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BACKGROUND: Organophosphorus (OP) compounds are the most widely used group of insecticides in the world. Risk assessments for these chemicals
have focused primarily on 10% inhibition of acetylcholinesterase in the brain as the critical metric of effect. Aside from cholinergic effects resulting
from acute exposure, many studies suggest a linkage between cognitive deficits and long-term OP exposure.

OBJECTIVE: In this proof-of-concept study, we focused on one of the most widely used OP insecticides in the world, chlorpyrifos (CPF), and utilized
an existing physiologically based pharmacokinetic (PBPK) model and a novel pharmacodynamic (PD) dose-response model to develop a point of de-
parture benchmark dose estimate for cognitive deficits following long-term, low-dose exposure to this chemical in rodents.

METHODS: Utilizing a validated PBPK/PD model for CPF, we generated a database of predicted biomarkers of exposure and internal dose metrics in
both rat and human. Using simulated peak brain CPF concentrations, we developed a dose—response model to predict CPF-induced spatial memory
deficits and correlated these changes to relevant biomarkers of exposure to derive a benchmark dose specific to neurobehavioral changes. We
extended these cognitive deficit predictions to humans and simulated corresponding exposures using a model parameterized for humans.

REsuLTS: Results from this study indicate that the human-equivalent benchmark dose (BMD) based on a 15% cognitive deficit as an end point is
lower than that using the present threshold for 10% brain AChE inhibition. This predicted human-equivalent subchronic BMD threshold compares to
occupational exposure levels determined from biomarkers of exposure and corresponds to similar exposure conditions where deficits in cognition are
observed.

CoNcLUsIONS: Quantitative PD models based on neurobehavioral testing in animals offer an important addition to the methodologies used for estab-
lishing useful environmental public health indicators and BMDs, and predictions from such models could help inform the human health risk assess-

ment for chlorpyrifos. https://doi.org/10.1289/EHP1743

Introduction

Organophosphorus (OP) insecticides are among the most
widely used synthetic chemicals for the control of agricultural
and domestic insect pests. Approximately 70% of the insecti-
cides in current use in the United States are OP-based, which
amounts to a total of approximately 33 millionkilograms of
these chemicals applied each year (U.S. EPA 2011). OP insecti-
cides phosphorylate numerous enzymes including a large number
of B-esterases whose primary function is to hydrolyze choline-
based esters such as acetylcholinesterase (AChE) and butyrylcholi-
nesterase (BuChE) (Chambers and Levi 1992). These esterases are
present throughout the body, with high abundances in the plasma,
hematocrit, and brain. The primary mechanism of action of OP
insecticide-induced toxicity is the inhibition of AChE by active
oxon metabolites, resulting in the accumulation of acetylcholine
neurotransmitter within the cholinergic synapses (Casida 2009),
resulting in cholinergic toxicity due to continuous stimulation of
cholinergic receptors throughout the central and peripheral nervous
system. Symptoms of acute exposure to organophosphates or simi-
lar cholinesterase-inhibiting compounds may include headache,
dizziness, numbness, tremor, nausea, sweating, blurred vision, re-
spiratory depression, and slow heartbeat (Calvert et al. 2008;
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Eaton et al. 2008). Very high doses may result in unconsciousness,
incontinence, and convulsions or fatality (Eaton et al. 2008).
Currently, the most sensitive biomarker of effect of exposure
to a variety of OP insecticides, in both animals and humans, is
the inhibition of cholinesterases (Clegg and van Gemert 1999;
Nigg and Knaak 2000; Reiss et al. 2012). With cholinergic bio-
chemical changes as the primary end point of toxicity, risk
assessments have been conducted to determine benchmark doses
corresponding to a given percentage of cholinesterase inhibition.
In its most comprehensive OP insecticide cumulative risk assess-
ment update, the U.S. Environmental Protection Agency (EPA)
elected to use 10% AChE inhibition in the brain (BMDgachg) as
the point of departure (PoD) response level, stating that “The
10% response level is health protective in that no functional or
behavioral effects have been noted below this level in adult or ju-
venile animals” (U.S. EPA 2006). In addition to the formal 10%
brain AChE inhibition guideline set by the U.S. EPA for organo-
phosphorus insecticide exposure, Reiss et al. considered a 20%
AChE inhibition in red blood cells (RBC) as a reasonable guide-
line for protection against OP insecticide toxicity. Following con-
sideration of a number of additional studies (U.S. EPA 2014,
2015, 2016b), the U.S. EPA’s 2016 revised human health risk
assessment indicated that additional, more sensitive, end points
may exist and should be considered in assessing risk associated
with exposure to this chemical (U.S. EPA 2016c). In particular,
this realization has led to increased efforts to understand the risk
associated with CPF exposure during prenatal and postnatal win-
dows of exposure and the potential neurodevelpomental out-
comes associated with early exposure and to the consideration of
appropriate biomarkers of effect linked to adverse neurodevelop-
mental outcomes (U.S. EPA 2016b, 2016c). In reviewing the
available information and potential risks from CPF exposure, the
U.S. EPA’s updated assessment stated, “The agency has endeav-
ored to derive PoDs and uncertainty/safety factors for risk assess-
ment that are protective of both AChE inhibition and any adverse
effects that could occur at lower doses” (U.S. EPA 2016¢).
Although the methodology for developing PoDs for neurode-
velopmental end points is still under consideration (U.S. EPA
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2016c¢), the method for determining the PoD benchmark doses in
the context of biochemical changes commonly involves develop-
ing a cholinesterase inhibition dose-response curve following OP
exposure in rats. Specifically, using an appropriate pharmacody-
namic relationship between known external dose and resulting
cholinesterase inhibition, a benchmark dose, usually defined for
oral, dermal, or inhalation exposure in mg/kg/day, is estimated
based on the designated biomarker of effect level: for example,
10% AChE inhibition in the brain. These dose-response results in
rodents are then extrapolated to humans to derive acceptable ex-
posure thresholds. Within the context of developing neurodeve-
lopmental PoDs, the most recent Federal Insecticide, Fungicide,
and Rodenticide Act (FIFRA) Science Advisory Panel (SAP) on
chlorpyrifos aimed to expand the current understanding of neuro-
developmental effects following prenatal exposure to CPF and
considered whether an internal dose metric might be used to
determine a relevant PoD (U.S. EPA 2016b). Although the mem-
bers of the FIFRA SAP did not reach a consensus on the appro-
priate measure for setting a neurodevelopmental PoD, multiple
members embraced the effort to utilize physiologically based
pharmacokinetic (PBPK) modeling to predict time-weighted
averages of internal dosimetry from relevant exposure scenarios.

