKM_PARL) {

      if(USECOMINH_PARL) {

        RALM2 = (VMAXparL*CVLM*FuPAR*(FCXB*(AHCR/ANHCR)+(1-FCXB)))/(KMparL+CVLM*FuPAR)           #RATE OF PARENT LIVER METABOLISM (umol/hr)

        DALM2 = RALM2                                   #AMT OF METABOLITE FORMED (mol)

      } else {        

        RALM2 = (VMAXparL*CVLM*FuPAR)/(KMparL+CVLM*FuPAR)           #RATE OF PARENT LIVER METABOLISM (umol/hr)

        DALM2 = RALM2                                   #AMT OF METABOLITE FORMED (mol)

      }

    } else {

      if(USECOMINH_PARL) {

        RALM2 = CRparL*CVLM*FuPAR*(FCXB*(AHCR/ANHCR)+(1-FCXB))     #RATE OF PARENT LIVER METABOLISM (umol/hr)

        DALM2 = RALM2

      } else {

        RALM2 = CRparL*CVLM*FuPAR                       #RATE OF PARENT LIVER METABOLISM (umol/hr)

        DALM2 = RALM2                                    #AMT OF METABOLITE FORMED (mol)

      }

    }

      

    #RATE OF CHANGE IN LIVER

    RALM=QH*CPL-QH*CVLM+KAI*AINTM+KAS*ASTOM-RALM1-RALM2     #RATE OF PARENT CHANGE IN LIVER (UMOL/HR)

    DALM = RALM                                             #AMOUNT PARENT IN LIVER (UMOL)

    

    #KIDNEY

    CKM = AKM/VK                                    #CONC PARENT IN KIDNEY (UMOL/L)

    CVKM = CKM/PparK                                #CONC PARENT IN VENOUS BLOOD LEAVING KIDNEY (UMOL/L)

    

    #KIDNEY (FROM OXON, due to ordering, see below)

    CKO = AKO/VK                                   #CONC OXON IN KIDNEY (UMOL/L)

    CVKO = CKO/PoxonK                               #CONC OXON IN VENOUS BLOOD LEAVING KIDNEY (UMOL/L)

    

    #KIDNEY- CATALYTIC METABOLISM OF PARENT

    if(USEKM_PARK) {

      if(USECOMINH_PARK) {

        RAKM2 = VMAXparK*CVKM*FuPAR*(FCXB*(AKCR/ANKCR)+(1-FCXB))/(KMparK+CVKM*FuPAR)               #RATE OF METABOLITES FORMED IN KIDNEY (UMOL/HR)

        DAKM2 = RAKM2  

      } else {  

        RAKM2 = VMAXparK*CVKM*FuPAR/(KMparK+CVKM*FuPAR)               #RATE OF METABOLITES FORMED IN KIDNEY (UMOL/HR)

        DAKM2 = RAKM2                                     #AMOUNT OF METABOLITES FORMED IN KIDNEY (UMOL)

      }

    } else {

      if(USECOMINH_PARK) {

        RAKM2 = CRparK*CVKM*FuPAR*(FCXB*(AKCR/ANKCR)+(1-FCXB))       #RATE OF METABOLITES FORMED IN KIDNEY (UMOL/HR)

        DAKM2 = RAKM2                                     #AMOUNT OF METABOLITES FORMED IN KIDNEY (UMOL)

      } else {   

        RAKM2 = CRparK*CVKM*FuPAR                                #RATE OF METABOLITES FORMED IN KIDNEY (UMOL/HR)

        DAKM2 = RAKM2                                       #AMOUNT OF METABOLITES FORMED IN KIDNEY (UMOL)

      }  

    }

    

    #KIDNEY RATE OF CHANGE

    RAKM = QK*CPL-QK*CVKM -RAKM2                   #RATE OF PARENT CHANGE IN KIDNEY (UMOL/HR)

    DAKM = RAKM                                    #AMT IN PARENT KIDNEY (UMOL)

   

    #FAT

    CFM = AFM/VF                                   #CONC PARENT IN FAT (UMOL/L)

    CVFM = CFM/PparF                               #CONC PARENT IN VENOUS BLOOD LEAVING FAT (UMOL/L)

    RAFM = QF*CPL-QF*CVFM                          #RATE OF PARENT CHANGE IN FAT (UMOL/HR)

    DAFM = RAFM                                    #AMT PARENT IN FAT (UMOL)



    #SLOWLY PERFUSED

    CSM = ASpar/VS                                 #CONC PARENT IN SLOWLY PERFUSED (UMOL/L)

    CVSM = CSM/PparS                               #CONC PARENT IN VENOUS BLOOD LEAVING SLOWLY PERFUSED (UMOL/L)

    RASM = QS*CPL-QS*CVSM                          #RATE OF PARENT CHANGE IN SLOWLY PERFUSED (UMOL/HR)

    DASpar = RASM                                  #AMT PARENT IN SLOWLY PERFUSED (UMOL)



    #BRAIN

    CBRM = ABRM/VBR                                #CONC OXON IN BRAIN (UMOL/L)

    CVBRM = CBRM/PparBR                            #CONC OXON IN VENOUS BLOOD LEAVING BRAIN (UMOL/L)

    

    #BRAIN (FROM OXON, due to ordering, see below)

    CBRO = ABRO/VBR                                #CONC OXON IN BRAIN (UMOL/L)

    CVBRO = CBRO/PoxonBR                           #CONC OXON IN VENOUS BLOOD LEAVING BRAIN (UMOL/L)



    #BRAIN - PARENT CATALYTIC METABOLISM

    if(USEKM_PARB) {

      if(USECOMINH_PARB) {

        RAPB = (VMAXparBR*CVBRM*FuPAR*(FCXB*(ABCR/ANBCR)+(1-FCXB)))/(KMparBR+CVBRM*FuPAR)  	   #RATE OF CHANGE PARENT CATALYTIC DETOX IN BRAIN

        DAPB=RAPB 					                           #AMT OF PARENT CATALYTIC DETOX IN BRAIN

      } else {  

        RAPB = (VMAXparBR*CVBRM*FuPAR)/(KMparBR+CVBRM*FuPAR)  	   #RATE OF CHANGE PARENT CATALYTIC DETOX IN BRAIN

        DAPB=RAPB 					                           #AMT OF PARENT CATALYTIC DETOX IN BRAIN

      }

    } else {

      if(USECOMINH_PARB) {

        RAPB = CRparBR*CVBRM*FuPAR*(FCXB*(ABCR/ANBCR)+(1-FCXB))   #RATE OF CHANGE PARENT CATALYTIC DETOX IN BRAIN

        DAPB = RAPB                                   #AMT OF PARENT CATALYTIC DETOX IN BRAIN

      } else {  

        RAPB = CRparBR*CVBRM*FuPAR                          #RATE OF CHANGE PARENT CATALYTIC DETOX IN BRAIN

        DAPB = RAPB                                   #AMT OF PARENT CATALYTIC DETOX IN BRAIN

      }

    }

    

    RABRM = QBR*CPL-QBR*CVBRM-RAPB                 #RATE OF PARENT CHANGE IN BRAIN (UMOL/HR)

    DABRM = RABRM                                  #AMT PARENT IN BRAIN (UMOL)



    #RAPIDLY PERFUSED TISSUES

    CRM = ARM/VR                                   #CONC PARENT  IN RAPIDLY PERFUSED (UMOL/L)

    CVRM = CRM/PparR                               #CONC PARENT IN VENOUS BLOOD LEAVING RAPIDLY PERFUSED (UMOL/L)

    RARM = QR*CPL-QR*CVRM                          #RATE OF PARENT CHANGE IN RAPIDLY PERFUSED (UMOL/HR)

    DARM = RARM                                    #AMT PARENT IN RAPIDLY PERFUSED (UMOL)



    #VENOUS PLASMA

    CV=(QH*CVLM+QF*CVFM+QK*CVKM+QS*CVSM+QBR*CVBRM+QR*CVRM)/QC   #CONC PARENT FREE IN VENOUS PLASMA (UMOL/L)

  

    ## DERMAL EXPOSURE####    

    RASURF=-DERMPERCNT*ASURF*DZONE                          #RATE OF PARENT CHANGE AT SKIN SURFACE (UMOL/HR)

    DASURF=RASURF                                           #AMT PARENT AT SKIN SURFACE (UMOL)

    DDDOSE<-RASURF                                          #Cumulative amount at surface

    DTDDOSE<-0                                              #Tracks cumulative total dermal dose

    RADL=DERMPERCNT*ASURF*DZONE                             #RATE OF PARENT UPTAKE INTO SKIN TISSUE FROM SKIN SURFACE (UMOL/HR)

    DADL=RADL                                               #AMT PARENT UPTAKE (UMOL)

    

    #INHALATION EXPOSURES

    RINH <- IZONE*QALV*ABS_INH*CI                     #RATE OF INHALATION UMOLE/HR

    DINH <- RINH                              #RATE OF INHALATION, UMOLE/HR

    DCI <- 0                                  #CI is constant

    

    # Tisues####

    #PLASMA

    RAPL=QC*(CV-CPL)-PTORBC*(CPL-CRBC/PparRBC)-RAPD+RINH+RADL

    DAPL=RAPL                           		      #AMT PARENT IN PLASMA (UMOL)

    

    #RBC

    RRBC=PTORBC*(CPL-CRBC/PparRBC)			   #RATE OF PARENT CHANGE IN RBC (umol/hr)

    DRBC=RRBC                                      #AMT PARENT IN RBC (umol/hr)

    

    #WHOLE BLOOD 

    ABL = APL+ARBC                                 #AMT PARENT IN MIXED BLOOD(umol)

    CBL=ABL/VBL                                    #CONC PARENT IN MIXED BLOOD (UMOL/L)



    #-------------------------------------------------------------------------------.

    #OXON###

    ##SOME OXON EQUATIONS ARE ABOVE FOR ORDERING

    #-------------------------------------------------------------------------------.

