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ARTICLE INFO ABSTRACT

Background: In quantitative chemical risk assessment, a reference value is an estimate of an exposure to a
chemical that is “likely to be without appreciable risk.” Because current “deterministic” approaches do not
quantitatively characterize the likelihood or severity of harm, the National Academies has recommended using
reference values derived from a risk-specific dose that are treated as random variables, with probability dis-
tributions characterizing uncertainty and variability.

Objectives: In order to build familiarity and address issues needed for routine and standardized derivation of
probabilistic risk-specific dose distributions, a case example applying the unified probabilistic framework pre-
sented in Chiu and Slob (2015) is developed for acrolein. This case study is based on an updated systematic
evidence map of literature (Keshava et al., 2020) identifying nasal lesions reported in Dorman et al. (2008) as the
most appropriate endpoint and study for reference value derivation.

Methods: The probability distribution was calculated for the risk-specific dose, which in this implementation of
the approach was calculated for the dose at which 1% of the human population is estimated to experience
minimal lesions, and a probabilistic reference value was computed as the 5th percentile of this distribution. A
deterministic reference value was also derived for comparison, and a sensitivity analysis of the probabilistic
reference value was conducted investigating alternative assumptions for the point of departure type and ex-
posure duration.

Results: The probabilistic reference value of 6 x 10~ * mg/m® was slightly lower than the deterministic re-
ference value of 8 X 10~ % mg/m>®, and the risk-specific dose distribution had an uncertainty spanning a factor of
137 (95th-5th percentile ratio). Sensitivity analysis yielded slightly higher probabilistic reference values ranging
between 9 x 10~ * mg/m® and 2 x 10~ 3 mg/m>.

Conclusions: Using a probabilistic approach for deriving a reference value allows quantitative characterization of
the severity, incidence, and uncertainty of effects at a given dose. The results can be used to inform risk man-
agement decisions and improve risk communication.
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1. Introduction

In quantitative risk assessment of chemical toxicity, a reference
value represents “an estimate (with uncertainty spanning perhaps an
order of magnitude) of a continuous exposure to the human population
(including sensitive subgroups) that is likely to be without an appre-
ciable risk of deleterious effects during a lifetime” (U.S. EPA, 2002).

* Corresponding author.

Currently, the reference value is calculated from a point of departure
(POD) based on evaluation of the available hazard and dose-response
data. If the toxicity data are amenable to dose-response modeling, the
Benchmark Dose (BMD) can be estimated and its statistical lower
bound, the BMDL, used as the preferred POD. If available data are not
appropriate for dose-response modeling, the POD may be a No Ob-
served Adverse Effect Level (NOAEL) or Lowest Observed Adverse
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Effect Level (LOAEL). In cases where multiple endpoints are analyzed
for dose-response, multiple ‘candidate’ PODs may be developed. To
account for limitations in available data, the calculated POD is then
typically divided by a series of uncertainty factors (UFs) that can take
on one of a finite set of values (commonly 1, 3, or 10) to derive the
reference value. In cases where sufficient chemical-specific data are
available, data-derived extrapolation factors can be used instead of one
of these “default” values (U.S. EPA, 2014).

The utility of this approach, defined here as a “deterministic” re-
ference value, is limited in that it does not quantitatively characterize
the likelihood of harm to an individual person at a given dose or the
degree or severity of that harm. To address these limitations, a number
of researchers and organizations have recommended using a “prob-
abilistic” approach to derive a reference value (Hattis et al., 2002; Slob
and Pieters, 1998; Baird et al., 1996; NRC, 1994). Most recently, the
National Research Council (NRC, 2014, 2009) recommended using as
the basis for a reference value a “risk-specific” dose, which incorporates
uncertainty and variability into its calculation, as a tool for risk char-
acterization. In response, the World Health Organization/International
Programme on Chemical Safety (IOMC ED, 2017) and Chiu and Slob
(2015) developed a framework for calculating a “probabilistic reference
value” using the concept of the HD,,, the human dose associated with
magnitude M of an adverse effect and incidence I in the population. The
HD,' is treated as a random variable with a probability distribution
from which the probabilistic reference value is derived. In this frame-
work, the probabilistic reference value can be represented as a value or
set of values selected from a distribution that incorporates uncertainty
and variability in a probabilistic manner. As such, it could be a central
estimate, a confidence range, or a probabilistic lower bound. This
probabilistic framework assists in enhancing transparency in de-
termining the reference value by quantitatively representing the “ap-
preciable risk” of experiencing an adverse effect through the magnitude
M and how “likely” the effect is through the incidence I (to characterize
variability) and use of a statistical confidence interval (to characterize
uncertainty). Thus, defining the probability distribution of HDy,' allows
the estimation of the uncertainty in the reference value and risk-specific
dose across a variable population.

Chiu et al. (2018) compared deterministic reference values and
probabilistic reference values for a large number of chemicals and
endpoints where the probabilistic reference value was defined as the
95% lower confidence bound of the HD,,' distribution for I = 1%. For
most of the 608 chemicals analyzed, the two values differed by less than
an order of magnitude. However, this analysis focused only on oral
exposure, and additional application with specific examples is required
to build familiarity and address issues that need to be considered for
more routine and standardized implementation, e.g., guidance on se-
lection of input parameters when empirical evidence is lacking. To this
end, a case study was conducted on acrolein for comparison of a de-
terministic inhalation reference value (deterministic IRV) for chronic
exposure to a probabilistic inhalation reference value (probabilistic
IRV). Acrolein was selected in part because chronic health values have
been developed by several entities, including Environmental Protection
Agency’s Integrated Risk Information System (IRIS), Agency for Toxic
Substances and Disease Registry (ATSDR), California Environmental
Protection Agency Office of Environmental Health Hazard Assessment
(OEHHA), Texas Commission on Environmental Quality (TCEQ), Na-
tional Institute for Occupational Safety and Health (NIOSH), and the
Occupational Safety and Health Administration (OSHA). Thus, there is
broad familiarity with the chemical and its database, which should help
multiple health agencies evaluate the utility of moving toward prob-
abilistic approaches. In addition, the two most recent assessments
(TCEQ, 2016; OEHHA, 2008) relied on the same endpoint and study,
lesions in the nasal epithelium (i.e., nasal lesions) in a study by Dorman
et al. (2008) to derive a chronic inhalation toxicity value. A recent
systematic evidence map confirmed Dorman et al. (2008) as still the
most appropriate study for deriving a chronic inhalation reference
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value (Keshava et al., 2020).

For this study, a probabilistic IRV for nasal lesions was computed
using the HDy-based framework developed by WHO/IPCS, using de-
fault probability distributions for the HDy' components. This prob-
abilistic IRV was compared to the deterministic IRV derived using the
process recommended in the general guidelines for risk assessment put
forth by the National Research Council (NRC, 1983) and EPA’s Frame-
work for Human Health Risk Assessment to Inform Decision Making (U.S.
EPA, 2014). In addition, a sensitivity analysis was conducted in which
selected non-default probability distributions were used for some of the
HDy' components and the resulting probabilistic IRVs compared. Fi-
nally, the HDy' probability distribution is estimated for various selected
values of human incidence I.

2. Methods
2.1. Derivation of deterministic inhalation reference value

The deterministic IRV was derived using the histopathology data
obtained from Dorman et al. (2008) following the general guidelines for
risk assessment (U.S. EPA, 2014; NRC, 1983). A systematic evidence
map was conducted to confirm Dorman et al. (2008) as still the most
suitable study for chronic toxicity value derivation (Keshava et al.,
2020). To identify a POD from which to calculate the deterministic IRV,
it is generally preferred to use a BMD approach (U.S. EPA, 2012a),
which consists of fitting statistical models to the dose-response data and
using the fit results to estimate the BMD that yields a pre-selected BMR.
Under this approach, the benchmark dose lower limit (BMDL), a 95%
lower confidence bound of the BMD, is typically used as the POD.
However, the nasal lesion response observed in Dorman et al. (2008)
increased from near-minimal to near-maximal response between two
adjacent dose groups, a pattern that is often not recommended for the
BMD approach by EPA guidance (U.S. EPA, 2012a); thus, a NOAEL-
based method was instead used to identify the POD.

First, because the deterministic IRV is a value that assumes con-
tinuous human exposure over a lifetime, the POD was duration-adjusted
to account for the non-continuous exposure regimen used in this study.
The duration-adjusted POD for nasal lesions was then converted to a
human equivalent concentration (PODygc) using an appropriate dosi-
metric adjustment factor (DAF). A DAF is a ratio of animal and human
physiologic parameters that is dependent on the nature of the con-
taminant (i.e., particle or gas) and the target site (i.e., respiratory tract
or remote to the portal-of-entry [i.e., systemic]). As outlined in (U.S.
EPA, 1994; U.S. EPA, 2002; U.S. EPA, 2012b), dosimetry models and
chemical- and species-specific parameters represent optimal approaches
for dosimetry and interspecies extrapolation. For acrolein, advanced
computational fluid dynamic modeling results (Corley et al., 2012;
Schroeter et al., 2008) were evaluated and used as appropriate for
calculation of the PODygc (Keshava et al., 2020). The deterministic IRV
was then calculated by dividing the PODygc by the composite un-
certainty factor (UFc):

PODygc

deterministic IRV= .
UE @

The UF¢ is the composite uncertainty factor considering variations
in sensitivity among humans (UFy), differences in response due to ex-
posure between animals and humans (UF,), the duration of exposure in
the key study compared to the lifetime of the species studied (UFy),
extrapolation from a LOAEL rather than a NOAEL (UFp), and the
completeness of the toxicology database (UFp) (U.S. EPA, 2002).