In addition to the studies associating neurodevelopmental
effects and CPF exposure, two recent reviews concluded that the
weight of evidence supports adverse neurobehavioral effects of
chronic low-dose exposures to OP insecticides in occupational set-
tings (Rohlman et al. 2011; Ross et al. 2013). For their analyses,
these two reviews cited studies that utilized neuropsychological
testing to uncover impairments to a variety of neurobehavioral
functions, such as memory (visual, working, and auditory), percep-
tion, and information processing (Blanc-Lapierre et al. 2013;
Farahat et al. 2003; Mackenzie Ross et al. 2010; Reidy et al. 1994;
Roldan-Tapia et al. 2005). Furthermore, these performance deficits
occurred at OP insecticide exposure levels that did not produce
overt signs of cholinergic toxicity. Although the two systematic
reviews suggest that the weight of evidence supports cognitive def-
icits associated with long-term exposure to OP insecticides, there
is significant uncertainty in the dose, frequency, and duration of
exposure that give rise to the observed deficits (Ross et al. 2013).
This lack of exposure characterization has prohibited the creation
of a source-to-outcome model that would link OP exposure to neu-
robehavioral outcomes, ultimately allowing the development of a
BMD based on this potentially more sensitive end point.

Several studies have been conducted in the rat to investigate
neurobehavioral dose-responses following a known dose admin-
istered over a sustained period to represent chronic exposure to
OP insecticides. These studies have employed a variety of neuro-
behavioral assessments during the course of the OP exposure,
including the Morris water maze, which utilizes the delay-to-
platform measurement to assess spatial memory deficits (Ivens
et al. 1998; Johnson et al. 2009; Lopez-Granero et al. 2013; Terry
etal. 2011, 2012, 2007; Yan et al. 2012); the 5-choice serial reac-
tion time test (SC-SRTT), which determines sustained attention
deficits (Middlemore-Risher et al. 2010; Samsam et al. 2005;
Terry et al. 2012, 2007); and repeated acquisition tasks for assess-
ing the ability to learn and maintain new information (Cohn and
MacPhail 1997). Although some of these studies utilized CPF
doses high enough to cause significant brain AChE inhibition,
(Johnson et al. 2009; Middlemore-Risher et al. 2010; Samsam et al.
2005; Yan et al. 2012), most doses administered across these stud-
ies led to neurobehavioral effects below the PoD threshold of 10%
brain AChE inhibition (Lépez-Granero et al. 2013; Terry et al.
2012, 2007; Yan et al. 2012). In addition, all studies reported evi-
dence of dose-response neurobehavioral deficits during or after
subacute exposure to OPs (i.e., doses below the threshold required
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to elicit overt cholinergic toxicity). These findings suggest that
cognitive outcomes related to memory, attention, and learning may
be more sensitive markers of adverse health effects than AChE
inhibition.