    # OXON ORAL DOSING####

    #STOMACH

    ## Dose(s) added to ASTOMO via events

    RASTOMO = -KSIO*ASTOMO-KASO*ASTOMO             #RATE OF CHANGE OXON IN STOMACH (UMOL/HR)

    DASTOMO = RASTOMO

    DODOSEO <- 0

    

    #INTESTINE

    RAINTO = -KAIO*AINTO+KSIO*ASTOMO                 #RATE OF CHANGE OXON IN INTESTINE (UMOL/HR)

    DAINTO = RAINTO                                  #AMT OXON IN INTESTINE (UMOL)

    

    #LIVER

    RHPCE=AHCE*KIHCE*CLO*FuOXON	                     #RATE OF NON-CATALYTIC OXON CONSUMPTION BY LIVER ACHE(UMOL/HR)

    DAHPCE=RHPCE                                     #AMT OF NON-CATALYTIC OXON CONSUMED BY LIVER ACHE (UMOL)

    

    RHPBE=AHBE*KIHBE*CLO*FuOXON			                 #RATE OF NON-CATALYTIC OXON CONSUMPTION BY LIVER BCHE (UMOL/HR)

    DAHPBE=RHPBE                                     #AMT OF NON-CATALYTIC OXON CONSUMED BY LIVER BCHE (UMOL)

    

    RHPCR=AHCR*KIHCR*CLO*FuOXON			                 #RATE OF NON-CATALYTIC OXON CONSUMPTION BY LIVER CAE (UMOL/HR)

    DAHPCR=RHPCR                                     #AMT OF NON-CATALYTIC OXON CONSUMED BY LIVER CAE (UMOL)



    #OXON DETOXICATION IN LIVER

    

    if (USEKM_OXONL) {

      RALOD = (VMAXoxonL*CVLO*FuOXON)/(KMoxonL+CVLO*FuOXON)            #RATE OXON CATALYTIC DETOX IN LIVER

      DAALOD = RALOD                                     #AMT OF OXON CATALYTIC DETOX IN LIVER

    } else {

      RALOD = CRoxonL*CVLO*FuOXON                               #RATE OXON CATALYTIC DETOX IN LIVER

      DAALOD = RALOD                                     #AMT OF OXON CATALYTIC DETOX IN LIVER

    }					    

    

    RALO = QH*(CPLO-CVLO)+RALM1-(RHPCE+RHPBE+RHPCR)+KAIO*AINTO+KASO*ASTOMO-RALOD  #RATE OF OXON CHANGE IN LIVER (UMOL/HR)

    DALO = RALO                                      #AMT OXON IN LIVER (UMOL)

    

    #ACHE ACTIVITY--LIVER

    RHCE=KSHCE-AHCE*(KDHCE+KIHCE*CLO*FuOXON)+HOCE*KRHCE	    #RATE OF ACHE ACTIVITY (UMOL/HR)

    DAHCE=RHCE                                            #LIVER ACHE ACTIVITY (UMOL)

    RNHCE=KSHCE-ANHCE*KDHCE				          #RATE OF BASELINE ACHE ACTIVITY (UMOL/HR)

    DANHCE=RNHCE            			                #AMT OF BASELINE ACHE (UMOL)

    RHOCE=AHCE*KIHCE*CLO*FuOXON-HOCE*(KAHCE+KRHCE)		    #RATE OF ACHE INHIBITION (UMOL/HR)

    DHOCE=RHOCE               	                      #AMT OF LIVER ACHE INHIBITED (UMOL)



    #BUCHE ACTIVITY--LIVER

    RHBE=KSHBE-AHBE*(KDHBE+KIHBE*CLO*FuOXON)+HOBE*KRHBE	    #RATE OF BUCHE ACTIVITY (UMOL/HR)

    DAHBE=RHBE            			                #LIVER BUCHE ACTIVITY (UMOL)

    RNHBE=KSHBE-ANHBE*KDHBE				          #RATE OF BASELINE BUCHE ACT (UMOL/HR)

    DANHBE=RNHBE          				          #AMT OF BASELINE BUCHE (UMOL)

    RHOBE=AHBE*KIHBE*CLO*FuOXON-HOBE*(KAHBE+KRHBE)		    #RATE OF BUCHE INHIBITION (UMOL/HR)

    DHOBE=RHOBE           			                #AMT OF LIVER BUCHE INHIBITED (UMOL)



    #CAE ACTIVITY--LIVER

    RHCR=KSHCR-AHCR*(KDHCR+KIHCR*CLO*FuOXON)+HOCR*KRHCR	    #RATE OF CAE ACTIVITY (UMOL/HR)

    DAHCR=RHCR                                            #LIVER CAE ACTIVITY (UMOL)

    RNHCR=KSHCR-ANHCR*KDHCR				          #RATE OF BASELINE CAE ACT (UMOL/HR)

    DANHCR=RNHCR            			                #AMT OF BASELINE CAE (UMOL)

    RHOCR=AHCR*KIHCR*CLO*FuOXON-HOCR*(KAHCR+KRHCR)		    #RATE OF CAE INHIBITION (UMOL/HR)

    DHOCR=RHOCR           			                #AMT OF LIVER CAE INHIBITED (UMOL)



    #TOTAL AMOUNT DETOXIFIED--NON-CATALYTIC IN LIVER

    AHTOTNC=AHPCE+AHPBE+AHPCR                          #UMOL OXON DETOXIFIED IN LIVER

    

    #LIVER B-ESTERASE (ACHE, BUCHE, AND CAE) ACTIVITY

    HBE=AHCE+AHBE+AHCR			                       #TOTAL B-ESTERASE=ACHE+BUCHE+CAE (UMOL)

    IHE=100*(HBE/(ANHCE+ANHBE+ANHCR))	                 #% TOTAL B-ESTERASE ACTIVITY

    HCE=100*(AHCE/ANHCE)			                 #% ACHE ACTIVITY

    HBES=100*(AHBE/ANHBE)			                 #% BUCHE ACTIVITY

    HCR=100*(AHCR/ANHCR)			                 #% CAE ACTIVITY

    

    #FAT

    CFO = AFO/VF                                       #CONC OXON IN FAT (UMOL/L)

    CVFO = CFO/PoxonF                                  #CONC OXON IN VENOUS BLOOD LEAVING FAT (UMOL/L)

    RAFO = QF*CPLO-QF*CVFO                             #RATE OF OXON CHANGE IN FAT (UMOL/HR)

    DAFO = RAFO                                        #AMT OXON IN FAT (UMOL)

    

    #SLOWLY PERFUSED

    CSO = ASO/VS                                       #CONC OXON IN SLOWLY PERFUSED (UMOL/L)

    CVSO = CSO/PoxonS                                  #CONC OXON IN VENOUS BLOOD LEAVING SLOWLY PERFUSED (UMOL/L)

    RASO = QS*CPLO-QS*CVSO                             #RATE OF OXON CHANGE IN SLOWLY PERFUSED (UMOL/HR)

    DASO = RASO                                        #AMT OXON IN SLOWLY PERFUSED (UMOL)



    #RAPIDLY PERFUSED TISSUES

    CRO = ARO/VR                                      #CONC OXON IN RAPIDLY PERFUSED (UMOL/L)

    CVRO = CRO/PoxonR                                 #CONC OXON IN VENOUS BLOOD LEAVING RAPIDLY PERFUSED (UMOL/L)

    RARO = QR*CPLO-QR*CVRO                            #RATE OF OXON CHANGE IN RAPIDLY PERFUSED (UMOL/HR)

    DARO = RARO                                       #AMT OXON IN RAPIDLY PERFUSED (UMOL)

    

    #BRAIN

    CBRO = ABRO/VBR                                   #CONC OXON IN BRAIN (UMOL/L)

    CVBRO = CBRO/PoxonBR                              #CONC OXON IN VENOUS BLOOD LEAVING BRAIN (UMOL/L)

  

    RBPCE=ABCE*KIBCE*CBRO*FuOXON                      #RATE OF NON-CATALYTIC OXON CONSUMPTION BY ACHE IN BRAIN (UMOL/HR)

    DABPCE=RBPCE                                      #AMT OF NON-CATALYTIC OXON CONSUMED BY ACHE IN BRAIN (UMOL)

    

    RBPBE=ABBE*KIBBE*CBRO*FuOXON 	                    #RATE OF NON-CATALYTIC  OXON CONSUMPTION BY BCHE IN BRAIN(UMOL/HR)

    DABPBE=RBPBE                                      #AMT OF NON-CATALYTIC OXON CONSUMED BY BCHE IN BRAIN (UMOL)

    

    RBPCR=ABCR*KIBCR*CBRO*FuOXON                      #RATE OF NON-CATALYTIC OXON CONSUMPTION BY CAE (UMOL/HR)

    DABPCR=RBPCR                                      #AMT OF NON-CATALYTIC OXON CONSUMED BY CAE (UMOL)



    #BRAIN - CATALYTIC DETOX OF OXON

    if (USEKM_OXONB) {

      RAPOB = (VMAXoxonBR*CVBRO*FuOXON)/(KMoxonBR+CVBRO*FuOXON)  	    #RATE OF CHANGE OXON CATALYTIC DETOX IN BRAIN

      DAPOB=RAPOB 					                            #AMT OF OXON CATALYTIC DETOX IN BRAIN

    } else {

      RAPOB = CRoxonBR*CVBRO*FuOXON                      	    #RATE OF CHANGE OXON CATALYTIC DETOX IN BRAIN

      DAPOB=RAPOB 					                            #AMT OF OXON CATALYTIC DETOX IN BRAIN

    }

      

    RABRO = QBR*(CPLO-CVBRO)-(RBPCE+RBPBE+RBPCR)-RAPOB    #RATE OF OXON CHANGE IN BRAIN (UMOL/HR)

    DABRO = RABRO                                         #AMT OXON IN BRAIN (UMOL)

    

    #ACHE ACTIVITY--BRAIN

    RBCE=KSBCE-ABCE*(KDBCE+KIBCE*CBRO*FuOXON)+BOCE*KRBCE	#RATE OF ACHE ACTIVITY (UMOL/HR)

    DABCE=RBCE            			                  #BRAIN ACHE ACTIVITY (UMOL)

    RNBCE=KSBCE-ANBCE*KDBCE				                #RATE OF BASELINE ACHE ACT (UMOL/HR)

    DANBCE=RNBCE          				                #AMT OF BASELINE ACHE (UMOL)

    RBOCE=ABCE*KIBCE*CBRO*FuOXON-BOCE*(KABCE+KRBCE)	    #RATE OF ACHE INHIBITION (UMOL/HR)

    DBOCE=RBOCE	        			                    #AMOUNT OF BRAIN ACHE INHIBITED (UMOL)



    #BUCHE ACTIVITY--BRAIN

    RBBE=KSBBE-ABBE*(KDBBE+KIBBE*CBRO*FuOXON)+BOBE*KRBBE	#RATE OF BUCHE ACTIVITY (UMOL/HR)

    DABBE=RBBE 			                              #BRAIN BUCHE ACTIVITY (UMOL)

    RNBBE=KSBBE-ANBBE*KDBBE				                #RATE OF BASELINE BUCHE ACT (UMOL/HR)

    DANBBE=RNBBE        		                      #AMT OF BASELINE BUCHE (UMOL)

    RBOBE=ABBE*KIBBE*CBRO*FuOXON-BOBE*(KABBE+KRBBE)	    #RATE OF BUCHE INHIBITION (UMOL/HR)

    DBOBE=RBOBE           		                    #AMOUNT OF BRAIN BUCHE INHIBITED (UMOL)



    #CAE ACTIVITY--BRAIN

    RBCR=KSBCR-ABCR*(KDBCR+KIBCR*CBRO*FuOXON)+BOCR*KRBCR	#RATE OF CAE ACTIVITY (UMOL/HR)

    DABCR=RBCR                                    #BRAIN CAE ACTIVITY (UMOL)