2.2. Approximate probabilistic analysis

This analysis develops a probabilistic calculation of risk-specific
doses, where the goal is to probabilistically incorporate adjustments
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and uncertainty when extrapolating dose-response results from animal
data to the human population. To that end, as described in IOMC ED
(2017) and Chiu and Slob (2015), the probabilistic risk-specific dose
HD,, is defined as the human dose or exposure (HD) at which a selected
fraction (or incidence), I, of the human population would show an ef-
fect of magnitude (or severity) M or greater for the critical effect con-
sidered. This quantity is represented by a random variable and can be
calculated as

POD

HD,'= ————,
AE X --- X AF, 2)

where each AF; represents an “adjustment factor” and k is the number
of AFs. Every component in Eqn (2) is treated as a continuous random
variable with a distribution reflecting uncertainty therein. Thus, HDy;'
is also a random variable with its own distribution. The value of in-
cidence I can be fixed or varied depending on risk management con-
siderations; different choices of I are reflected in different values of the
AF for human variability (analogous to the traditional UFy). The value
of I is usually assigned a value that is sufficiently low, such as 1%, to
protect most of the population from experiencing the adverse event at
the value of M; it can be assigned lower values for more severe effects.
Additionally, in some cases the value of magnitude M can also be al-
lowed to vary.

The World Health Organization’s International Programme of
Chemical Safety (IPCS) (IOMC ED, 2017) released an Excel-based
spreadsheet tool, the Approximate Probabilistic Analysis spreadsheet
(APROBA), as a relatively accessible software tool for applying Eq. (2).
Under APROBA, the HD,' components in Eq. (2) are treated as in-
dependent lognormally distributed random variables. By Eq. (2), HDy'
is then also lognormally distributed, and a probabilistic description of
the inhalation reference value can be provided, for example, as a se-
lected set of percentiles (e.g., 5th and 95th percentiles, or the median,
50th percentile) of the HDy;' distribution. In particular, a lower per-
centile (e.g., 5th percentile) can be used as the probabilistic IRV to
provide a high degree of confidence (e.g., 95% confidence) that a lower
value is not necessary to achieve the target incidence I. By default,
APROBA incorporates the following HDy,' components:

1. POD

. Interspecies scaling AF

3. AF related to remaining interspecies toxicokinetic/toxicodynamic
(TK/TD) aspects

4. Duration extrapolation AF

5. Intraspecies variability AF

N

Additional AFs can be included to account for other areas of ad-
justment or uncertainty, as long as they are assumed to be lognormal
and independent of the other components. Because APROBA is esti-
mating a confidence range and a probabilistic IRV associated with a
specific effect, it does not include an adjustment factor for extrapolating
to more sensitive effects occurring at a given dose, analogous to the
database UF for a deterministic reference value.

For the default components listed above, APROBA provides provi-
sional lognormal parameter values (specifically, for the 50th percentile
and ratio 95th percentile/50th percentile) that are derived from em-
pirical data reviewed by IOMC ED (2017). These values are determined
based on the following characteristics of the study and endpoint under
consideration:

. Type of endpoint: dichotomous or continuous

. Type of POD: NOAEL or BMDL

. Route of exposure: oral, inhalation, or dermal

. Exposure duration: chronic, subchronic, subacute, or reproductive/
developmental

5. Test species: rat or mouse

HWN R
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Regarding the POD type, if a BMDL is used, the POD distribution is
determined from the dose-response modeling results, and the user must
specify the parameters. If a NOAEL is used, the POD distribution is
derived from empirical data.

For interpreting dichotomous endpoints, the IOMC ED (2017) fra-
mework has two options, referred to as “quantal-deterministic” and
“quantal-stochastic.” Quantal-deterministic is used when there exists an
underlying continuous endpoint with a cut-off above (or below) which
the quantal endpoint is considered positive; an example is a histo-
pathological endpoint which is gradually increasing in severity but is
scored as quantal based on a severity-related cut-off. When using the
quantal-deterministic option, the EDs, of the animal incidence data is
used as the POD. Here, the EDso (“effective dose 50”) represents the
concentration at which the “typical” (or median) animal exhibits the
effect [see discussion in IOMC ED (2017) and Chiu and Slob (2015)].
Only the center of the dose-response curve from the animal data is used
because estimating lower percentiles would require using the variation
in incidence across doses in the animal study, which is considered not
sufficiently informative of human variation. Thus, for this option, M
corresponds to the severity of the dichotomous endpoint (e.g., “minimal
lesions”) for which the incidence data are analyzed, and is not allowed
to vary.

The quantal-stochastic option is used for endpoints for which there
is some basis to conclude the mechanism is stochastic with each in-
dividual in the study population having some risk of the effect; such
endpoints include, for example, cancer effects and malformations. In
the quantal-stochastic case, the observed incidence in the population
reflects the average individual risk probability, and the value of M can
be set to any risk value of interest. This value is generally determined by
risk management considerations such as endpoint severity; it is typi-
cally set equal to the BMR from dose-response modeling when a BMDL
is used as the POD.

For any HDy;' component, the user can use parameter values other
than the provisional ones. Also, if non-default AFs are included, the user
must determine the appropriate parameter values and enter them
manually. The APROBA spreadsheet and inputs were applied to the
critical effect for acrolein of increased nasal lesions in rats from Dorman
et al. (2008). The inputs and resulting outputs for all analyses can be
found at Blessinger (2020).

3. Results
3.1. Deterministic reference value

The POD used to derive the deterministic IRV was based upon the
results of the Dorman et al. (2008) study, which identified a NOAEL of
0.2 ppm (0.46 mg/m?®) for nasal respiratory epithelium lesions in the
F344 rat (Keshava et al., 2020). In particular, the derivation of the
deterministic and probabilistic reference values are based on the in-
cidence of nasal respiratory epithelial hyperplasia in level II of the
lateral wall; as reported in Table 2 of Dorman et al. (2008) (see Section
3.2.2 below for a full discussion of the data). As discussed in Section
2.1, a benchmark dose approach was not used because the nasal lesion
incidence data had a minimal-to-maximal dose-response pattern.
Therefore, derivation of the deterministic IRV was based on the use of a
NOAEL as the POD with application of uncertainty factors. The POD
was first adjusted from the dosing regimen of 0.46 mg/m? for 6 hr/day,
5 days/week for 13 weeks to a continuous exposure of 0.082 mg/m?>.

For acrolein, the Computational Fluid Dynamic modeling results
(Corley et al., 2012; Schroeter et al., 2008) could be considered for
interspecies extrapolation and calculation of the PODygc. Both studies
estimated flux in the nasal cavities of rats and humans at various ac-
rolein exposure concentrations. In general, the modeling results in-
dicate that where dosimetric comparisons can be made, flux estimates
in the nasal regions for a given acrolein exposure concentration are
greater in the rat than the human. However, because comparative flux
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estimates were not provided in rats and humans over a range of ex-
posure concentrations or at the NOAEL of 0.2 ppm acrolein for nasal
respiratory epithelium lesions, quantitative application of these results
is limited. Therefore, a DAF of 1 for interspecies extrapolation could be
considered appropriate (Keshava et al., 2020). Applying this value to
the duration-adjusted POD value of 0.082 mg/m® yields a PODypc of
0.082 mg/m>.

The value of UF. was calculated as the product of five uncertainty
factor values (Table 1), as outlined by the U.S. EPA Risk Assessment
Forum (U.S. EPA, 1994; U.S. EPA, 2002). The UF for interspecies ex-
trapolation (UF,) comprises two areas of uncertainty: toxicokinetics
and toxicodynamics. For acrolein, chemical-specific dosimetric mod-
eling was used to calculate the HEC, as described in Keshava et al.
(2020); thus, a UF, of 3 was applied to account for remaining un-
certainty in toxicodynamics (U.S. EPA, 1994; U.S. EPA, 2002). A full
value of 10 was applied to account for interindividual differences in
sensitivity in humans (UFy) given that no chemical-specific information
is currently available to define a more appropriate value for this un-
certainty factor. No UF; was needed as the POD was based on a NOAEL.
For the subchronic-to-chronic uncertainty factor (UFs), a value of 3
(10%%) was applied to adjust from subchronic to chronic duration. At
exposure concentrations and locations where lesions were observed,
lesion incidence was maximal or near-maximal. In addition, lesion se-
verity did not appear to increase with increasing duration of exposure.
Furthermore, in the majority of cases, nasal lesions persisted two
months after the end of acrolein exposures. However, lesion severity
and the number of sections with lesions appeared to increase with in-
creasing exposure concentration. Together, these observations suggest
that acrolein-induced nasal lesions are primarily dependent on ex-
posure concentration. With few exceptions, nearly every animal had
nasal lesions in the tissue sections evaluated at the end of the 13-week
exposure period to the highest concentration tested. Two months fol-
lowing cessation of exposure, only partial recovery of nasal lesions was
observed. These data reduce the likelihood that longer duration ex-
posures would cause significant lesion progression, thus supporting a
reduction in the UFs from 10 to 3.