Finally, the mechanisms behind the observed OP-induced
neurobehavioral deficits are currently unknown, but hypotheses
resulting from recent studies include disruption of neurotrophin-
mediated cognitive processes in the CA1 region of the hippocam-
pus (Lee et al. 2016); impaired axon transport and growth (Eaton
et al. 2008; Gearhart et al. 2007; Ruiz-Muiioz et al. 2011; Yang
et al. 2008), including deficits to vesicle movement in rats at sub-
micromolar concentrations (Gao et al. 2017); and dose-dependent
changes in gene expression in the brain (Eaton et al. 2008; Lee
et al. 2016; Ray et al. 2010). Furthermore, a consensus of the lit-
erature points to changes in cognitive pathways resulting from
localized oxidative stress and inflammation in the brain (Casida
and Quistad 2005; Eaton et al. 2008; Lee et al. 2016;
Lukaszewicz-Hussain 2010; Pancetti et al. 2007; Rohlman et al.
2011; Soltaninejad and Abdollahi 2009).

To quantify the implications of changes in cognition following
CPF exposure and to better understand how a health-based end
point can be used to estimate a benchmark dose, we developed
a methodology and computational framework that integrated a
validated PBPK model, a new pharmacodynamic dose-response
model, and both pharmacokinetic and pharmacodynamic data in
rats and in humans. In addition to a benchmark dose estimate, we
derived threshold environmental public health indicators and
benchmark external exposure conditions specific to CPF. Although
this proof-of-principle methodology concerns subacute exposure to
CPF, this procedure could be applied to other scenarios where
there is a need to extrapolate observed health effects in animals to
potential effects in humans.

Materials and Methods

Model Overview

What follows is a brief overview of the proposed methodology.
The following sections provide a more extensive description of
each stage of the analysis. As illustrated in Figure 1, the work-
flow behind the proposed computational framework differs from
the current PoD benchmark dose modeling procedure, which uti-
lizes animal studies to make benchmark dose predictions based
on a biochemical effect rather than on an observable health out-
come. As depicted in Figure 2, our approach involved four funda-
mental steps. In step 1, we used dosing parameters corresponding
to a large exposure space (i.e., a range of subacute chronic expo-
sure scenarios reflecting differences in dose magnitude, duration,
frequency, and route of exposure) as inputs to a well-validated
PBPK model for CPF developed by Poet et al. (2014). This pro-
cedure produced an exposure space database (ESD) of simulated
pharmacokinetic and pharmacodynamic results for each exposure
condition that included brain and plasma CPF concentrations and
percent inhibition of RBC AChE and plasma BuChE. In step 2,
we used the PBPK model estimates corresponding to dosing con-
ditions associated with neurobehavioral outcomes in a previous
rat study (Yan et al. 2012) to develop a dose-response model
relating peak CPF concentrations in the brain to cognitive deficits
in rats. In step 3, we input the brain CPF concentrations from
the ESD into the dose-response model to predict a cognitive
deficit for each exposure scenario. Using the predicted cogni-
tive deficit, we then developed a mathematical correlation
between simulated biomarkers of exposure and the predicted
cognitive effect. These biomarkers could serve as environmen-
tal public health indicators (Dreyling et al. 2007; Egorov et al.
2013; Furgal and Gosselin 2002) (EPHIs) to relate readily
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Figure 1. Overview of the procedure used to develop dose—response relationship for cognitive health effect end points. The top row shows a current methodol-
ogy for determining point-of-departure estimates of acetylcholinesterase (AChE) inhibition using animal exposure models, and the bottom row illustrates the
proposed methodology for using internal dose metrics to predict cognitive health end points. PD, pharmacodynamic; PBPK, physiologically based pharmacoki-

netic; RBC, red blood cells.

measurable chemical species to the health status of a population
with respect to CPF exposure. Finally, in step 4, we divided the
exposure space into risk categories based on the predicted
resulting level of cognitive deficit.