    RNBCR=KSBCR-ANBCR*KDBCR				                #RATE OF BASELINE CAE ACT (UMOL/HR)

    DANBCR=RNBCR            		                  #AMT OF BASELINE CAE (UMOL)

    RBOCR=ABCR*KIBCR*CBRO*FuOXON-BOCR*(KABCR+KRBCR)	   	#RATE OF CAE INHIBITION (UMOL/HR)

    DBOCR=RBOCR        			                      #AMOUNT OF BRAIN CAE INHIBITED (UMOL)



    #BRAIN B-ESTERASE (ACHE, BUCHE, AND CAE) ACTIVITY

    BBE=ABCE+ABBE+ABCR			                  #TOTAL B-ESTERASE=ACHE+BUCHE+CAE (UMOL)

    IBE=100*(BBE/(ANBCE+ANBBE+ANBCR))	            #TOTAL B-ESTERASE ACTIVITY

    BCE=100*(ABCE/ANBCE)			            #% ACHE ACTIVITY

    BBES=100*(ABBE/ANBBE)			            #% BUCHE ACTIVITY

    BCR=100*(ABCR/ANBCR)			            #% CAE ACTIVITY

    

    #KIDNEY

    RKPCE=AKCE*KIKCE*CKO*FuOXON				      #RATE OF NON-CATALYTIC OXON CONSUMPTION VIA ACHE (UMOL/HR)

    DAKPCE=RKPCE                                      #AMT OF NON-CATALYTIC OXON CONSUMED VIA ACHE(UMOL)

    

    RKPBE=AKBE*KIKBE*CKO*FuOXON 				      #RATE OF NON-CATALYTIC OXON CONSUMPTION VIA BCEE (UMOL/HR)

    DAKPBE=RKPBE                                      #AMT OF NON-CATALYTIC  OXON CONSUMED VIA BCHE(UMOL)

    

    RKPCR=AKCR*KIKCR*CKO*FuOXON				      #RATE OF NON-CATALYTIC OXON CONSUMPTION VIA CAE (UMOL/HR)

    DAKPCR=RKPCR                                      #AMT OF NON-CATALYTIC OXON CONSUMED VIA CAE (UMOL)

    

    #CATALYTIC OXON DETOX IN THE KIDNEY

    if (USEKM_OXONK) {

      RAKOD = (VMAXoxonK*CVKO*FuOXON)/(KMoxonK+CVKO*FuOXON)	         #RATE OF OXON CATALYTIC DETOX IN KIDNEY (UMOL/HR)

      DAAKOD = RAKOD 						                       #AMT OF OXON CATALYTIC DETOX IN KIDNEY (UMOL)

    } else {

      RAKOD = CRoxonK*CVKO*FuOXON                  	         #RATE OF OXON CATALYTIC DETOX IN KIDNEY (UMOL/HR)

      DAAKOD = RAKOD 						                       #AMT OF OXON CATALYTIC DETOX IN KIDNEY (UMOL)

    }  

    

    #EXCRETION FROM THE KIDNEY

    REXCO = KEO*AKO

    DEXCO = REXCO

    

    #RATE OF CHANGE IN KIDNEY

    RAKO = QK*CPLO-QK*CVKO-(RKPCE+RKPBE+RKPCR)-RAKOD-REXCO #RATE OF OXON CHANGE IN KIDNEY (UMOL/HR)

    DAKO = RAKO                                       #AMT OXON IN KIDNEY (UMOL)



    # ACHE ACTIVITY--KIDNEY

    RKCE=KSKCE-AKCE*(KDKCE+KIKCE*CKO*FuOXON)+KOCE*KRKCE	#RATE OF ACHE ACTIVITY (UMOL/HR)

    DAKCE=RKCE   				                  #KIDNEY ACHE ACTIVITY (UMOL)

    RNKCE=KSKCE-ANKCE*KDKCE				      #RATE OF BASELINE ACHE ACT (UMOL/HR)

    DANKCE=RNKCE                                      #AMT OF BASELINE ACHE (UMOL)

    RKOCE=AKCE*KIKCE*CKO*FuOXON-KOCE*(KAKCE+KRKCE)		#RATE OF ACHE INHIBITION (UMOL/HR)

    DKOCE=RKOCE  				                  #AMOUNT OF KIDNEY ACHE INHIBITED (UMOL)



    # BUCHE ACTIVITY--KIDNEY

    RKBE=KSKBE-AKBE*(KDKBE+KIKBE*CKO*FuOXON)+KOBE*KRKBE	#RATE OF BUCHE ACTIVITY (UMOL/HR)

    DAKBE=RKBE                            		#KIDNEY BUCHE ACTIVITY (UMOL)

    RNKBE=KSKBE-ANKBE*KDKBE 			            #RATE OF BASELINE BUCHE ACT (UMOL/HR)

    DANKBE=RNKBE  				            #AMT OF BASELINE BUCHE (UMOL)

    RKOBE=AKBE*KIKBE*CKO*FuOXON-KOBE*(KAKBE+KRKBE)	      #RATE OF BUCHE INHIBITION (UMOL/HR)

    DKOBE=RKOBE 				                  #AMOUNT OF KIDNEY BUCHE INHIBITED (UMOL)



    # CAE ACTIVITY--KIDNEY

    RKCR=KSKCR-AKCR*(KDKCR+KIKCR*CKO*FuOXON)+KOCR*KRKCR	#RATE OF CAE ACTIVITY (UMOL/HR)

    DAKCR=RKCR                                        #KIDNEY CAE ACTIVITY (UMOL)

    RNKCR=KSKCR-ANKCR*KDKCR	                        #RATE OF BASELINE CAE ACT (UMOL/HR)

    DANKCR=RNKCR  				                        #AMT OF BASELINE CAE (UMOL)

    RKOCR=AKCR*KIKCR*CKO*FuOXON-KOCR*(KAKCR+KRKCR)           #RATE OF CAE INHIBITION (UMOL/HR)

    DKOCR=RKOCR 		 	                        #AMOUNT OF KIDNEY CAE INHIBITED (UMOL)

    

    #KIDNEY B-ESTERASE (ACHE, BUCHE, AND CAE) ACTIVITY

    KBE=AKCE+AKBE+AKCR			                  #TOTAL B-ESTERASE=ACHE+BUCHE+CAE (UMOL)

    IKE=100*(KBE/(ANKCE+ANKBE+ANKCR))	            #% TOTAL B-ESTERASE ACTIVITY

    KCE=100*(AKCE/ANKCE)			            #% ACHE ACTIVITY

    KBES=100*(AKBE/ANKBE)			            #% BUCHE ACTIVITY

    KCR=100*(AKCR/ANKCR)		                  #% CAE ACTIVITY

    

    #PLASMA

    CVO=(QH*CVLO+QF*CVFO+QS*CVSO+QR*CVRO+QBR*CVBRO+QK*CVKO)/QC   #CONC OXON IN VENOUS PLASMA (UMOL/L)

    

    #RBC

    CRBCO = ARBCO/VRBC                              #CONC OXON IN RBC (UMOL/L)



    RBLPBE=ABLBE*KIBLBE*CPLO*FuOXON  			                #RATE OF NON-CATALYTIC OXON CONSUMPTION VIA BCHE PLASMA (UMOL/HR)

    DABLPBE=RBLPBE                                  #AMT OF NON-CATALYTIC OXON CONSUMED VIA BCHE PLASMA (UMOL)

    

    RBLPCR=ABLCR*KIBLCR*CPLO*FuOXON                        #RATE OF NON-CATALYTIC OXON CONSUMPTION VIA PLASMA CAE (UMOL/HR)

    DABLPCR=RBLPCR                                  #AMT OF NON-CATALYTIC OXON CONSUMED VIA PLASMA CAE (UMOL)

    

    RBLPCE=ABLCE*KIBLCE*CPLO*FuOXON                        #RATE OF NON-CATALYTIC OXON CONSUMPTION VIA ACHE PLASMA (UMOL/HR)

    DABLPCE=RBLPCE                                  #AMT OF NON-CATALYTIC OXON CONSUMED VIA ACHE PLASMA (UMOL)

    

    RRBPCE=ARBCE*KIRBCE*CRBCO*FuOXON                       #RATE OF NON-CATALYTIC OXON CONSUMPTION VIA ACHE RBCs (UMOL/HR)

    DARBPCE=RRBPCE                                  #AMT OF NON-CATALYTIC OXON CONSUMED VIA ACHE RBCs(UMOL)

   

    #OXON DETOXICATION IN PLASMA

    if(USEKM_OXONP) {

      RAPOD=(VMAXoxonP*CPLO*FuOXON)/(KMoxonP+CPLO*FuOXON) #RATE OF CHANGE CATALYTIC OXON DETOX IN PLASMA

      DAPOD=RAPOD                           #AMT OF OXON CATALYTIC DETOX IN PLASMA

    } else {

      RAPOD = CRoxonPL*CPLO*FuOXON  	    		       #RATE OF CHANGE CATALYTIC OXON DETOX IN PLASMA

      DAPOD=RAPOD 					                 #AMT OF OXON CATALYTIC DETOX IN PLASMA

    }



    #PLASMA - assume rapid equilibration with RBC via PTORBC

    #RATE OF CHANGE IN PLASMA

    RAPLO=QC*(CVO-CPLO)-PTORBC*(CPLO-CRBCO/PoxonRBC)-(RBLPBE+RBLPCR+RBLPCE)-RAPOD	  #RATE OF OXON CHANGE IN PLASMA (umol/hr)

    DAPLO=RAPLO                                     		                    #AMT OXON IN PLASMA (umol)



    #RBCs

    RRBCO=PTORBC*(CPLO-CRBCO/PoxonRBC)-RRBPCE			 #RATE OF OXON CHANGE IN RBC (umol/hr)

    DRBCO=RRBCO                                              #AMT OXON IN RBC (umol/hr)



    #WHOLE BLOOD

    ABLO=ARBCO+APLO							 #MASS OXON IN WHOLE BLOOD (UMOL)

    CBLO=ABLO/VBL								 #CONC OXON IN WHOLE BLOOD (UMOL/L)



    # ACHE ACTIVITY--PLASMA

    RBLCE=KSBLCE-ABLCE*(KDBLCE+KIBLCE*CPLO*FuOXON)+BLOCE*KRBLCE	#RATE OF ACHE ACTIVITY (UMOL/HR)

    DABLCE=RBLCE                  				                #PLASMA ACHE ACTIVITY (UMOL)

    RNBLCE=KSBLCE-ANBLCE*KDBLCE				                    #RATE OF BASELINE ACHE ACT (UMOL/HR)

    DANBLCE=RNBLCE              			                    #AMT OF BASELINE ACHE (UMOL)

    RBLOCE=ABLCE*KIBLCE*CPLO*FuOXON-BLOCE*(KABLCE+KRBLCE)	    	#RATE OF ACHE INHIBITION (UMOL/HR)

    DBLOCE=RBLOCE           					                    #AMOUNT OF PLASMA ACHE INHIBITED (UMOL)