As discussed in U.S. EPA (2003), a value of 1 was applied to the
database uncertainty factor (UFD) because the database for acrolein
was considered complete. The available inhalation database includes
subchronic toxicity studies in multiple species, and a one-generation
inhalation reproductive toxicity study of acrolein in Fisher 344 rats that
revealed no reproductive or developmental effects. Acrolein’s high re-
activity at the point of contact and the evidence for minimal systemic
distribution of acrolein obviates the need for additional studies of re-
peat-dose toxicity or reproductive/developmental toxicity.

The value of the UF: was 100, the product of the UF values in
Table 1. Therefore, the resulting value of the deterministic IRV was

0.082 mg/m’
100

deterministic IRV=

=82 x 10 mg/m’.
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3.2. Approximate probabilistic analysis

3.2.1. Primary analysis results

To initiate the APROBA analysis, the characteristics of the Dorman
et al. (2008) study and nasal lesion endpoint and the magnitude of
effect M and human incidence I were entered into APROBA (Table 2)
for determining the provisional lognormal parameter values of the
components. Because nasal lesions are a histopathological endpoint,
with the responses reported in Dorman et al. (2008) reflecting the
fraction of animals graded with severity level = 1 (at least “minimal”;
see Keshava et al. (2020), for details), the quantal-deterministic option
was used in APROBA. Thus, as discussed in Section 2.2, the EDs is the
desired POD, which represents the concentration at which the “typical”
(or median) animal has lesions of severity level = 1, or “minimal se-
verity.” For nasal lesions from Dorman et al. (2008), the magnitude of
effect M is “minimal severity.” The value 1% was selected as the in-
cidence I to protect a large proportion (99%) of the population.
Therefore, the APROBA analysis was used to estimate the distribution
of HDpminima’', the concentration that results in lesions of at least
minimal severity in the nasal respiratory epithelium in 1% of a general
human population.

As indicated in Section 2.1, the NOAEL was used as the POD for the
deterministic IRV because of the rapid increase in incidence of nasal
lesions from Dorman et al. (2008) from no animals affected at the
NOAEL to almost all animals affected at the LOAEL. However, when
considering an estimate of the EDs, rather than a lower percentile, the
change in incidence from minimal response at the NOAEL to maximal
response at the LOAEL provides strong constraints on the value of the
EDsp. That is, it is highly likely that the EDs is between the NOAEL and
LOAEL. Therefore, the NOAEL (0.082 mg/ms) and LOAEL (0.246 mg/
m>) were treated as the LCL and UCL, respectively, of the POD dis-
tribution for the EDsg, thereby implying that the interval from the
NOAEL to the LOAEL provides 90% coverage of the EDso. To accom-
plish this in APROBA, “BMDL” was entered as the POD type, rather than
“NOAEL”, because the confidence limits were determined from the
dose-response data, not from empirical data; the NOAEL and LOAEL
values were entered as the BMIDL and BMDU, respectively.

When applying APROBA to nasal lesions, the default provisional
parameter values in APROBA were used for the 5th percentile (lower
confidence limit, LCL) and 95th percentile (upper confidence limit,
UCL) of the lognormal distribution for the HDy components (Table 3)
other than the POD, based on the analysis inputs listed in Table 2. The
confidence limits for the interspecies scaling AF were based on re-
commendations by IPCS (IOMC ED, 2017) related to inhalation ex-
posure of gases. It is useful to note that the median of this distribution is
1, which is also the DAF for the deterministic IRV. The confidence limits
for the interspecies TK/TD AF were based on distributions of ratios of
rat and mouse BMDs estimated from the modeling of six endpoints from
almost 100 oral NTP studies, totaling almost 1000 datasets (IOMC ED,
2017; Bokkers and Slob, 2007). The confidence limits for the duration
extrapolation AF were based on analysis of ratios of subchronic and
chronic BMDs for body and liver weight in oral studies on mice and rats
(IOMC ED, 2017; Bokkers and Slob, 2005) and were determined to be
consistent with the results from multiple analyses of NOAEL ratios in

Table 1
Components of deterministic inhalation reference value.
Description Value Comments
PODyc (mg/m®) 0.082 DAF = 1; see Keshava et al. (2020)
Interspecies (UF,) 3 (103 Applies to uncertainty in interspecies toxicodynamics (see text)
Intraspecies (UFy) 10 Accounts for human variability in the severity or range of response from any given acrolein exposure amongst different individuals
Duration extrapolation (UFs) 3 (103 Adjusts for subchronic-to-chronic duration (see text)
LOAEL-to-NOAEL (UF;) 1 NOAEL was used as POD
Database (UFp) 1 Database for acrolein was considered complete (see text)

Deterministic IRV (mg/m®) 8.2 x 107* POD/Composite UF
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Table 2
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Inputs related to study type, endpoint, and protection goals entered in APROBA for calculating the probabilistic IRV.

Description Input Comments

Type of endpoint Quantal-deterministic
Type of POD BMDL

Histopathological endpoint (see text)
NOAEL is treated as a lower confidence bound on the EDs (see text)

Route of exposure Inhalation Dorman et al. (2008) was an inhalation study
Exposure duration Subchronic Dorman et al. (2008) was a 13-week study
Test species Rat Dorman et al. (2008) was in rats
Target BMR 50% extra risk Default for quantal-deterministic endpoint (see Section 2.2; corresponds to M = “minimal severity”)
POD 0.082 mg/m* Value of NOAEL, adjusted to continuous exposure from the dosing regimen of 0.46 mg/m?> for 6 hr/day, 5 days/week.
BMDU 0.246 mg/m* Value of LOAEL, adjusted to continuous exposure from the dosing regimen of 1.38 mg/m® for 6 hr/day, 5 days/week.
Incidence 1 1% Protection of large fraction (99%) of the population.
Table 3 Bayesian model averaging method was used to account for the minimal-

Input distributions and risk-specific dose output for acrolein-induced nasal le-
sions.

Component’ LCL GM UCL
POD? (mg/m®) 0.082 0.142 0.246
AF for Interspecies scaling 0.5 1.0 2.0
AF for Interspecies TK/TD 0.33 1.0 3.0
AF for Duration Extrapolation 0.5 2.0 8.0
AF for Intraspecies at 1% incidence ~ 2.24 9.69 41.88

HDiminimal- (mg/m®) 63 x107% 7.3 x 1073

! LCL: Lower 5% confidence limit; GM: Geometric mean = median under
lognormal approximation; UCL: Upper 95% confidence limit; POD: point of
departure; AF: adjustment factor; TK/TD: toxicokinetic/toxicodynamic;
HDpninimar': Human dose that causes at least “minimal” nasal lesions in the 1%
most sensitive part of the human population distribution. Sources: See text for
POD. Other factors from IOMC ED (2017).

2 The POD distribution is estimated for the PODypc.

multiple species by both oral and inhalation exposures.

As described in Chiu and Slob (2015) and IOMC ED (2017), the
confidence limits for the intraspecies AF were determined by first
treating interindividual variability, specifically the interindividual
geometric standard deviation, as a random variable, representing the
randomness exhibited across chemicals. This variability was separated
into toxicokinetic and toxicodynamic components, each demonstrated
to be approximately lognormal, and the parameters of each compo-
nent’s distribution were estimated based on data for approximately 50
chemicals (IOMC ED, 2017; Hattis and Lynch, 2007; Renwick and
Lazarus, 1998). The confidence limits for the intraspecies AF were
subsequently computed by inverting the distribution of the inter-
individual geometric standard deviation at the value of incidence I. The
resulting intraspecies AF distribution allows extrapolation from the
median human (I = 50%) to lower values of I, and thus it differs for
different values of I. The limits for nasal lesions were derived using the
selected value I of 1%.

Using the parameters described above, APROBA calculated the
confidence limits for the HDpinima’® distribution for nasal lesions
(Table 3). The interval 6.3 x 10~* mg/m3 to 8.6 x 1072 mg/m3 re-
presents a 90% confidence range for HDyinimar’ - The lower end of that
interval, the LCL of 6.3 x 10~ * mg/m?, can be used as a probabilistic
IRV for nasal lesions due to acrolein exposure. This exposure of
6.3 x 10~ % mg/m?® has an estimated 95% probability of being below
the true concentration that causes minimal lesions in the nasal re-
spiratory epithelium in 1% of the general human population. The es-
timated geometric mean, 7.3 X 10~ > mg/m?, can be used as a central
estimate of the HDpinimar’" distribution.