Step 1: Exposure Space Sampling

Four independent variables defined the exposure space: route of
exposure, dose amount (D), exposure periodicity (t), and dura-
tion of exposure (A), with exposure periodicity and duration of
exposure representing the time between exposure events and the
amount of time over which the exposure event occurred, respec-
tively. For example, a daily oral exposure to CPF through the
ingestion of food would result in a T of 24 h and a A of approxi-
mately 0.083 h (~5min). Comparatively, a daily inhalation ex-
posure in an occupational setting would have a A of 8 h
representing a continuous 8-h exposure. The exposure space data-
base was constructed by running the PBPK/PD model for a total
of 10,000 Monte-Carlo (MC) sampling draws using uniform dis-
tributions for each of the quantitative parameters (Table 1). One
month of exposure was simulated for each MC simulation, with
the final simulated day representing the steady-state window over
which PK/PD end points were calculated.

Step 2: Cognitive Health Dose-response Development

Despite promising studies aimed at elucidating the mechanisms
behind observed OP-induced neurobehavioral deficits (Casida and
Quistad 2005; Eaton et al. 2008; Gao et al. 2017; Gearhart et al.
2007; Lee et al. 2016; Pancetti et al. 2007; Ray et al. 2010;
Rohlman et al. 2011; Ruiz-Mufioz et al. 2011; Soltaninejad and
Abdollahi 2009; Yang et al. 2008), there is currently no well-
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developed adverse outcome pathway (AOP) to quantify the weight
of evidence surrounding each hypothesized mode of action.
Lacking an AOP, we used peak CPF concentration in the brain as
the internal-dose metric for neurobehavioral deficits based on bio-
logical plausibility and prior practices for internal dosimetry for
PoD development (U.S. EPA 2016b).

Using the chosen metric (peak brain CPF), we utilized an
E.x model (Felmlee et al. 2013; Reisfeld et al. 2007) to describe
the relationship between predicted peak CPF concentration, Cg,
and observed fractional cognitive deficit, CD:

100x C},
CD=|_—+—-2 ¢))
E5)+ Cy

Here, the maximum effect level represents a 100% deficit in
cognitive ability, and y and Esy represent the Hill coefficient
and peak CPF concentration to produce half of the effect,
respectively.

In addition to the E,x (Hill) equation form, we evaluated
power-law and exponential models, which are commonly used to
describe dose—response in such applications (U.S. EPA 2016a).
We then quantified the quality of each model fit using the Akaike
Information Criteria (AIC), which resulted in the following
scores: power-law: —19.71, Hill: —27.36, and exponential:
—12.63. We selected the Ep,,x (Hill) model because it represented
the best balance of goodness-of-fit and relative model simplicity;
moreover, as a direct-effect model, Equation 1 is consistent with
a currently hypothesized biological mechanism that OP metabo-
lism to reactive oxygen species is a significant contributor to
insecticide-induced neurobehavioral deficits (Eaton et al. 2008;
Lukaszewicz-Hussain 2010).
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Figure 2. Outline of the required inputs for each step of the proposed methodology for determining Environmental Public Health Indicators (EPHIs) and
Exposure Space Thresholds. The cognitive metric represents the predicted neurobehavioral deficit using data from the animal study. The EPHI threshold repre-
sents the biomarker of exposure corresponding to a defined change in the cognitive metric, and the exposure space threshold represents the external exposure
conditions giving rise to that same change in cognitive metric. The values for “Behavioral Data” and “Biomarker of Exposure” are measured values from pub-

lished neurobehavioral and biomonitoring studies, respectively.

We estimated the parameters in Equation 1 using data
obtained using the Morris water maze latency-to-platform tests
(Yan et al. 2012), in which a delay in platform discovery relative
to control indicates a cognitive deficit in spatial learning (Terry
et al. 2003; Vorhees and Williams 2006). Values for the simu-
lated peak CPF concentrations from Yan et al. (2012) are given in
Table 2, and specific dosing conditions for this animal study are
outlined in Methods, “Rodent data utilized for model evaluation.”
Using the parameter distributions determined from the nonlinear
least squares fit to Equation 1, we determined the peak CPF con-
centration in the brain giving rise to a 15% cognitive deficit in spa-
tial memory performance as the PoD benchmark dose (BMD5cp).
We chose the 15% cognitive deficit as the PoD because it repre-
sented the smallest statistically significant departure in cognitive
deficit relative to control. Using the Equation 1 parameter distribu-
tions, we also computed the lower-limit benchmark dose

Table 1. Sampled exposure space parameters.