    # BUCHE ACTIVITY--PLASMA

    RBLBE=KSBLBE-ABLBE*(KDBLBE+KIBLBE*CPLO*FuOXON)+BLOBE*KRBLBE	#RATE OF BUCHE ACTIVITY (UMOL/HR)

    DABLBE=RBLBE            				                      #PLASMA BUCHE ACTIVITY (UMOL)

    RNBLBE=KSBLBE-ANBLBE*KDBLBE				                    #RATE OF BASELINE BUCHE ACT (UMOL/HR)

    DANBLBE=RNBLBE            				                    #AMT OF BASELINE BUCHE (UMOL)

    RBLOBE=ABLBE*KIBLBE*CPLO*FuOXON-BLOBE*(KABLBE+KRBLBE)	    	#RATE OF BUCHE INHIBITION (UMOL/HR)

    DBLOBE=RBLOBE         					                     #AMOUNT OF PLASMA BUCHE INHIBITED (UMOL)



    # CAE ACTIVITY--PLASMA

    RBLCR=KSBLCR-ABLCR*(KDBLCR+KIBLCR*CPLO*FuOXON)+BLOCR*KRBLCR	#RATE OF CAE ACTIVITY (UMOL/HR)

    DABLCR=RBLCR                		                      #PLASMA CAE ACTIVITY (UMOL)

    RNBLCR=KSBLCR-ANBLCR*KDBLCR				                    #RATE OF BASELINE CAE ACT (UMOL/HR)

    DANBLCR=RNBLCR            				                    #AMT OF BASELINE CAE (UMOL)

    RBLOCR=ABLCR*KIBLCR*CPLO*FuOXON-BLOCR*(KABLCR+KRBLCR)		    #RATE OF CAE INHIBITION (UMOL/HR)

    DBLOCR=RBLOCR                                         #AMOUNT OF PLASMA CAE INHIBITED (UMOL)



    #PLASMA B-ESTERASE (ACHE, BUCHE, AND CAE) ACTIVITY

    BLBE=ABLCE+ABLBE+ABLCR				            #TOTAL B-ESTERASE=ACHE+BUCHE+CAE (UMOL)

    IBLE=100*(BLBE/(ANBLCE+ANBLBE+ANBLCR))		#% TOTAL B-ESTERASE ACTIVITY IN PLASMA

    BLCE=100*(ABLCE/ANBLCE)				            #% ACHE ACTIVITY IN PLASMA

    BLBES=100*(ABLBE/ANBLBE)			            #% BUCHE ACTIVITY IN PLASMA

    BLCR=100*(ABLCR/ANBLCR)				            #% CAE ACTIVITY IN PLASMA

    

    # ACHE ACTIVITY--RBCS

    RRBCCE=KSRBCE-ARBCE*(KDRBCE+KIRBCE*CRBCO*FuOXON)+RBCOCE*KRRBCE	#RATE OF ACHE ACTIVITY (UMOL/HR)

    DARBCE=RRBCCE             		  	                      #RBC ACHE ACTIVITY (UMOL)

    RNRBCCE=KSRBCE-ANRBCE*KDRBCE				                    #RATE OF BASELINE ACHE ACT (UMOL/HR)

    DANRBCE=RNRBCCE            				                      #AMT OF BASELINE ACHE (UMOL)

    RRBOCE=ARBCE*KIRBCE*CRBCO*FuOXON-RBCOCE*(KARBCE+KRRBCE)	 	    #RATE OF ACHE INHIBITION (UMOL/HR)

    DRBCOCE=RRBOCE        				                          #AMOUNT OF RBC ACHE INHIBITED (UMOL)

    

    #RBC B-ESTERASE (ACHE ONLY)ACTIVITY

    RBCCE=100*(ARBCE/ANRBCE)			                  #% ACHE ACTIVITY IN RBCS

    

    

    #----------------------------------------------------------------------------------.

    #MASS BALANCE####

    TMASSpar=ASTOM+AINTM+ALM+AKM+AFM+ASpar+ABRM+ARM+APL+ARBC    #UMOL

    TMASSoxon=ASTOMO+AINTO+ALO+AFO+ASO+AKO+ARO+ABRO+APLO+ARBCO   #UMOL

    TMASSMETAB=ALM2+AKM2+APD+APB                                #CATALYTIC PARENT DETOX (UMOL)

    TMASSODT=AALOD+APOD+APOB+AAKOD                              #CATALYTIC OXON DETOX (UMOL)

    TMASSOXONNC=AHPCE+AHPBE+AHPCR+ABPCE+ABPBE+ABPCR+AKPCE+AKPBE+AKPCR+ABLPCE+ABLPBE+ABLPCR+ARBPCE #NON-CATALYTIC OXON DETOX (UMOL)  

    TMASSEXC=AEXCO                                                #OXON EXCRETION

    TMASSSURF=ASURF

    TMASSTOTAL=TMASSpar+TMASSoxon+TMASSODT+TMASSOXONNC+TMASSMETAB+TMASSEXC #UMOL 

    

    TDOSE=ODOSE+ODOSEO+AINH         #TOTAL DOSE (UMOL)

    MASSBAL=TMASSTOTAL/(TDOSE+1E-99)       #SHOULD EQUAL 1 (OR REALLY CLOSE TO IT)

    

    

    #FROM THE ODE HELP:"THE RETURN VALUE OF FUNC SHOULD BE A LIST, WHOSE FIRST

    #ELEMENT IS A VECTOR CONTAINING THE DERIVATIVES OF Y WITH RESPECT TO TIME,

    #AND WHOSE NEXT ELEMENTS ARE GLOBAL VALUES THAT ARE REQUIRED AT EACH POINT

    #IN TIMES. THE DERIVATIVES MUST BE SPECIFIED IN THE SAME ORDER AS THE STATE

    #VARIABLES Y." 

    list(#DERVATIVES

          c(DODOSE,DODOSEO,

            DDDOSE,DTDDOSE,DASURF,DADL,

            DASTOM, DAINTM, DALM, DALM1, DALM2, DAKM,  DAFM, DASpar,  

            DABRM,  DARM, DAPL,  DASTOMO, DAINTO, DALO, DAALOD, 

            DAHCE, DANHCE, DHOCE, DAHPCE, DAHBE, DANHBE, DHOBE, DAHPBE, DAHCR,

            DANHCR, DHOCR, DAHPCR, DAFO, DASO, DARO, DABRO,  DABCE,  

            DANBCE, DBOCE, DABPCE, DABBE, DANBBE, DBOBE, DABPBE, DABCR, DANBCR,

            DBOCR, DABPCR, DAKO,  DAKCE, DANKCE, DKOCE, DAKPCE, DAKBE, 

            DANKBE, DKOBE, DAKPBE, DAKCR, DANKCR, DKOCR, DAKPCR,  

            DABLCE, DANBLCE, DBLOCE, DABLPCE, DABLBE, DANBLBE, DBLOBE, DABLPBE,

            DABLCR, DANBLCR, DBLOCR, DABLPCR, DARBCE, DANRBCE, DRBCOCE, DARBPCE,

            DAPLO, DAPOD, DAPD, DRBCO, DAPB, DAPOB, DRBC, DAKM2,DAAKOD,DEXCO,

            DCI, DINH),

          #'GLOBAL VALUES TO BE RETURNED.

          BCE=BCE,

          RBCCE=RBCCE,

          BLBES=BLBES,

          HCR=HCR,

          ABL=ABL,

          ABLO=ABLO,

          CPL=CPL,

          CPLO=CPLO,

          CLM=CLM,

          CLO=CLO,

          CKM=CKM,

          CKO=CKO,

          CBRM=CBRM,

          CBRO=CBRO,

          CFM=CFM,

          CFO=CFO,

          CSM=CSM,

          CSO=CSO,

          CRM=CRM,

          CRO=CRO,

          CRBC=CRBC,

          CRBCO=CRBCO,

          CBL=CBL,

          CBLO=CBLO,

          CV=CV,

          CVO=CVO,

          QCf=QCf,

          QSC=QSC,

          QC=QC,

          QFC=QFC,

          QHC=QHC,

          QRC=QRC,

          QKC=QKC,

          BW=BW,

          QALV=QALV,

          TDOSE=TDOSE,

          TMASSTOTAL=TMASSTOTAL,

          MASSBAL=MASSBAL,

          TMASSpar=TMASSpar,

          TMASSoxon=TMASSoxon,

          TMASSMETAB=TMASSMETAB,

          TMASSODT=TMASSODT,

          TMASSOXONNC=TMASSOXONNC,

          TMASSEXC=TMASSEXC,

          TMASSSURF=TMASSSURF,

          QBAL=QBAL,

          CVLM=CVLM,

          VMAXparoxon=VMAXparoxon,

          KMparoxon=KMparoxon,

          VMAXparL=VMAXparL,

          KMparL=KMparL

         )

})

}#end derivative function###



























 


# ======================== Script  Information =================================

# Adult rat parameters for use in malathion PBPK/PD model

# 

# PROJECT INFORMATION:

#   Name:   Rick Reiss/Anne Loccisano/Andy Deines

#   Number: Version 1

#   QAID:   1200734.002

#

# HISTORY:----

#   Date            Remarks

#  -----------	   -------------------------------------------------------------

#  2018_05_23       Started by AMD

#  2020_02_14       RR Provided to EPA





#Parameter=value     #Description (units)-----------------------------------Reference

params<-c(TSTART=0,

# Run parameters  

#blood flows - note 6% goes to skin and this is added to slowly perfused because blood

#flow to the skin is not modeled

#Timchalk did not have a kidney compartment so this value comes from Brown and substracted

#out of richly perfused

QCC=15.0,		   #Cardiac Output(L/hr/kg BW**0.75)-----------------------Brown et al 1997 

QFC=0.09,#		 #Fractional Blood Flow to Fat(%QCC)---------------------Timchalk et al 2002

QHC=0.25,#		 #Fractional Blood Flow to Liver(%QCC)-------------------Timchalk et al 2002

QRC=0.29,#		 #Fractional Blood Flow to Richly Perfused Tissue--------Timchalk et al 2002 & Brown et al. 1997

QSC=0.20,#     #Fractional Blood Flow to Slowly Perfused---------------Timchalk et al. 2002 (includes skin)

QBRC=0.03,#    #Fractional blood flow to brain-------------------------Timchalk et al. 2002

QKC=0.14,#     #Fraction of blood flow to kidney-----------------------Brown et al 1997



#Tissue Volumes   - 

BW=0.300,#		   #Body Weight(kg)----------------------------------------between 0.2 - 0.5 kg

VBLC=0.06,#		   #Blood Volume(%BW)--------------------------------------Timchalk et al 2002

VFC=0.07,#		   #Fat Volume(%BW)----------------------------------------Timchalk et al 2002

VHC=0.04,#		   #Liver Volume(%BW)--------------------------------------Timchalk et al 2002

VBRC=0.012,#     #Brain volume(%BW)--------------------------------------Timchalk et al 2002