3.2.2. Sensitivity analyses

In addition to the primary analysis, a sensitivity analysis was con-
ducted to investigate other options for the distributions of the POD and
duration extrapolation AFs. For the POD AF, dose-response modeling
was conducted as an alternative to the NOAEL method. Here, a

to-maximal dose-response pattern. This method informs uncertainty in
estimating the BMD due to this pattern by applying prior distributions
to the model parameters (Wheeler et al., 2020). Multiple types of le-
sions in the nasal epithelium were observed in the Dorman et al. (2008)
study, so one of these types needed to be selected for modeling. The
lateral wall, especially at level II, was noted as being one of the most
sensitive locations for acrolein-induced nasal lesions. Mild respiratory
epithelial hyperplasia at this site was first observed after 4 days of ex-
posure to =0.6 ppm. The incidence of nasal lesions at this site assessed
at exposure day 65 was selected for modeling because it was considered
the most sensitive endpoint and was observed after 60 days post ex-
posure. Incidence of level II lateral wall effects used in the dose-re-
sponse modeling was 0/12 at 0 and 0.2 ppm and 12/12 at 0.6 and
1.8 ppm. The BMDL and BMDU were computed from the dose-response
modeling of this effect using the model averaging option in EPA’s
Benchmark Dose Software (BMDS) version 3.1 (U.S. EPA, 2019), with a
50% extra risk (ER) BMR to correspond to the M used for quantal-de-
terministic endpoints. After the analysis, doses were adjusted for the
dosing regimen of 6 hr/day, 5 days/week, and were subsequently
converted from the ppm values reported in Dorman et al. (2008) to mg/
m?®, using the conversion factor 1 ppm = 2.3 mg/m°, to obtain the
BMDL and BMDU in mg/m>.

The confidence ranges from the model averaging analysis were
narrower (by about 45%) than for the NOAEL (Table 4), possibly be-
cause, given the pronounced minimal-to-maximal response pattern, the
priors in the model averaging analysis strongly defined the dose-re-
sponse curves that were averaged, thus yielding lower uncertainty.

Regarding the duration extrapolation AF, as discussed in Section
3.1, most incidence of nasal lesions in Dorman et al. (2008) occurred at
early exposure days, and for some types of lesions incidence decreased
at later exposure days. Therefore, it is possible that the nasal lesions
resolve at later timepoints for many animals in the population, implying
that chronic exposure to acrolein may not result in a substantial in-
crease in the incidence of nasal lesions compared to subchronic ex-
posure. This would indicate that the duration extrapolation AF for nasal
lesions may not require as much uncertainty as is represented in the
provisional distribution provided in APROBA, which estimates sub-
chronic-to-chronic uncertainty for an arbitrary chemical. However, it is
also possible that while the nasal lesions investigated in the Dorman
et al. (2008) study may resolve, other respiratory/pulmonary effects
could arise with longer exposure durations. Given these considerations,
as an alternative, APROBA was also applied using a narrower duration
extrapolation AF distribution, one that is geometrically half as wide as
the provisional distribution and has LCL equal to 1.0 (Table 4, rows
“NOAEL-Narrow” and “BMA-Narrow”). One advantage of using this
LCL is that the lower 5% tail of the distribution is bounded above by
1.0; thus, according to this distribution, the probability that a sub-
chronic POD is less than a chronic POD is 5%, which is consistent with
the assumption that chronic exposure usually yields a lower POD than
subchronic exposure. In addition to the narrower distribution, the data
were analyzed using a distribution which assumes no uncertainty (i.e., a
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Table 4
Sensitivity analyses results in comparison to primary analysis.
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APROBA Analyses® POD distribution® Duration AF

HDminimar’® © Adjustment Factor % contribution to uncertainty

distribution”
POD Interspecies® Duration Intraspecies

NOAEL' - APROBA default (primary 0.082-0.246 0.5-8.0 6.3 x 10°%-8.6 x 1072 5% 28% 32% 35%
analysis) (137)

NOAEL - Narrow 1.0-4.0 8.6 x 107%-6.3 x 1072 7% 36% 10% 46%
(73)

NOAEL - None 1.0-1.0 19.2 X 107%-11.2 x 1072 7% 41% 0% 52%
(58)

BMA' ¢ - APROBA default 0.122-0.199 0.5-8.0 7.2 x 107%-9.0 x 1072 1% 29% 33% 37%
(124)

BMA-Narrow 1.0-4.0 9.9 x 107%-6.5 x 1072 1% 39% 11% 49%
(65)

BMA - None 1.0-1.0 22.4 x 1074-11.6 x 1072 2% 43% 0% 55%
(52)

2 POD - Duration adjustment combination.
b Lower confidence limit (LCL) — upper confidence limit (UCL), in mg/ms.

¢ Confidence intervals: LCL-UCL; value in parentheses is confidence interval width expressed by the ratio of UCL to the LCL. For all cases, the LCL and UCL are

presented as multiples of 10~ and 102, respectively, for ease of comparison.

4 The percent uncertainty (variance) contributed by every component to the HDpinimar*" distribution.

¢ The percent contribution presented for the interspecies AF was summed across the interspecies scaling and TK/TD AFs.

f M = 50% extra risk. After the analysis, doses were adjusted for the dosing regimen of 6 hr/day, 5 days/week, and were subsequently converted from the ppm
values reported in Dorman et al. (2008) to mg/m?, using the conversion factor 1 ppm = 2.3 mg/m>, to obtain the BMDL and BMDU in mg/m>.

& “BMA”: Bayesian model averaging, for dichotomous data. Incidence of level II lateral wall effects used in this analysis was 0/12 at 0 and 0.2 ppm and 12/12 at

0.6 and 1.8 ppm.

“degenerate” distribution, using LCL = UCL = 1.0) for the duration
extrapolation AF to correspond to the case where no such AF is applied
(Table 4, rows “NOAEL-None” and “BMA-None”). This represents the
case of least uncertainty and results in the least variable HDy,' among all
possible duration extrapolation AF distributions, thus providing a lower
limit on the duration extrapolation uncertainty.

The parameters listed in Table 2 and the second and fourth columns
of Table 3 were used to derive the confidence limits of the HDpinimar®*
distribution for nasal lesions for the different POD and duration ex-
trapolation AF combinations (Table 4, fourth column). The HDpinimai®"
confidence ranges for the two POD types were similar across the
duration extrapolation options, with the model averaging cases having
slightly higher confidence limits (by up to 15%) and slightly narrower
ranges (by about 10-12%) than their NOAEL counterparts. Comparing
the HDpinima’® confidence limits across the different duration extra-
polation AFs, as expected the ranges become narrower as the duration
extrapolation AF distribution becomes narrower, decreasing by almost
60% from the default case to the case with no duration extrapolation AF
used. In particular, the LCLs increase as this distribution becomes
narrower, indicating that the probabilistic IRV increases as quantitative
uncertainty in the duration extrapolation distribution decreases. Taken
across all possible alternative analyses of the POD and duration extra-
polation AF, the probabilistic IRVs, as represented by the LCLs, ranged
from approximately 1.15 to 3.5 times higher than the default prob-
abilistic IRV.

As a means of determining where the greatest uncertainty lies,
APROBA calculated the percent of the variance that each AF contributes
to the HDy distribution (Table 4, columns 5-8). For the quantal-de-
terministic case with the NOAEL used as the POD and the APROBA-
default distribution used for duration extrapolation (primary analysis),
the POD AF contributed the least amount of the variance to the
HDinimar’* distribution, at 5%, and the remaining variance contributed
was distributed approximately evenly across the other three AFs, from
28% (interspecies) to 35% (intraspecies). The POD AF had a lower
variance than the other AFs because the minimal-to-maximal dose-re-
sponse pattern provided strong constraints on the EDso. When the
narrow distribution was used for duration extrapolation, its contribu-
tion decreased to 10%, and the interspecies and intraspecies contribu-
tions increased to compensate. When no duration extrapolation AF

distribution was used, its contribution decreased to 0%, and the inter-
species and intraspecies contributions increased further, with the latter
contributing over 50%. It is important to note that the variance for the
intraspecies AF depends on the value of incidence I; its variance de-
creases as I increases (IOMC ED, 2017). Thus, a higher value of I would
yield a lower intraspecies variance and would reduce the contribution
of the intraspecies AF to the HD,inima’* variance. Conversely, a lower
value of I would increase the contribution of the intraspecies AF to the
HDninimal’* Variance. Section 4.2 further discusses the effect of I on the
HDpminimal’- Variance. For the case where the BMDL from the model
averaging analysis was used as the POD, the POD AF contributed a
much lower proportion (1-2%) of the variance as for the NOAEL case,
possibly because, as noted above, the priors in the Bayesian model
averaging method strongly defined the individual dose-response curves
that were averaged, thus yielding low uncertainty in the POD dis-
tribution.

In the quantal-deterministic case, a 50% ER BMR was used by de-
fault due to the effect being histological lesions of minimal severity.
However, often in deterministic risk assessment, a BMR lower than 50%
ER is used for histopathological endpoints such as nasal lesions. To
demonstrate the application of the HDy;' method using a lower BMR,
nasal lesions were modeled as a quantal-stochastic endpoint. As dis-
cussed in Section 2.2, for quantal-stochastic endpoints the value of M
represents the probability that a given individual experiences the ad-
verse effect; it is typically set equal to the BMR from the dose-response
modeling when a BMDL is used as the POD. In the case of acrolein-
induced nasal lesions, a BMR of 10% ER was used because the re-
spiratory epithelial effects (i.e., hyperplasia) at the LOAEL were graded
as minimal to mild and thus considered to be minimally biologically
significant. Dose-response modeling (using Bayesian model averaging)
was used to calculate the confidence limits for the POD distribution
(BMDL and BMDU of 0.046 and 0.128 mg/m?, respectively). Thus,
using 1% for the value of incidence I, APROBA was used to estimate the
distribution of HD,(*, the concentration at which 1% of a general
human population has a 10% probability of experiencing minimal le-
sions in the nasal respiratory epithelium. The resulting values are a
central tendency (geometric mean) of 4.0 x 10~ 3 mg/mg?>, with a 90%
confidence range of (3.4 X 1074 4.6 x 10~ 2). These values are about
2-fold lower than the values derived from the quantal-deterministic
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case (GM of 7.3 x 1073, 90% CI of 6.3 x 1074 8.6 x 10™%). How-
ever, it should be noted that the two types of quantal endpoints are not
directly comparable (Chiu and Slob (2015)), because the “determi-
nistic” case estimates the dose where the specific severity of “minimal”
lesions is experienced by a fraction I of the population, whereas the
“stochastic” case estimates the dose where there is a 10% probability of
experiencing “minimal” lesions for a fraction I of the population.
Moreover, according to IOMC ED (2017), histopathological lesions are
most appropriately modeled as “deterministic” due to their being gen-
erated from an underlying continuous severity score.

4. Discussion
4.1. Comparison of reference values

The probabilistic IRV of 6.3 x 10~ % mg/m? was 23% lower than the
deterministic IRV of 8.2 x 10~ * mg/m? (Fig. 1). Thus, although the
two reference values were comparable in magnitude, the probabilistic
IRV was slightly more protective. The probability that HDpinimar®® is
lower than the deterministic IRV is 7.2%; in other words, the de-
terministic IRV is approximately a 93% lower bound for the
HDrninimalol

The probabilistic and deterministic IRVs can also be compared to
inhalation reference values derived by other state and federal agencies
(Fig. 2 and Table A1). The chronic reference values derived by OEHHA
and TCEQ were 3.5 x 10~ % mg/m® and 2.7 x 10~ 2 mg/m?, respec-
tively. The probabilistic and deterministic IRVs are reasonably con-
sistent with these values, falling directly between them. EPA/IRIS’s
2003 assessment of acrolein (U.S. EPA, 2003) obtained a chronic in-
halation reference value of 2.0 X 10> mg/m?®. This value is over 10
times lower than the other chronic reference values, in part because it
was based on an older study (Feron et al., 1978) which required the use
of an uncertainty factor of 3 to account for use of a LOAEL instead of a
NOAEL and a full value of 10 versus 3 for the animal to human UF
(UF,). The current analysis reduced the UF, because dosimetric mod-
eling in deriving the PODygc accounted for physiological differences.

A number of reference values were derived by other agencies for
shorter exposure durations, ranging from acute to subchronic (Fig. 2
and Table Al). Because they applied to a shorter exposure duration, the
majority of these values were above the deterministic and probabilistic
IRVs. For example, TCEQ derived a 24-hour reference value of
1.1 x 1072 mg/m?®, although their reference value was higher in part

0.0001 0.001 0.01 0.1

Probability

Dose
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because it was based on a human study and thus did not require the
application of the interspecies UF. However, a minimum risk level de-
rived by ATSDR for exposure from 15 to 365 days was much lower
(9.0 x 1073 mg/mS) than the deterministic and probabilistic IRVs,
partly because it was based on the same study (Feron et al., 1978) as the
2003 IRIS assessment. Also, CalEPA derived an 8-hour reference ex-
posure level (REL) that fell between the probabilistic and deterministic
IRVs (7.0 x 10~% mg/ms). This REL was based on the (Dorman et al.,
2008) study and used the same POD as the IRVs; however, it was de-
rived using a different dose conversion method and an additional tox-
icokinetic UF. Of note, except for the ATSDR 15-365 day value, all of
the shorter duration reference values fall between the HDpinimar: LCL
and UCL, as demonstrated in Fig. 2, and thus were within the middle
90% confidence range of the HDpinima"® distribution. Details on the
derivation of these reference values along with the IRVs are provided in
Table Al.

4.2. Choice of target human incidence I

The choice of target human incidence I is not fixed and may be
varied according to the needs of the risk assessor or risk manager. For
example, one can repeat the procedure above for HDinimar’’, the
concentration at which 50% (half) of the population would be expected
to develop (“minimal”) nasal lesions. This would yield a 90% con-
fidence range from 9.8 x 1073 mg/m® to 0.51 mg/m>, and the geo-
metric mean, 7.1 X 1072 mg/m>, can be used as a central estimate of
HDpminimar_°. For illustration, Table 5 lists the median, LCL, UCL, and
90% confidence range (expressed as the ratio UCL/LCL) of the
HDminimal’ distribution for nasal lesions for the several values of I, and
Fig. 3 displays how the HD pminimal’ range changes with log-dose for
different values of I for the median and several coverage values for each
I. Thus, for example, if a risk assessor is interested in the concentration
of acrolein that protects 90% of the human population from experien-
cing nasal lesions, a line could be traced from the y-axis atI = 10% to
the curves to determine the parameters of the distribution of
HDppinimar*°. The line would intersect the 5% and 95% coverage curves
at 2.4 x 1073 and 0.172 mg/m>, respectively, thereby defining a range
of 90% coverage of HDminimal' > and the line would intersect the 50%
coverage curve at 0.020 mg/m>, which would be the median of the
HD minimar * distribution.

Observe from Table 5 that the uncertainty in the HDpipimal dis-
tribution increases as I decreases. For example, the 90% confidence

1 Fig. 1. Graph of cumulative distribution function of
100% the calculated uncertainty in the HDpipima’ for
nasal lesions. The red square on the curve re-
90% presents the probabilistic IRV, defined as the lower
5% confidence bound, and the dotted black line

80% represents the dose value equal to the deterministic
IRV, which intersects at approximately the 7%
70% lower confidence level. (For interpretation of the

references to colour in this figure legend, the reader

60% is referred to the web version of this article.)
0

50%
40%
30%
20%
10%

0%
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Acrolein: Comparison of Reference Values
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Fig. 2. Comparison of acrolein general public health reference values to both the deterministic and probabilistic IRVs. The probabilistic IRV is equal to the lower
confidence limit (LCL) of the human dose of minimal incidence (HDpinimal"", denoted “HDMI” in figure) in 1% of the population, with HD pminimal®* upper confidence
limit (UCL) and geometric mean (GM) also indicated in the figure; the shaded band from the LCL to the UCL represents the 90% confidence range of the HD minimal*

distribution. Line segments signify the duration of individual reference values.

Table 5

The median, LCL, UCL, and 90% confidence range (expressed as UCL/LCL) of
the HD pminimar’ distribution for nasal lesions for the several values of I (where I is
the percentage of the population that develops nasal lesions).

range, a measure of uncertainty in HDynimar’, increases by a factor of
about 2, from 72-fold at I = 10% to 137-fold at I = 1%.

4.3. Strengths and limitations of probabilistic approach

1 LCL (mg/m%) Median (mg/m®) UCL (mg/m®) UCL/LCL
1% 0.6 x 10~3 0.007 0.086 137 This case example of developing an IRV for acrolein-induced nasal
5% 1.5 x 1072 0.014 0.133 86.9 lesions demonstrates several advantages of the probabilistic approach
10% 2.4 % 10:2 0.020 0.172 71.6 over the deterministic approach. For example, one can quantitatively
50% 9.8 x 10 0.071 0513 52.2 estimate the risk of an effect at the probabilistic IRV using a central
estimate, confidence range, or distribution curve, and the proportion of
HDminimalI
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Fig. 3. HDpninimal® distribution for the median and several coverage values for nasal lesion incidence in male rats.
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the population protected can be incorporated into the estimate. This
quantification can also be done for any risk at concentrations above or
below the probabilistic IRV. Thus, the method allows greater clarity as
to the uncertainties in reference value derivations and provides better
information for a greater variety of risk management decisions. For
example, the trade-off between identifying a target exposure level that
would protect a larger proportion of the population and reducing un-
certainty in the target exposure level can be explicitly quantified. In the
case of acrolein, estimating HDpinimar'*» the concentration at which
90% of the population is protected against experiencing minimal nasal
lesions (incidence I = 10%), would yield a distribution with median
0.020 mg/m?, an LCL of 2.4 x 10~ 3 mg/m?, and a UCL/LCL ratio of
72. However, it may be more desirable to protect a larger percent of the
population from nasal lesions. To do this, HDpinima’® could be used
instead (incidence I = 1%), which would protect 99% of the population
against experiencing minimal nasal lesions. However, the median
would decrease to 0.007 mg/m?, the LCL to 0.6 x 10~ 3, and the UCL/
LCL ratio would increase to 137; thus, the additional desired level of
protection involves almost twice as much uncertainty. The results of
this quantitative uncertainty analysis can assist a risk manager in ef-
fectively reporting and communicating the degree of uncertainty.