VKC=0.0073,#     #Kidney volume (%BW)------------------------------------Brown et al 1997

VSC=0.7778,#     #Slowly perfused tissues(%BW)---------------------------Timchalk et al 2002

VRC=0.023,#      #Rapidly perfused tissues(%BW)--------------------------Timchalk et al 2002

HCT=0.45,#       #Hematocrit---------------------------------------------Timchalk et al 2002



#molecular weights

MWPAR=330.36,#     #molecular wt of malathion (g/mol)

MWOXON=314.29,#     #molecular wt of malaoxon (g/mol)



#partition coefficients (tissue:plasma)# All values calculated with EPA's httk R package

#Malathion is one of the chemicals in the httk library but a new chemical was added to 

#to represent malathion without protein binding per below.  Malaoxon is not in the chemical

#library and was added with a logp=1.38 from Leonard et al. (2016)

#Malathion

PparF = 19.4,#    #fat:plasma

PparR = 24.8,    #richly perfused:plasma (same as liver)

PparL = 24.8,    #liver:plasma

PparK = 20.6,    #kidney:plasma

PparBR = 8.3,    #brain:plasma

PparS = 5.4,     #slowly perfused:plasma

PparRBC = 2.1,   #RBC:plasma

PparLung = 1000,  #lung:plasma



#Malaoxon

PoxonF = 4.8,  #fat:plasma

PoxonR = 8.9,  #richly perfused:plasma (same as liver)

PoxonL = 8.9,  #liver:plasma

PoxonK = 8.2,#       #kidney:plasma

PoxonBR = 2.2,      #brain:plasma

PoxonS = 1.9,      #slowly perfused:plasma

PoxonRBC = 1.5,   #RBC:plasma





#Fraction of metabolism from carboxylesterase based on data from rat metabolism study showing

#roughly 95% of metabolites are from carboxylesterase pathway (Bradway and Shafik, 1977)

FCXB = 0.95,



#Plasma protein binding

#No binding is assumed based on Tarhoni et al. (2008) that shows no albumin bindings for malathion

#or malaoxon.  Note EPA high throughput measurements show binding for both malathion and 

#malaoxon, but the Tarhoni measurements are considered more accurate

#We also consided the Wetmore et al. (2013) findings that better fits

#were obtained to in vivo data for several chemicals when assuming everything is unbound

FuPAR = 1.0,          #parent binding

FuOXON = 1.0,         #oxon binding



#transfer rate from plasma to RBC - set to facilitate fast plasma-RBC equilbrium

PTORBC = 100,



#metabolism parameters

#variable to select using KM/VMAX or clearance rate

#IF TRUE, a Km and Vmax is assumed.  If FALSE, only a clearance rate is used

USEKM_PARL = TRUE,

USEKM_PARK = TRUE,

USEKM_PARB = TRUE,

USEKM_PARP = TRUE,

USEKM_OXONL = FALSE,

USEKM_OXONK = FALSE,

USEKM_OXONB = FALSE,

USEKM_OXONP = FALSE,





#variable to select whether to account for competitive inhibition due to malaoxon inhibition of CaE

#set to TRUE for malathion given known carboxylesterase inhibition (e.g., Main and Dauterman, 1968)

USECOMINH_PARL = TRUE,

USECOMINH_PARK = TRUE,

USECOMINH_PARB = TRUE,

USECOMINH_PARP = TRUE,



#maximum rates of metabolism (umol/hr/kg tissue)

#malathion detoxification

VMAXparLC = 853920*0.85,#, 853920,#liver Kassahun (2019) MRID 50927802 FITTED at 50% of measured value

VMAXparBRC = 1000,#   #brain - FITTED VALUE - fits for brain not optimized because brain inhibition is not

#relevant to risk assessment

VMAXparKC = 853920*0.6*0.85,#  #kidney (60% of liver per Talcott, 1979) FITTED at 50% per liver fit

VMAXparPC = 90.4,  #plasma - Measured clearance rate of 90.4 from Mallupudi et al. (1980).  Km assumed as 1 



#malathion oxidation--malathion to malaoxon

VMAXparoxonC = 3318,        #liver - Kassahun (2019) MRID 50927802



#oxon detox - NOT Used for liver, brain, and plasma.  Clearance rates used instead. No

#oxon metabolism assumed in kidney

VMAXoxonLC = 0.0,#   #liver

VMAXoxonBRC = 0.0, #brain

VMAXoxonKC = 0.0, #kidney

VMAXoxonPC = 0.0, #plasma



#affinity constants

#malathion detoxification

KMparL = 2.42*1.5,#            #liver - Kassahun (2019) MRID 50927802

KMparBR = 2.0,#           #brain - FITTED value

KMparK = 2.42*1.5,#            #kidney - set same as liver

KMparP = 1.0,#             #plasma - fitted - informed by Mallupudi et al. (1980)



#malathion oxidation--malathion to malaoxon

KMparoxon = 5.83,#          #liver - Kassahun (2019) MRID 50927802



#oxon detox - NOT used; clearance rates used instead

KMoxonL = 0.01,#       #liver

KMoxonBR = 0.01,#     #brain

KMoxonK = 0.01,#      #kidney

KMoxonP= 0.01,#         #plasma



#clearance rates (only applicable if USEKM variable is TRUE)

CRparLC = 0,               #clearance rate parent in liver

CRparKC = 0,               #clearance rate parent in kidney

CRparBRC = 0,              #clearance rate parent in brain

CRparPLC = 0, 	           #clearance rate parent in plasma (L/hr/L plasma)	

CRoxonLC = 15313*0.25, #15313*0.3,#           #clearance rate oxon in liver - Chambers and Meek (2019) MRID 50927801 - 

#adjusted to 20% for fitting

CRoxonKC = 0.0,              #clearance rate oxon in kidney - assumed to be zero

CRoxonBRC = 500,             #clearance rate oxon in brain - FITTED

CRoxonPLC = 3209*0.15,#		     #clearance rate oxon in plasma (L/hr/L plasma) - Chambers and Meek (2019) MRID 50927801

# fitted to 10% of measured value



 

#inhalation parameters

QALV = 12.9,                   #volumetric flow (L/hr) MPPD default-166 breathes/min and 200 g rat - asymmetric SD rat model

IZONE = 0,                    #include inhalation exposure

ABS_INH=1.0,



#dermal parameters

DERMPERCNT = 0.01/8,       #dermal exposure percent per hour

DZONE = 0,                  #include dermal exposure (DZONE=1)



#uptake parameters - all values fitted

#malathion

KAS=2.0,       #transfer stomach to liver (/h)

KSI=0.2,	      #transfer stomach to intestine (/h)

KAI=0.2,        #transfer intestine to liver (/h)

FA=1,           #Fractional oral Absorption



#oxon

KASO=3.0,       #transfer stomach to liver (/h)

KSIO=0.5, 	    #transfer stomach to intestine (/h)

KAIO=0.5,       #transfer intestine to liver (/h)

FAO=1,          #Fractional oral Absorption





#elimination rate for oxon (1/h) - metabolism studies show no malaoxon in urine

KEO = 0.0,





#pharmacodynamic parameters

# AChE activity (umol/hr/kg tissue) 

BACHE=4.40e5,#	 #brain% Poet et al 2014

BLACHE=2.33e4,#    #plasma% Poet et al 2014

HACHE=1.02e4,#     #liver% Poet et al 2014

RBCHE=3.39e4,#	 #RBCs% Poet et al 2014

KACHE=5.4e3,#      #kidney% Maxwell 1987



# BuChE activity (umol/hr/kg tissue) 

BBUCE=4.68e4,#	#brain% Poet et al 2014

HBUCE=3.0e4,#     #liver% Poet et al 2014

BLBUCE=7.85e3,#	#plasma% Poet et al 2014

KBUCE=1.02e4,#    #kidney% Maxwell 1987



# CaE activity (umol/hr/kg tissue) 

BRCE=2.88e5,#	 #brain% Poet et al 2014   

HECE=1.94e6,#	 #liver% Poet et al 2014

PLOCE=8.4e4,#	 #plasma% Poet et al 2014

KECE=1.79e6,#  #kidney% Maxwell 1987





# Degradation of esterase (1/h)--Gearhart et al. 1990, Timchalk et al. 2002 and Poet et al 2014.

# Gearhart inlcudes original values of 0.1 per hour for BChE from Traina and Serpietri (1984) and

# 0.01 per hour from Wenthold et al. (1974).  Timchalk cites Gearhart for these values but

# uses somewhat different values in some cases.  Poet, an update to Timchalk, uses different values 

# than both Timchalk and Gearhart.  We reverted to the measured values as cited by Gearhart

# except for carboxylestearse where there are no available measurements.  In this case, we 

# used the fitted values from Poet et al. 2014.  Poet al. 2014 does not have a value for kidney

# so we used the value for liver.

KDBBE=0.1,#                #BuChE (brain)   

KDBCE=0.01,#                 #AChE (brain)  

KDBCR=0.000754,#             #CaE (brain)

KDBLBE=0.1,#                #BuChE (blood/plasma) 

KDBLCE=0.01,#                 #AChE (blood/plasma)

KDBLCR=0.001,#              #CaE (blood/plasma)   

KDHBE=0.1,#                #BuChE (liver)

KDHCE=0.01,#                 #AChE (liver)   

KDHCR=0.001,#               #CaE (liver)

KDRBCE=0.01,#                #AChE (RBC)   

KDKBE=0.1,#                #BuChE (kidney)

KDKCE=0.01,#                #AChE (kidney)

KDKCR=0.001,#               #CaE (kidney)





# Esterase aging rates (1/h)--chemical-specific 

# AChE aging rate from Mason et al 2000 (human RBC AChE for azinphos-methyl, also a dimethoxy OP)

# BuChE aging rate from Mason et al 2000 (human plasma BuChE for azinphos-methyl, also a dimethoxy OP)

# CaE set to 0.001 based on Maxwell and Brecht (2001) showing no evidence of ageing (differs from chlorpyrifos model)

KABBE=0.116,#              #BuChE (brain)

KABCE=0.022,#              #AChE (brain)

KABCR=0.001,#             #CaE (brain)

KABLBE=0.116,#             #BuChE (blood/plasma)

KABLCE=0.022,#             #AChE (blood/plasma)

KABLCR=0.001,#             #CaE (blood/plasma)

KAHBE=0.116,#              #BuChE (liver)

KAHCE=0.022,#              #AChE (liver)

KAHCR=0.001,#             #CaE (liver)

KARBCE=0.022,#             #AChE (RBC)

KAKBE=0.116,#              #BuChE (kidney)

KAKCE=0.022,#              #AChE (kidney)

KAKCR=0.001,#             #CaE (kidney)





#Inhibition of esterase (L/umol/h)--chemical-specific. 

#AChE from Chambers et al. (MRID 50773501) 

#BuChE from Herzsprung 1992 for human plasma BuChE

#CaE measured value of approximately 1 L/umol/hr in Main and Dauterman (1968). Fit to 

#5 L/umol/hr because (1) Main and Dauterman can only be considered an order of magnitude

#measurement given age of study and difficulty of measuring inhibition when there is also

#very fast catalytic reaction (2) to be similar to AChE rate per Timchalk et al.

KIBBE=1.3,#             #BuChE (brain)

KIBCE=4.6*2,#             #AChE (brain) - 

KIBCR=4.6*1.75,#              #CaE (brain)

KIBLBE=1.3,#           #BuChE (blood/plasma)

KIBLCE=4.6*2,#            #AChE (blood/plasma) - 

KIBLCR=4.6*1.75,#             #CaE (blood/plasma)

KIHBE=1.3,#            #BuChE (liver)

KIHCE=4.6*2,#             #AChE (liver) - 

KIHCR=4.6*1.75,#             #CaE (liver)

KIRBCE=4.6*2,#            #AChE (RBCs) - 

KIKBE=1.3,#            #BuChE (kidney)

KIKCE=4.6*2,#             #AChE (kidney) - 

KIKCR=4.6*1.75,#             #CaE (kidney)



#Reactivation of esterase (1/h)--chemical specific 

# AChE reactivation rate from Mason et al 2000 (human RBC AChE for azinphos-methyl, also a dimethoxy OP)

# BuChE reactivation rate from Mason et al 2000 (human plasma BuChE for azinphos-methyl, also a dimethoxy OP)

# CaE was fit. THere are no available data and Timchalk assumed same rate as for AChE.  Fitted value is somewhat lower

# than for AChE

KRBBE=0.03,#                #BuChE (brain)

KRBCE=0.018,#               #AChE (brain)

KRBCR=0.001,               #CaE (brain)

KRBLBE=0.03,#               #BuChE (blood/plasma)

KRBLCE=0.018,#              #AChE (blood/plasma)

KRBLCR=0.001,#              #CaE (blood/plasma)

KRHBE=0.03,#                #Bu,ChE (liver)

KRHCE=0.018,#               #AChE (liver)

KRHCR=0.001,#               #CaE (liver)

KRRBCE=0.018,#              #AChE (RBCs)

KRKBE=0.03,#                #BuChE (kidney)

KRKCE=0.018,#               #AChE (kidney)

KRKCR=0.001,#               #CaE (kidney)





# Enzyme turnover rate (substrate hydrolysis/h/active site) (Poet et al. 2014)

TRCE=1.17e7,#      #AChE

TRCR=1.086e5,#     #CaE

TRBE=3.66e6#       #BuChE

)#




Sheet1

		scen_no		bw_kg		route		inh_hpd		inh_dpw		derm_hpd		derm_dpw		ndays		acute_ss		pod_mkd		pod_mgm3

		1		0.25		oral		nan		nan		nan		nan		2		acute		450		nan

		2		0.25		oral		nan		nan		nan		nan		32		ss		25		nan

		3		0.25		dermal		nan		nan		6		7		32		ss		2200		nan

		4		0.25		inhalation		6		5		nan		nan		32		ss		52.632		170






# run_pod_blood_conc.R

# Malathion - Rat

# Dan Hoer - hoer.daniel@epa.gov

# 27 December 2022

#

# Script to run RAT PBPK-PD model at all of the estimated PODs and get the mean 

# blood concentration in the final 24 hrs. The average blood concentrations will be

# compared to in vitro AC50 values to see if cholinesterase inhibition is protective

# of potential DNT effects.

#

# The script takes an Excel file containing the pertinent information to run each simulation

# (i.e., bodyweight, exposure type, exposure duration, AChE POD, etc.) and runs

# the appropriate simulation with the RAT PBPK model. 

# 

# There are several breakout functions to run the model as required (oral, 

# inhaltion, and dermal). These functions are set up first, then there is a loop

# that moves iteratively through the data in the Excel file to determine the appropriate

# function to run. 

# 

# The output is a csv containing all of the input information from the Excel file

# as well as the mean blood concentration in the final 24 hours of exposure as well as

# the minimum AChE level in Brain over the course of the exposure. The AChE inhibition output

# is a function check as well as a QA/QC check of the previous values.



#clear workspace

rm(list = ls())



#set the working directory to the location of these scripts

#setwd(dirname(rstudioapi::getActiveDocumentContext()$path))



#load libraries

library(readxl)

library(deSolve)

library(dplyr)

library(tidyr)



pods = read_excel("malathion_rat_pods.xlsx")



#set up functions to run each type of exposure in the rat model

oral_mod <- function(bw,dose,ndays) {

  

  source("malathion_adult_rat_parameters.R") 	        # rat parameters

  source("adult_rat_pbpk_mod.R")

  

  #set the parameters based on the needs of the run

  # Initial_parameters

  params[["TSTART"]] = 0.0            # START SIMULATION (HR)

  params[["TSTOP"]]  = ndays*24		    # Simulation duration = 1 day

  params[["BW"]]     = bw   	        # kg



  initial_params <- initial_params_fun(params)

  

  # TIMING COMMANDS ####

  MAXT=0.1       #maximum time step

  times<-seq(initial_params[["TSTART"]],initial_params[["TSTOP"]],by=MAXT)#

  

  

  # dose conversion (mg/kg to umol)

  dose=(dose*1000)*(initial_params[["BW"]]/initial_params[["MWPAR"]])

  

  #determine if the exposure is acute or steady state

  #if the duration is greater than 2 days, then it's steady state, otherwise, it's 

  #acute

  if (ndays > 2) {

    # Dosing ####

    A <- rep(dose,ndays+1)

    B <- seq(0,ndays*24,by=24)

    C <- c("time","doral")

    

    DORAL <- data.frame(B,A)

    colnames(DORAL) <- C

    

    eventDat<-rbind(data.frame(var="ODOSE",time=DORAL$time,

                               value=DORAL$doral,

                               method="add",stringsAsFactors = FALSE),  # ("replace", "add", "multiply")

                    data.frame(var="ASTOM",time=DORAL$time,

                               value=DORAL$doral,

                               method="add",stringsAsFactors = FALSE))

  } else {

    #acute food exposure

    # Dosing ####

    A <- c(dose)

    B <- c(0)

    C <- c("time","doral")

    

    DORAL <- data.frame(B,A)

    colnames(DORAL) <- C

    

    eventDat<-rbind(data.frame(var="ODOSE",time=DORAL$time,

                               value=DORAL$doral,

                               method="add",stringsAsFactors = FALSE),  # ("replace", "add", "multiply")

                    data.frame(var="ASTOM",time=DORAL$time,

                               value=DORAL$doral,

                               method="add",stringsAsFactors = FALSE))

  } 

  

  # STATE####

  # Subject specific UPDATES to the initial value of state variables

  state<-state_fun(st = state,ini_p = initial_params)

  

  # Then run the model using the above set dosing

  modelOutput<- ode(y = state, times = times,  #method = "lsodes",

                    func = adult_rat_Model, parms = initial_params,

                    events = list(data = eventDat[order(eventDat$time),]))

  ModelOutput <- as.data.frame(modelOutput)

  

  #get the desired output (average blood concentration of parent in the final 24 hrs

  #and minimum RBC AChE inhibition)

  if (ndays > 2) {

    mean_blood = mean(tail(ModelOutput$CBL,240))

  } else {

    mean_blood = mean(ModelOutput$CBL[0:240])

  }

  min_ache   = min(ModelOutput$RBCCE)

  

  rm(ModelOutput)

  

  #put the desired output into an output dataframe and return it

  out_df = data.frame("mean_blood" = c(mean_blood),

                      "min_ache"   = c(min_ache))

  return(out_df)

}



#set up a function for running the model using dermal exposure

#this is much simpler than oral exposure because there is no route difference

#however, hours per day (hpd) and days per week (dpw) need to be included to parameterize

#dosing events

dermal_mod <- function(bw,dose,ndays,hpd,dpw) {

  

  source("malathion_adult_rat_parameters.R") 	        # rat parameters

  source("adult_rat_pbpk_mod.R") #use the modified adult rat model that has the ability to use dermal exposure

  

  #set the parameters based on the needs of the run

  # Initial_parameters

  params[["TSTART"]]     = 0.0        # START SIMULATION (HR)

  params[["TSTOP"]]      = ndays*24		# Simulation duration = 1 day

  params[["BW"]]         = bw   	    # kg

  

  params[["DERMPERCNT"]] = 0.107/24    #10.7% over 24 hrs

  params[["DZONE"]]      = 1					# Turning dermal exposures on/off

  

  params[["W3"]]   = ndays              #days exposed per year

  params[["D3"]]   = dpw                #days exposed per week

  params[["P3"]]   = hpd                #hours exposed per day

  

  initial_params <- initial_params_fun(params)

  

  # STATE####

  # Subject specific UPDATES to the initial value of state variables

  state<-state_fun(st = state,ini_p = initial_params)

  

  # dose conversion (mg/kg to ug/kg)

  derm=(dose*1000)

  

  # TIMING COMMANDS ####

  MAXT=0.1       #maximum time step

  times<-seq(initial_params[["TSTART"]],initial_params[["TSTOP"]],by=MAXT)#

  

  #set up the dosing events

  All_Dose<-data.frame(time=times)%>%

    mutate(Level=derm,

           bwt=bw,

           ddOSE=((derm*bwt)/initial_params[["MWPAR"]]),#total dermal dose (umol); use when dose is ug/kg

           pulse1=pulse(t=time,

                        p=initial_params[["YEAR"]]*24,

                        w=initial_params[["W3"]]*24),

           pulse2=pulse(t=time,

                        p=7*24,

                        w=initial_params[["D3"]]*24),

           pulse3=pulse(t=time,

                        p=24,

                        w=initial_params[["P3"]]),

           pulse=pulse1*pulse2*pulse3,

           DDOSE=ddOSE*pulse,

           is.change=c(1,diff(pulse)))%>%

    filter(is.change!=0)

  

  eventDat<-rbind(data.frame(var="TDDOSE",time=All_Dose$time,

                             value=All_Dose$DDOSE,	 

                             method="add",stringsAsFactors = FALSE),  # ("replace", "add", "multiply")

                  data.frame(var="ASURF",time=All_Dose$time,

                             value=All_Dose$DDOSE,	 

                             method="replace",stringsAsFactors = FALSE),

                  data.frame(var="DDOSE",time=All_Dose$time,

                             value=All_Dose$DDOSE,	 

                             method="add",stringsAsFactors = FALSE)

  )

  

  # Then run the model using the above set dosing

  modelOutput<- ode(y = state, times = times,  #method = "lsodes",

                    func = adult_rat_Model, parms = initial_params,

                    events = list(data = eventDat[order(eventDat$time),]))

  ModelOutput <- as.data.frame(modelOutput)

  

  #get the desired output (average blood concentration of parent in the final 24 hrs

  #and minimum RBC AChE inhibition)

  mean_blood = mean(tail(ModelOutput$CBL,240))

  min_ache   = min(ModelOutput$RBCCE)