The use of APROBA for deriving the probabilistic IRV has some
limitations. Because it is designed to be endpoint-specific,c, APROBA
does not incorporate uncertainty related to database deficiencies
(analogous to the database UF in the deterministic approach), which
would require an approach that considers multiple endpoints and
toxicity domains. For acrolein, the database is sufficiently broad, so
incorporating this type of uncertainty was not necessary. However,
many other chemicals have databases that are too limited to ignore this
uncertainty. If a user wants a value that is assumed to be protective of
all health endpoints for a chemical with missing information on key
endpoints or other deficiencies, applying APROBA to such a chemical
would require including an additional AF. If wanting to retain the
probabilistic distribution for the end-result, the lognormal parameter
values for this AF would have to be determined, which would not be a
straightforward exercise in many cases. (At this point, research on da-
tabase deficiencies is limited; see, for example Blackburn et al. (2015)
and Evans and Baird (1998)). Alternatively, APROBA could be utilized
to derive a distribution of risk-specific doses for well-studied endpoints
and then some other adjustment or additional risk management con-
siderations could be employed to account for the deficiencies in the
database.

In the case of nasal lesions for acrolein, it may be useful to further
investigate the sensitivity of some of the distributions besides those for
the POD and duration extrapolation AF. For example, the confidence
limits used for the interspecies scaling AF distribution for inhalation
exposure, as recommended by IOMC ED (2017), were based on a gen-
eral assumption because no formal evaluation of uncertainty was
available for this factor. This assumption may be reasonable, but it
could be investigated further. Additionally, the distributions for human
variation are based on a fairly limited dataset on a limited number of
chemicals, many of which are pharmaceuticals. While an updated lit-
erature search may be useful to some degree to expand the number of
chemicals in the database [e.g., Darney et al. (2020)], recent progress
on in silico and in vitro approaches to better estimate toxicokinetic and
toxicodynamic human variability also show promise [e.g., Chiu et al.
(2017) and Ring et al. (2017)]. Indeed, by viewing the “default” AF
distributions in a Bayesian context as “priors,” one could conceive of a
fully Bayesian approach in which chemical-specific data are used to
“update” the priors to produce an updated estimate of the HDy, con-
sistent with the Bayesian approaches advocated by the NRC (2014) and
Simon et al. (2016). The systematic evidence map of (Keshava et al.,
2020) identified some human controlled exposure studies, and further
refinement of the distributions for human variability may benefit from
an analysis of those studies (e.g., using random effects models to se-
parate inter-individual variability from measurement error). However,
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such an analysis is beyond the scope of the current case study.

Another assumption that was made in both the deterministic and
probabilistic derivations is that increasing the exposure duration from
6-h/d to 24-h/d will increase the frequency of the histopathological
endpoint. In the Acute Exposure Guideline Level (AEGL) program (NRC,
2001), it was assumed that concentration for a sensory irritant was
more of a determinant of effect than the duration of exposure or the
resulting C X t product. This may be worthy of further investigation
when extrapolating for chronic reference values based on many as-
sumptions that are not well tested; however, based on the information
at hand this point cannot be further elucidated, and thus traditional
extrapolations were applied.

Another issue that may need further development is the decision of
which approach to use when applying APROBA to dichotomous end-
points, the quantal-stochastic or quantal-deterministic approach. For
acrolein, a well-defined histopathological endpoint (minimally adverse
nasal lesions) was used as the critical effect, so it was clear that the
quantal-deterministic approach was the more appropriate one to apply.
In addition, the minimal-to-maximal response in the nasal lesions data
provided strong bounds on the EDsqy, so there was reasonable con-
fidence that using the NOAEL as the POD provided an adequate esti-
mate of the HDpjima’! distribution. However, in other cases it will not
be as straightforward to determine which approach to use. Not all di-
chotomous endpoints fall clearly under either approach. For example,
for some developmental endpoints (e.g., some malformations), it could
be debated whether the incidence is the result of a “continuum” of
variation to which a threshold is applied (quantal-deterministic) or a
random process more akin to mutations (quantal-stochastic).
Furthermore, it would have to be determined how to communicate and
compare the risk-specific doses derived using the two approaches, given
that a 1% incidence of a minimally adverse nasal lesion is not directly
comparable to a 1% incidence of a 10% risk of developing a nasal le-
sion.

Also, it should be noted that while the APROBA Excel spreadsheet
requires that the HDy' components be lognormally distributed, the
unified probabilistic framework (IOMC ED, 2017) that it applies does
not require this assumption. For acrolein, there does not exist any in-
formation indicating departures from lognormality in the AFs, so as-
suming lognormality was deemed reasonable. Other distributions can
be used for any of the components but would require different software.
In most cases Monte Carlo resampling approaches would be needed.
Furthermore, while the assumption of independence is not necessary,
dropping this assumption would require incorporating a proper de-
pendence structure. More research is needed to investigate the possible
dependence among the HDy' components.

Finally, it should be noted that an HDy;' can be calculated for any
endpoint of concern, not just a single “critical” endpoint. An HDy;' for
other effects could be useful to provide information for evaluating
mixtures, where the common effect might not always be the “critical
effect” of each chemical individually, or for use in a benefit-cost ana-
lysis, where a valuation is easier or greater for an effect other than the
“critical effect”. This is consistent with advice from the National
Academy of Sciences to move towards development of “risk-specific
doses” (NRC, 2009). In the case of acrolein, a separate systematic evi-
dence map was performed to identify the most appropriate endpoint to
model (Keshava et al., 2020).

5. Conclusions

Overall, this case study demonstrates the application of a prob-
abilistic approach for deriving an IRV, thereby generating a quantita-
tive estimate of the severity, incidence, and uncertainty of effects at a
given dose. This work complements the previous work by Chiu et al.
(2018), which broadly applied the probabilistic approach to oral re-
ference values, and in addition conducts a number of sensitivity ana-
lyses to examine the robustness of the results. As additional case studies
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are conducted, it is anticipated that derivation of probabilistic reference
values will become more routine, thereby providing a richer quantita-
tive characterization of dose-response for use in risk assessment and
risk management decision-making.
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Appendix A. Acrolein Inhalation Reference Values for Exposures to the General Public

See Table Al.

Table Al

Derivation details on acrolein inhalation reference values for exposures to the general public.

Reference Value Duration Reference Value Health Effects Point of Departure’ Uncertainty Review Status
Type/Name Factors”
mg/m’ ppm
CA-REL (Acute) 1hr 2.5 x 1077 1.1 x 10”° Subjective ocular irritation in 0.06 ppm LOAEL Total UF = 60 Final
humans (Weber-Tschopp et al., 0.07 ppm LOAEL UF, = 6 UFy = 10 (OEHHA, 2008)
1977; Darley et al., 1960)
CA-REL (8-hr) 8 hr 7 x 107 3 x10"*  Lesions in the respiratory 0.2 ppm NOAEL Total UF = 200
epithelium in rats (Dorman et al., 0.06 ppm NOAELyrc UF, = 1072
2008) UFa: 2 (TK), 10'/2
(TD)
UFy = 10
TCEQ ReV (Acute) 1 hr 1.1 x 107° 4.8 x 10™* Eye, nose and throat irritation 0.3 ppm LOAEL Total UF = 63 Final
TCEQ ReV (24-hr)  24-hr 1.1 x 107° 4.8 x 10™* and decreased respiratory rate in UF, = 6.3° (TCEQ, 2016)
humans (Weber-Tschopp et al., UFy = 10
1977)
ATSDR- MRL (1-14 1-14d 7 x 1077 3 x 1074 Decrease in respiratory rate, nose 0.3 ppm LOAEL Total UF = 100 Final
d) and throat irritation (Weber- UF, = 10 (Agency for Toxic
Tschopp et al., 1977) UFy = 10 Substances and Disease
ATSDR-MRL 15d-1yr 9 x 107° 4 x10°° Nasal epithelial metaplasia in rats 0.012 ppm LOAELggc Total UF = 300 Registry (ATSDR), 2007)
(15-365 d) (Feron et al., 1978) UF, = 10
UF, = 3
UFy = 10
TCEQ ReV Chronic 2.7 x 1077 1.2 x 10~? Mild hyperplasia and lack of 0.2 ppm NOAEL Total UF = 30 Final
(Chronic) recovery of the respiratory 0.036 ppm NOAELpp; UF, = 3 (TCEQ, 2016)
epithelium (Dorman et al., 2008)  0.036 ppm NOAELygc UFy = 10
CA-REL (Chronic) Chronic 3.5 x 10°* 1.5 x 107 Lesions in respiratory epithelium 0.2 ppm NOAEL Total UF = 200 Final
(Dorman et al., 2008) 0.036 ppm NOAELaAp; UFa: 2 (TK), (OEHHA, 2008)
0.03 ppm NOAELygc 102 (TD)
UFy = 10
UF, = 102
RfC (IRIS) Chronic 2 x107° 8.7 x 10~° Slight nasal effects (Feron et al., 0.9 mg/m”’ LOAEL Total UF = 1000  Final
1978) 0.16 mg/m®  LOAELap; UFa = 3 (U.S. EPA, 2003)
0.02 mg/m> LOAELysc UFy = 10
UFs = 10
UF, = 3
Deterministic IRV~ Chronic 8.2 x 10™* 3.6 x 10~ * Lesions in respiratory epithelium  0.46 mg/m®>  NOAEL Total UF = 100
(Dorman et al., 2008) 0.082 mg/m® NOAEL,p; UF, = 3
0.082 mg/m° NOAELypc UFy = 10
UFs = 3
Probabilistic IRV Chronic 6.3 x 107* 27 x 1074 See Table 2 See Table 3

1 LOAELap; — duration-adjusted LOAEL; NOAEL,p; — duration-adjusted NOAEL.
2 UF, - Animal to Human Factor; UFy - Inter-individual Human Variability Factor; UFg — Subchronic to Chronic Factor; UF, — LOAEL to NOAEL Factor.
3 UF, = 6.3 based on (Alexeeff et al., 2002).