  

  rm(ModelOutput)

  

  #put the desired output into an output dataframe and return it

  out_df = data.frame("mean_blood" = c(mean_blood),

                      "min_ache"   = c(min_ache))

  return(out_df)

  

}



#set up a function for running the model using inhalation exposure

#this is much simpler than oral exposure because there is no route difference

#however, hours per day (hpd) and days per week (dpw) need to be included to parameterize

#dosing events

inhalation_mod <- function(bw,dose,ndays,hpd,dpw) {

  

  source("malathion_adult_rat_parameters.R") 	        # rat parameters

  source("adult_rat_pbpk_mod.R")

  

  #set the parameters based on the needs of the run

  # Initial_parameters

  params[["TSTART"]] = 0.0          # START SIMULATION (HR)

  params[["TSTOP"]]  = ndays*24     # Simulation duration

  params[["BW"]]     = bw   	 			# kg

  

  params[["QALV"]]   = 12.9 	  # Inhalation rate L/h				

  params[["IZONE"]]  = 1            #Turn inhalation on

  

  params[["W3"]] = ndays            #days exposed per year

  params[["D3"]] = dpw              #days exposed per week

  params[["P3"]] = hpd              #hours exposed per day

  

  initial_params <- initial_params_fun(params)

  

  # STATE####

  # Subject specific UPDATES to the initial value of state variables

  state<-state_fun(st = state,ini_p = initial_params)

  

  # TIMING COMMANDS ####

  MAXT=0.1       #maximum time step

  times<-seq(initial_params[["TSTART"]],initial_params[["TSTOP"]],by=MAXT)#

  

  #we're using the POD calculated in mg_m3 for this dose, so no need to adjust here

  conc_mgm3 = dose

  

  #build the dosing datafraome

  All_Dose<-data.frame(time=times)%>%

    mutate(Level=paste(conc_mgm3,"MGM",sep="_"),

           CIM = (conc_mgm3/1000),# mg/L

           pulse1=pulse(t=time,

                        p=initial_params[["YEAR"]]*24,

                        w=initial_params[["W3"]]*24),

           pulse2=pulse(t=time,

                        p=7*24,

                        w=initial_params[["D3"]]*24),

           pulse3=pulse(t=time,

                        p=24,

                        w=initial_params[["P3"]]),

           pulse=pulse1*pulse2*pulse3,

           CIM=CIM*pulse/initial_params[["MWPAR"]]*1000,#inhaled dose concentration (from mg/L to umol/L)

           is.change=c(1,diff(pulse)))%>%

    filter(is.change!=0)

  

  eventDat<-rbind(data.frame(var="CI",time=All_Dose$time,

                             value=All_Dose$CIM,	 

                             method="replace",stringsAsFactors = FALSE)

  )

  

  # Then run the model using the above set dosing

  modelOutput<- ode(y = state, times = times,  #method = "lsodes",

                    func = adult_rat_Model, parms = initial_params,

                    events = list(data = eventDat[order(eventDat$time),]))

  ModelOutput <- as.data.frame(modelOutput)

  

  mean_blood = mean(tail(ModelOutput$CBL,240))

  min_ache   = min(ModelOutput$RBCCE)

  

  rm(ModelOutput)

  

  #put the desired output into an output dataframe and return it

  out_df = data.frame("mean_blood" = c(mean_blood),

                      "min_ache"   = c(min_ache))

  return(out_df)

}



#prior to starting, we're going to create an empty dataframe to store the results

#for addition to the data file and subsequent export.

output_df = data.frame("scen_no" = c(),

                       "mean_blood" = c(),

                       "min_ache" = c())



#go row by row through the loaded data and run the rat model at the point of departure for AChE inhib

#and collect the average blood concentration in the final 24 hrs. This will be used as a point of 

#comparison with the AC50

for (row in seq(1,nrow(pods))) {

  #grab the row and store it all in a tmp var just to make it a little easier to 

  #collect the needed info

  tmp = pods[row,]

  #first collect the route from the loaded data because we need this to know which model to run

  route = tmp$route

  

  #using the route, pick the appropriate function from the above list and run it, collecting

  #the 

  if (route == "oral") {

    #collect the needed data and stash it in variables for use

    scen_no = tmp$scen_no

    print(sprintf("Running scenario %i",scen_no))

    

    bw    = as.numeric(tmp$bw_kg)   # bodyweight in kg

    dose  = as.numeric(tmp$pod_mkd) # point of departure dose (mg/kg/day)

    ndays = as.numeric(tmp$ndays)   # simulation duration

    

    #run the function to execute the model with the provided paramters

    data = oral_mod(bw,dose,ndays)

    

    to_append = data.frame("scen_no" = c(scen_no),

                           "mean_blood" = c(data$mean_blood),

                           "min_ache" = c(data$min_ache))

    

    #add the results to the output dataframe

    output_df = rbind(output_df,to_append)

    

    #remove the assigned variables and output so that it doesn't impact subseqent runs

    rm(tmp,bw,route,dose,ndays,to_append,data)

  } else if (route == "inhalation") {

    #inhalation exposure 

    #collect the needed data and stash it in variables for use

    scen_no = tmp$scen_no

    print(sprintf("Running scenario %i",scen_no))

    

    bw       = as.numeric(tmp$bw_kg)    # bodyweight in kg

    dose     = as.numeric(tmp$pod_mgm3) # point of departure dose (mg/kg/day)

    ndays    = as.numeric(tmp$ndays)    # simulation duration

    hpd      = as.numeric(tmp$inh_hpd)  # hours per day of exposure

    dpw      = as.numeric(tmp$inh_dpw)  # days per week of exposure

    

    #run the function to execute the model with the provided paramters

    data = inhalation_mod(bw,dose,ndays,hpd,dpw)

    

    to_append = data.frame("scen_no" = c(scen_no),

                           "mean_blood" = c(data$mean_blood),

                           "min_ache" = c(data$min_ache))

    

    #add the results to the output dataframe

    output_df = rbind(output_df,to_append)

    

    #remove the assigned variables and output so that it doesn't impact subseqent runs

    rm(tmp,bw,route,dose,ndays,hpd,dpw,to_append,data)

  } else {

    #the last possible route is dermal so no need for a specific else if

    #collect the needed data and stash it in variables for use

    scen_no = tmp$scen_no

    print(sprintf("Running scenario %i",scen_no))

    

    bw       = as.numeric(tmp$bw_kg)    # bodyweight in kg

    dose     = as.numeric(tmp$pod_mkd)  # point of departure dose (mg/kg/day)

    ndays    = as.numeric(tmp$ndays)    # simulation duration

    hpd      = as.numeric(tmp$derm_hpd) # hours per day of exposure

    dpw      = as.numeric(tmp$derm_dpw) # days per week of exposure

    

    #run the function to execute the model with the provided paramters

    data = dermal_mod(bw,dose,ndays,hpd,dpw)

    

    to_append = data.frame("scen_no" = c(scen_no),

                           "mean_blood" = c(data$mean_blood),

                           "min_ache" = c(data$min_ache))

    

    #add the results to the output dataframe

    output_df = rbind(output_df,to_append)

    

    #remove the assigned variables and output so that it doesn't impact subseqent runs

    rm(tmp,bw,route,dose,ndays,hpd,dpw,to_append,data)

  }

}



#create an updated dataframe containing the new data 

update_pods = merge(pods,output_df,by = "scen_no")



#write a csv containing the data

write.csv(update_pods,"updated_malathion_rat_pods.csv",row.names = F)
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Introduction

To replace the default uncertainty factors associated with interspecies extrapolation from an animal
point of departure (POD), the registrant developed a physiologically based pharmacokinetic-
pharmacodynamic (PBPK-PD) model to predict human PODs based on a maximum of 10%
acetylcholinesterase (AChE) inhibition in humans. A review of the model code, model modifications, and
determination of updated points of departure (PODs) for malathion was conducted by the Agency and
reported in “Report on Malathion and Dimethoate Physiologically-Based Pharmacokinetic (PBPK) Model
Review and Point of Departure (POD) Calculations” (D. Hoer, C. Addington, B. Ingle, TXR 0058366,
12/01/2021).

The rat version of the model was subsequently used by Agency scientists to calculate average blood
concentrations at in vivo PODs based on 10% AChE inhibition to compare with half-maximal activity
concentration (ACso) values from a battery of in vitro assays that assess processes critical to
development of the nervous system (hereafter referred to as the DNT NAM battery). This comparison
evaluated the relative sensitivity of activity in the DNT NAM battery to AChE inhibition.

Herein we briefly describe how to use the model files to estimate PODs based on AChE inhibition as well
as average blood concentrations for comparison to ACso values from the DNT NAM battery. This
document is meant to serve as a technical resource for understanding the storage of the model files and
their use.

Page 2 of 9





Code Storage

To simplify storage and distribution of the model code, it has been organized into a pdf portfolio; this
format allows for organization and dissemination of multiple file types in a single, uncompressed unit.
The portfolio is organized into folders based on target organism (human or rat) and then within each
organism there are subfolders for each modeled exposure pathway (e.g., dietary, dermal, and
inhalation). For the rat, there is an additional subfolder for calculating the average blood concentration.
Each subfolder contains several files: scenario files, a parameter file, and the main PBPK-PD model. The
scenarios require both the parameter and main model to be in the same directory to function properly.
Therefore, one can extract the files at the organism level or the exposure pathway level and retain all
the necessary files for proper operation. Extraction of the scenarios individually requires that the user
also extract the model and parameters to the same directory.

For conciseness, the scenario names contain an organism (human or rat), number, output (POD; average
blood concentrations are calculated in batch), and chemical (parent or oxon). A description of the
conditions simulated by each numbered scenario file is shown in Tables 1 through 4. Average blood
concentrations were only calculated using the rat model and are calculated in batch using the scenario
file entitled “run_pod_blood_conc.R”; a description of simulated conditions are shown in Table 5. The
numbers shown in Tables 1 through 5 correspond to the scenario numbers in the filenames of the model
code; for example, the scenario file named ‘HUMAN_3 PARENT_POD.R’ will determine the AChE-based
POD for acute dietary exposure to malathion in human children 3-5 years of age (i.e., scenario 3 in Table
1).

Table 1. Numbered simulations of human dietary exposure to malathion or malaoxon in food. All food
scenarios assume a single exposure per day. Acute scenarios simulate 2 days of time with chemical
exposure occurring only on the first day, whereas steady state scenarios model 123 days of daily
exposure.