10



T. Blessinger, et al.

References

Alexeeff, G.V., Broadwin, R., Liaw, J., Dawson, S.V., 2002. Characterization of the
LOAEL-to-NOAEL uncertainty factor for mild adverse effects from acute inhalation
exposures. Regul. Toxicol. Pharm. 36, 96-105. https://doi.org/10.1006/rtph.2002.
1562.

Agency for Toxic Substances and Disease Registry (ATSDR), 2007. Toxicological profile
for acrolein (Update). (CIS/08/00763). Agency for Toxic Substances and Disease
Registry (ATSDR).

Baird, S.J.S., Cohen, J.T., Graham, J.D., Shlyakhter, A.IL, Evans, J.S., 1996. Noncancer
risk assessment: A probabilistic alternative to current practice. Hum. Ecol. Risk
Assess. 2, 79-102.

Blackburn, K., Daston, G., Fisher, J., Lester, C., Naciff, J.M., Rufer, E.S., Stuard, S.B.,
Woeller, K., 2015. A strategy for safety assessment of chemicals with data gaps for
developmental and/or reproductive toxicity. Regul. Toxicol. Pharm. 72, 202-215.
https://doi.org/10.1016/j.yrtph.2015.04.006.

Blessinger, T., 2020. Analysis results for Acrolein Unified Probabilistic Framework.
Dataset. https://doi.org/10.23719/1518554.

Bokkers, B.G., Slob, W., 2005. A comparison of ratio distributions based on the NOAEL
and the benchmark approach for subchronic-to-chronic extrapolation. Toxicol. Sci. :
Off. J. Soci. Toxicol. 85, 1033-1040.

Bokkers, B.G.H., Slob, W., 2007. Deriving a data-based interspecies assessment factor
using the NOAEL and the benchmark dose approach. Crit. Rev. Toxicol. 37, 355-373.
https://doi.org/10.1080/10408440701249224.

Chiu, W.A., Axelrad, D.A., Dalaijamts, C., Dockins, C., Shao, K., Shapiro, A.J., Paoli, G.,
2018. Beyond the RfD: Broad application of a probabilistic approach to improve
chemical dose-response assessments for noncancer effects. Environ Health Perspect
126: Article #067009. http://dx.doi.org/10.1289/EHP3368.

Chiu, W.A., Slob, W., 2015. A unified probabilistic framework for dose-response assess-
ment of human health effects [Review]. Environ. Health Perspect. 123, 1241-1254.
https://doi.org/10.1289/ehp.1409385.

Chiu, W.A., Wright, F.A., Rusyn, 1., 2017. A tiered, Bayesian approach to estimating of
population variability for regulatory decision-making. ALTEX 34, 377-388. https://
doi.org/10.14573/altex.1608251.

Corley, R.A., Kabilan, S., Kuprat, A.P., Carson, J.P., Minard, K.R., Jacob, R.E., Timchalk,
C., Glenny, R., Pipavath, S., Cox, T., Wallis, C., Larson, R.F., Fanucchi, M.V.,
Postlethwait, E., Einstein, D.R., 2012. Comparative computational modeling of air-
flows and vapor dosimetry in the respiratory tracts of a rat, monkey, and human.
Toxicol. Sci. 128, 500-516. https://doi.org/10.1093/toxsci/kfs168.

Darley, E.F., Middleton, J.T., Garber, M.J., 1960. Plant damage and eye irritation from
ozone-hydrocarbon reactions. J. Agric. Food Chem. 8, 483-485. https://doi.org/10.
1021/jf60112a017.

Darney, K., Turco, L., Buratti, F.M., Di Consiglio, E., Vichi, S., Roudot, A.C., Béchaux, C.,
Testai, E., Dorne, J.L.C.M., Lautz, L.S., 2020. Human variability in influx and efflux
transporters in relation to uncertainty factors for chemical risk assessment. Food
Chem. Toxicol. 140, 111305. http://dx.doi.org/10.1016/j.fct.2020.111305.

Dorman, D.C., Struve, M.F., Wong, B.A., Marshall, M.W., Gross, E.A., Willson, G.A., 2008.
Respiratory tract responses in male rats following subchronic acrolein inhalation.
Inhal. Toxicol. 20, 205-216. https://doi.org/10.1080/08958370701864151.

Evans, J.S., Baird, S.J.S., 1998. Accounting for missing data in noncancer risk assessment.
Hum. Ecol. Risk Assess. 4, 291-317. https://doi.org/10.1080/10807039891284352.

Feron, V.J., Kruysse, A., Til, H.P., Immel, H.R., 1978. Repeated exposure to acrolein
vapour: Subacute studies in hamsters, rats and rabbits. Toxicology 9, 47-57. https://
doi.org/10.1016,/0300-483X(78)90030-6.

Hattis, D., Baird, S., Goble, R., 2002. A straw man proposal for a quantitative definition of
the RfD [Review]. Drug Chem. Toxicol. 25, 403-436. https://doi.org/10.1081/DCT-
120014793.

Hattis, D., Lynch, M.K., 2007. Empirically observed distributions of pharmacokinetic and
pharmacodynamic variability in humans- implications for the derivation of single
point component uncertainty factors providing equivalent protection as existing
RfDs. Clark University, Worcester, MA, pp. 48.

IOMC ED (Inter-Organization Programme for the Sound Management of Chemicals
Environment Directorate), 2017. Guidance document on evaluating and expressing
uncertainty in hazard characterization. Harmonization Project Document 11 — 2nd
edition (2nd ed.). Geneva, Switzerland: World Health Organization. http://www.
who.int/ipcs/methods/harmonization/areas/hazard_assessment/en/.

Keshava, C., Davis, A., Stanek, J., Thayer, K., Galizia, A., Keshava, N., Gift, J., Vulimiri,
S.V., Woodall, G., Gigot, C., Garcia, K., Greenhalgh, A., Schulz, B., Volkoff, S.,
Camargo, K., Persad, A., 2020. Application of systematic evidence mapping to assess
the impact of new research when updating health reference values: A case example
using acrolein (submitted to Environment International, revising based on reviewer
comments). Environ. Int. 143. https://doi.org/10.1016/j.envint.2020.105956.

NRC (National Research Council), 1983. Risk assessment in the federal government:

11

Environment International 143 (2020) 105953

Managing the process. National Academy Press, Washington, DC, http://dx.doi.org/
10.17226/366.

NRC (National Research Council), 1994. Science and judgment in risk assessment. The
National Academies Press, Washington, DC, http://dx.doi.org/10.17226/2125.
NRC (National Research Council), 2001. Standing operating procedures for developing
acute exposure guideline levels (AEGLs) for hazardous chemicals. National Academy

Press, Washington, DC. http://www.epa.gov/oppt/aegl/pubs/sop.pdf.

NRC (National Research Council), 2009. Science and decisions: Advancing risk assess-
ment. The National Academies Press, Washington, DC, http://dx.doi.org/10.17226/
12209.

NRC (National Research Council), 2014. Review of EPA's Integrated Risk Information
System (IRIS) process. The National Academies Press, Washington, DC, http://www.
nap.edu/catalog.php?record_id =18764.

OEHHA (California Office of Environmental Health Hazard Assessment), 2008. Acute, 8-
hour and chronic toxicity summary — acrolein. Office of Environmental Health
Hazard Assessment, California EPA, Sacramento, CA, pp. 42-67.

Renwick, A.G., Lazarus, N.R., 1998. Human variability and noncancer risk assessment - an
analysis of the default uncertainty factor. Regul. Toxicol. Pharm. 27, 3-20. https://
doi.org/10.1006/rtph.1997.1195.

Ring, C.L., Pearce, R.G., Setzer, R.W., Wetmore, B.A., Wambaugh, J.F., 2017. Identifying
populations sensitive to environmental chemicals by simulating toxicokinetic varia-
bility. Environ. Int. 106, 105-118. https://doi.org/10.1016/j.envint.2017.06.004.