Scenario Population Exposure Bodyweight | Parent, Oxon,
Number Subgroup Frequency (kg) or Both
All infants
1 (<1 year old) Acute 4.8 Both
2 Children Acute 12.6 Both
(1-2 years)
Children
3 (3-5 years) Acute 18.7 Both
Children
4 (6-12 years) Acute 37.1 Both
Youth
5 (13-19 years) Acute 67.3 Both
Adults
6 (20-49 years) Acute 81.5 Both
Adults
7 (50-99 years) Acute 81.2 Both
Female
8 (13-49 years) Acute 72.9 Both
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Scenario Population Exposure Bodyweight | Parent, Oxon,
Number Subgroup Frequency (kg) or Both

9 (SIJZZ?SIZ) Steady State 4.8 Both

10 (f—gil:/taeps) Steady State 12.6 Both

11 (?E:-r;il:/taeps) Steady State 18.7 Both

12 (6?3?/22?5) Steady State 37.1 Both

13 (13-Y109u;2ars) Steady State 67.3 Both

14 (Zoﬁliuyl/?ars) Steady State 81.5 Both

15 (50-A9CSI9uy|/?ars) Steady State 81.2 Both

16 (1;23132;5) Steady State 72.9 Both

Table 2. Numbered simulations of human dietary exposure to malathion and malaoxon in drinking
water. Drinking water scenarios with individuals 12 years old or younger assume 6 exposure events per
day; scenarios with individuals 13 or older assume 4 exposure events per day. As in food exposure, acute
scenarios simulate 2 days of time with chemical exposure occurring only on the first day, whereas steady

state scenarios model 123 days of daily exposure.

Scenario Population Exposure Bodyweight | Parent, Oxon,
Number Subgroup Frequency (kg) or Both
17 All infants Acute 4.8 Both
(<1 year old)
18 Children Acute 12.6 Both
(1-2 years)
19 Children Acute 18.7 Both
(3-5 years)
Children
2 A 7.1 Both
0 (6-12 years) cute 3 ot
Youth
21 A 7. Both
(13-19 years) cute 67.3 ot
Adults
22 A 1. Both
(20-49 years) cute 81.5 ot
Adults
2 A 1.2 Both
3 (50-99 years) cute 8 ot
Female
24 A 72. Both
(13-49 years) cute 9 ot
All infants
25 (<1 year old) Steady State 4.8 Both
Children
26 (1-2 years) Steady State 12.6 Both
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Scenario Population Exposure Bodyweight | Parent, Oxon,
Number Subgroup Frequency (kg) or Both

27 (;giljéaers) Steady State 18.7 Both

28 (6(—:?3?12225) Steady State 37.1 Both

29 (13-Y109u;2ars) Steady State 67.3 Both

30 (ZOQ%UJ/Sars) Steady State 81.5 Both

31 (SO-A"E)(;UJ/?ars) Steady State 81.2 Both

32 (1;23132;5) Steady State 72.9 Both

Table 3. Numbered simulations of human inhalation and incidental oral exposure to malathion or
malaoxon in residential and occupational settings. All scenarios simulate 123 days of time with chemical

exposures occurring as outlined in the table.

Scenario Population Exposure Bodyweight | Parent, Oxon,
Number Subgroup Frequency (kg) or Both
Occupational 8.3 L mint
33 Worker: 5 days week? 69 Both
Inhalation 8 hours day™?
Occupational 16.7 L min*
34 Worker: 5 days week? 69 Both
Inhalation 8 hours day™?
Occupational 26.7 Lmin
35 Worker: 5 days week? 69 Both
Inhalation 8 hours day™?
Occupational 28.8 Lmin™
36 Worker: 5 days week* 69 Both
Inhalation 8 hours day™?
Residential 10.7 L min
37 Handler: 7 days week* 69 Both
Inhalation 1 hour day*
Aerial 10.7 L min?
38 Mosquitocide: 7 days week* 69 Both
Inhalation, Adult | 1.5 hour day™
Aerial 5.5L min?
39 Mosquitocide: 7 days week* 11 Both
Inhalation, Child 1.5 hour day™
Non-Occupational
Bystander: 10.7 L min?
40 Inhalation, 24 hours day? 69 Both
Ambient Air (Max 1 day
Conc), Adult
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Scenario Population Exposure Bodyweight | Parent, Oxon,

Number Subgroup Frequency (kg) or Both
Non-Occupational
Bystander: 5.5 L min?
41 Inhalation, 24 hours day? 11 Both
Ambient Air (Max 1 day
Conc), Child
Non-Occupational
Bystander: 10.7 L min*
42 Inhalation, 24 hours day™ 69 Both

Ambient Air (Avg. | 7 days week?
Conc), Adult
Non-Occupational

Bystander: 5.5Lmin?
43 Inhalation, 24 hours day™ 11 Both
Ambient Air (Avg. | 7 days week®

Conc), Adult
Non-Occupational

Bystander: 10.7 L min
44 Inhalation, 2 hours day? 69 Both
Ambient Air (Max 1 day

Conc), Adult
Non-Occupational

Bystander: 5.5L min*
45 Inhalation, 2 hours day! 11 Both
Ambient Air (Max 1 day
Conc), Child
Mosquitocide: 4
46 Incidental Oral 7 days week 11 Both

1.5 hours day™?

Children 1 to <2

Table 4. Numbered simulations of human dermal exposure to malathion or malaoxon in residential and
occupational settings. All scenarios simulate 123 days of time with chemical exposures occurring as
outlined in the table. The dermal absorption factor for human scenarios was set to 1% over 8 hours.

Scenario Population Exposure Bodyweight | Parent, Oxon,
Number Subgroup Frequency (kg) or Both
Occupational

5 days week?

47 Handler & Post- 1 69 Both
. 8 hours day
Application
Residential 7 days week?
48 Handler 1.1 hours day™? 69 Both
Residential Post- 1
49 Application: 7 days week 69 Both

2.2 hours day™

Gardens, Adult
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Scenario Population Exposure Bodyweight | Parent, Oxon,
Number Subgroup Frequency (kg) or Both
Residential Post- 1
50 Application: ;f%iﬁedeak 4 32 Both
Gardens, Child ' y
Residential Post- 1
51 Application: Pick ;iitsrrlgaelil 69 Both
Your Own, Adult y
Residential Post- 1
52 Application: Pick 179d221:zedeak 1 32 Both
Your Own, Child ' y
Residential Post-
Application: Spray
Drift, 7 days week?
>3 Mosquitocide 1.5 hours day™? 69 Both
Aerial and
Ground, Adult
Residential Post-
Application: Spray
Drift 7 days week*
4 ’ 11 Both
> Mosquitocide 1.5 hours day ot
Aerial and
Ground, Child

Table 5. Numbered simulations of rat oral, dermal, and inhalation exposure to malathion used for
calculating average blood concentrations. Simulated doses shown are AChE-based PODs from the
previous Malathion risk assessment (S. Shelat, 09 June 2016, D414107). Scenario conditions are
established to match the in vivo study from which the POD was derived. The dermal absorption factor
for rat scenarios was set to 2.7% over 8 hours, to match the dermal absorption determined in the in vivo
rat study. All steady state exposures were simulated for 32 days.

Scenario Population Exposure Bodyweight | Parent, Oxon, I'SM.D;'[O'for .AChE
Number Subgroup Frequency (kg) or Both inhibition in rat
(mg/kg bw/day)°
1 Rat Dietary Acute 0.25 Parent 450°
. Steady State Parent c
2 Rat Dietary 32 days 0.25 25
5 days week?
3 Rat Inhalation 6 hours day? 0.25 Parent 53¢
32 days
7 days week?
4 Rat Dermal 6 hours day™ 0.25 Parent 2200¢
32 days

2BMD;g values were obtained from the 2016 draft risk assessment unless otherwise noted (S. Shelat, D414107,
09-JUN-2016).

®The AChE-based POD used for simulations for acute oral exposure was the lowest observed adverse effect
level (LOAEL) based on 17% AChE inhibition in adult female rats (MRID 45566201). This value was selected
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because the PBPK-PD rat model simulates adult individuals and available BMD1 value from the 2016 DRA was
from studies using PND11 rat pups (S. Shelat, 09 June 2016, D414107).

¢The value used for simulations of steady state oral exposure was the mean BMD;, from in vivo steady-state
oral exposure (S. Shelat, D414107, 09-JUN-2016).

4The BMD1o from the 90-day inhalation study in male rats (0.17 mg/L/day) was converted from a concentration
in inhaled air (0.17 mg/L) to a dose to match the units in dermal and oral exposures (0.17 mg/Lx 129 L/hrx 6
hrs/day + 0.25 kg, where 12.9 L/hr was the modeled rat respiration rate, 6 hrs/day was the exposure duration
in the study, and 0.25 kg was the modeled rat bodyweight).

¢Since the available BMD;, from the 2016 DRA was determined from a rabbit in vivo study, the AChE-based POD
used for simulations was predicted using the rat PBPK-PD model.

Model Operation and Use

The model submitted to the Agency on behalf of the registrant was built in R and can be run from the
command line or from RStudio. The model scenarios use packages outside of base R (e.g., “parallel”,
“dplyr”, “tidyr”, and “readxl|”), which, prior to running any scenarios, will need to be installed by the
user.

These can be installed via the RStudio GUI or via the install.packages() command in the terminal.
Further, as discussed above, the scenario files need to be in the same directory as the model and
parameter files to function properly. The structure utilized in the pdf portfolio is such that the user can
extract the files at the organism level or the exposure pathway level and retain all the necessary files for
proper operation. Extraction of the scenarios individually requires that the user also extract the
appropriate model and parameters to the same directory.

The model is run using the only the scenario files; that is to say, the scenario files will source the main
model and the associated parameter files automatically without need for user intervention. In order to
generate an average blood concentration or POD value, the user will run the scenario file of interest and
the script will print the resulting POD to the terminal (in mg kg bw™ day™) along with the minimum AChE
activity (as a percentage; i.e., 90% activity would indicate 10% inhibition) for POD scenarios. For average
blood concentration calculations, the scenario will read scenario-specific parameters from an Excel file
entitled “malathion_rat_pods.xlsx”; this file is stored in the average blood concentration subfolder and
requires no modification to reproduce the appropriate values. When calculating the average blood
concentrations, the scenario script will automatically calculate the average blood concentration for all
scenarios shown in Table 5 and will output the results in a comma delimited text file entitled
"updated_malathion_rat_pods.csv". This file will be saved in the directory where the model and
scenario files are saved on the user’s machine. The output contains all the provided scenario data as
well as the calculated average blood concentration and simulated minimum AChE activity (as a
percentage).

The scenario does not, by default, set the directory to the location of the file being used. If using
RStudio, pasting the command “setwd(dirname(rstudioapi::getActiveDocumentContext()Spath))” below
the “rm(list = Is())” command in a given scenario will set the working directory to the location of the file
in use; this command is in place in the scenario files, but it is currently commented out. This will not
work outside of RStudio and the user will need to manually set the working directory using the setwd()
command.
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As stored in the portfolio, the scenarios are set up to recreate the POD or average blood concentration
estimates shown in other Agency memos (e.g., “Report on Malathion and Dimethoate Physiologically-
Based Pharmacokinetic (PBPK) Model Review and Point of Departure (POD) Calculations” (D. Hoer, C.
Addington, B. Ingle, TXR 0058366, 12/01/2021)). No user modifications are required to reproduce the
appropriate values.

Page 9 of 9