Schroeter, J.D., Kimbell, J.S., Gross, E.A., Willson, G.A., Dorman, D.C., Tan, Y.M., III, CH,
2008. Application of physiological computational fluid dynamics models to predict
interspecies nasal dosimetry of inhaled acrolein. Inhal. Toxicol. 20, 227-243. http://
dx.doi.org/10.1080/08958370701864235.

Simon, T.W., Zhu, Y., Dourson, M.L., Beck, N.B., 2016. Bayesian methods for uncertainty
factor application for derivation of reference values. Regul. Toxicol. Pharm. 80, 9-24.
https://doi.org/10.1016/j.yrtph.2016.05.018.

Slob, W., Pieters, M.N., 1998. A probabilistic approach for deriving acceptable human
intake limits and human health risks from toxicological studies: general framework.
Risk Anal. : Off. Publ. Soc. Risk Anal. 18, 787-798.

TCEQ (Texas Commission on Environmental Quality), 2016. Development support
document - Acrolein CASRN: 107-02-8 Revised. Austin, TX. https://www.tceq.texas.
gov/assets/public/implementation/tox/dsd/final/acrolein.pdf.

U.S. EPA (U.S. Environmental Protection Agency), 1994. Methods for derivation of in-
halation reference concentrations and application of inhalation dosimetry [EPA
Report]. (EPA/600/8-90/066F). Research Triangle Park, NC: U.S. Environmental
Protection Agency, Office of Research and Development, Office of Health and
Environmental Assessment, Environmental Criteria and Assessment Office. https://
cfpub.epa.gov/ncea/risk/recordisplay.cfm?deid = 71993&CFID = 51174829&
CFTOKEN =25006317.

U.S. EPA (U.S. Environmental Protection Agency), 2002. A review of the reference dose
and reference concentration processes. (EPA/630/P-02/002F). Washington, DC: U.S.
Environmental Protection Agency, Risk Assessment Forum. https://www.epa.gov/
sites/production/files/2014-12/documents/rfd-final.pdf.

U.S. EPA (U.S. Environmental Protection Agency), 2003. Toxicological review of acrolein
[EPA Report]. (EPA/635/R-03/003). Washington, DC. https://cfpub.epa.gov/ncea/
iris2/chemicalLanding.cfm?substance_nmbr = 364.

U.S. EPA (U.S. Environmental Protection Agency), 2014. Framework for human health
risk assessment to inform decision making. Final [EPA Report]. (EPA/100/R-14/
001). Washington, DC: U.S. Environmental Protection, Risk Assessment Forum.
https://www.epa.gov/risk/framework-human-health-risk-assessment-inform-
decision-making.

U.S. EPA (U.S. Environmental Protection Agency). (2019). Benchmark Dose Software
(BMDS). Version 3.1.2 (Version 3.1.2) [BMDS]. Retrieved from https://www.epa.
gov/bmds/benchmark-dose-software-bmds-version-312-download.

U.S. EPA (U.S. Environmental Protection Agency), 2012. Benchmark Dose Technical
Guidance. (EPA/100/R-12/001). U.S. Environmental Protection Agency, Risk
Assessment Forum, Washington, DC. https://www.epa.gov/risk/benchmark-dose-
technical-guidance.

U.S. EPA (U.S. Environmental Protection Agency), 2012. Advances in Inhalation Gas
Dosimetry for Derivation of a Reference Concentration (RfC) and Use in Risk
Assessment. U.S. Environmental Protection Agency, Washington, DC, pp. 1-140.
https://cfpub.epa.gov/ncea/risk/recordisplay.cfm?deid = 244650&CFID = 50524762
&CFTOKEN =17139189.

Weber-Tschopp, A., Fischer, T., Gierer, R., Grandjean, E., 1977. Experimentelle
Reizwirkungen von Akrolein auf den Menschen. Int. Arch. Occup. Environ. Health 40,
117-130. https://doi.org/10.1007/BF00575156.

Wheeler, M.W., Blessinger, T., Shao, K., Allen, B.C., Olszyk, L., Davis, J.A., Gift, J.S.,
2020. Quantitative risk assessment: developing a Bayesian approach to dichotomous
dose-response uncertainty. Risk Anal. https://doi.org/10.1111/risa.13537. In press.


https://doi.org/10.1006/rtph.2002.1562
https://doi.org/10.1006/rtph.2002.1562
http://refhub.elsevier.com/S0160-4120(20)31908-5/h0015
http://refhub.elsevier.com/S0160-4120(20)31908-5/h0015
http://refhub.elsevier.com/S0160-4120(20)31908-5/h0015
https://doi.org/10.1016/j.yrtph.2015.04.006
https://doi.org/10.23719/1518554
http://refhub.elsevier.com/S0160-4120(20)31908-5/h0025
http://refhub.elsevier.com/S0160-4120(20)31908-5/h0025
http://refhub.elsevier.com/S0160-4120(20)31908-5/h0025
https://doi.org/10.1080/10408440701249224
https://doi.org/10.1289/ehp.1409385
https://doi.org/10.14573/altex.1608251
https://doi.org/10.14573/altex.1608251
https://doi.org/10.1093/toxsci/kfs168
https://doi.org/10.1021/jf60112a017
https://doi.org/10.1021/jf60112a017
https://doi.org/10.1080/08958370701864151
https://doi.org/10.1080/10807039891284352
https://doi.org/10.1016/0300-483X(78)90030-6
https://doi.org/10.1016/0300-483X(78)90030-6
https://doi.org/10.1081/DCT-120014793
https://doi.org/10.1081/DCT-120014793
http://refhub.elsevier.com/S0160-4120(20)31908-5/h0085
http://refhub.elsevier.com/S0160-4120(20)31908-5/h0085
http://refhub.elsevier.com/S0160-4120(20)31908-5/h0085
http://refhub.elsevier.com/S0160-4120(20)31908-5/h0085
http://www.who.int/ipcs/methods/harmonization/areas/hazard_assessment/en/
http://www.who.int/ipcs/methods/harmonization/areas/hazard_assessment/en/
https://doi.org/10.1016/j.envint.2020.105956
http://www.epa.gov/oppt/aegl/pubs/sop.pdf
http://www.nap.edu/catalog.php%3frecord_id%3d18764
http://www.nap.edu/catalog.php%3frecord_id%3d18764
https://doi.org/10.1006/rtph.1997.1195
https://doi.org/10.1006/rtph.1997.1195
https://doi.org/10.1016/j.envint.2017.06.004
https://doi.org/10.1016/j.yrtph.2016.05.018
http://refhub.elsevier.com/S0160-4120(20)31908-5/h0160
http://refhub.elsevier.com/S0160-4120(20)31908-5/h0160
http://refhub.elsevier.com/S0160-4120(20)31908-5/h0160
https://www.tceq.texas.gov/assets/public/implementation/tox/dsd/final/acrolein.pdf
https://www.tceq.texas.gov/assets/public/implementation/tox/dsd/final/acrolein.pdf
https://cfpub.epa.gov/ncea/risk/recordisplay.cfm%3fdeid%3d71993%26CFID%3d51174829%26CFTOKEN%3d25006317
https://cfpub.epa.gov/ncea/risk/recordisplay.cfm%3fdeid%3d71993%26CFID%3d51174829%26CFTOKEN%3d25006317
https://cfpub.epa.gov/ncea/risk/recordisplay.cfm%3fdeid%3d71993%26CFID%3d51174829%26CFTOKEN%3d25006317
https://www.epa.gov/sites/production/files/2014-12/documents/rfd-final.pdf
https://www.epa.gov/sites/production/files/2014-12/documents/rfd-final.pdf
https://cfpub.epa.gov/ncea/iris2/chemicalLanding.cfm%3fsubstance_nmbr%3d364
https://cfpub.epa.gov/ncea/iris2/chemicalLanding.cfm%3fsubstance_nmbr%3d364
https://www.epa.gov/risk/framework-human-health-risk-assessment-inform-decision-making
https://www.epa.gov/risk/framework-human-health-risk-assessment-inform-decision-making
https://www.epa.gov/risk/benchmark-dose-technical-guidance
https://www.epa.gov/risk/benchmark-dose-technical-guidance
https://cfpub.epa.gov/ncea/risk/recordisplay.cfm?deid=244650&CFID=50524762&CFTOKEN=17139189
https://cfpub.epa.gov/ncea/risk/recordisplay.cfm?deid=244650&CFID=50524762&CFTOKEN=17139189
https://doi.org/10.1007/BF00575156
https://doi.org/10.1111/risa.13537

	Application of a unified probabilistic framework to the dose-response assessment of acrolein
	Introduction
	Methods
	Derivation of deterministic inhalation reference value
	Approximate probabilistic analysis

	Results
	Deterministic reference value
	Approximate probabilistic analysis
	Primary analysis results
	Sensitivity analyses


	Discussion
	Comparison of reference values
	Choice of target human incidence I
	Strengths and limitations of probabilistic approach

	Conclusions
	CRediT authorship contribution statement
	Declaration of Competing Interest
	Acknowledgement
	Acrolein Inhalation Reference Values for Exposures to the General Public
	References