Route of exposure D (units) 7 (h) A (h)
Oral 1x107° =10 (mg/kg) 4-24 0.001 =t
Dermal 1% 107 =100 (mg/kg) 4-24 0.1-1
Inhalation 1x107° =10 (mg/m?) 4-24 0.05-1

Note: Parameters comprising the exposure space database (ESD) were sampled from a
uniform distribution where D is the administered dose, T represents the time between
dosing events, and A represents the duration of exposure. Here, the periodicity (1) repre-
sents the amount of time (in hours) between the start of each dosing event, and the dura-
tion (A) represents how long the dosing event lasted.

(BMDL5¢cp) with the lower 95% confidence interval from the
peak CPF brain concentration.

Step 3: Environmental Public Health Indicators

Using the set of biomarkers of exposure and the corresponding
simulated peak CPF brain concentration from the ESD, we pre-
dicted spatial memory deficits using the dose-response relation-
ship, Equation 1. This calculation led to a predicted cognitive
deficit for each of the 10,000 simulated exposure conditions for
each biomarker. We then related the cognitive deficit end point,
CD, to a biomarker of exposure, BM, using the following
equation:

CD = + 0y log(BM) + a3 [log(BM)]* + ou[log(BM)*  (2)
where o; = parameters used for fitting; log = natural log.
Table 2. Predicted peak brain chlorpyrifos (CPF) concentrations for the rat

using the three dosing conditions (once daily, oral gavage CPF) reported by
Yan et al. (2012).

Dose (mg/kg) Peak brain CPF (uM)
0 0

1 9.13%x 107

5 4.62x1073

10 1.02x 1072

Note: Peak brain CPF represents the simulated peak concentration of CPF in the brain
for each exposure using the Poet et al. (2014) physiologically based pharmacokinetic
(PBPK) model.
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We selected the specific form for Equation 2 because it was
the simplest representation we found to accurately relate cogni-
tive deficit as a function of all three biomarkers of exposure
across a broad range of exposure conditions. Here, the variable
BM is a normalized value that can represent both measurable con-
centrations and percent enzyme inhibitions. Specifically, if RBC
AChE or plasma BuChE served as the biomarker of exposure,
BM was calculated using BM = (100 — )/, where s is the
simulated percent of enzyme available for reaction from the ESD
for a given exposure; alternatively, if peak plasma CPF was cho-
sen, BM was simply the measured CPF concentration. In the text
and tables to follow, predicted biomarkers of exposure are
denoted by BMcpr for peak plasma CPF concentrations, BMcyg
for transformed RBC AChE inhibition, and BMpg,ce for trans-
formed plasma BuChE inhibition. Using a cognitive deficit
threshold of 0.15, we computed a corresponding threshold bio-
marker of exposure at the 95th percentile curve predicted from
Equation 2. We chose the upper 95th percentile because it pro-
vided a protective EPHI for a majority of the population within
the large exposure space from the ESD. Finally, we tested
Equation 2 using two studies (one rodent, one human) in which
both biomarkers of exposure and neurobehavioral deficits were
reported (Farahat et al. 2003; Terry et al. 2007). As noted earlier,
such biomarkers could be used as EPHIs in tracking the health
status of a target population through correlation of the measurable
biomarker of exposure with the predicted cognitive health
outcome.

Step 4: Benchmark Exposure

Exposure space mapping. We mapped the external exposure to
the CPF brain concentrations for rats and humans using the expo-
sure space from the initial Monte Carlo draws of the PBPK/PD
model. This mapping allowed a given external dosing scenario to
be compared directly to the BMD;scp and BMDL,scp derived
earlier. The independent exposure parameters (duration, periodic-
ity, and dose) were transformed to allow for a two-dimensional
representation of total absorbed dose (TAD) versus fraction of
day (FOD) exposed, with FOD defined as

FOD = %, 3)

where A is the duration of exposure, and 7 is the time between ex-
posure events. Therefore, FOD ranged from O to 1 and repre-
sented the fraction of the day over which the total absorbed dose
was administered. The TAD variable (mg/kg) is characteristic of
the total amount of external exposure applied to the organism
over the course of a single day.

Benchmark CPF exposure. Using the exposure space of the two
independent exposure parameters, FOD and TAD, we determined
exposure cutoffs for the peak CPF concentrations using a second-
order polynomial:

TAD, =B, + B,(FOD) + B;(FOD)?, 4)

where TAD, is the route-specific exposure cutoff for reaching the

benchmark internal dose, and B, are parameters used for fitting.
We then classified exposures giving rise to a predicted peak brain
concentration below the BMD;scp as “safe,” and exposures
resulting in peak brain CPF concentrations above the BMDL5cp
as “hazardous.”

Rodent Data Utilized for Model Evaluation

When selecting rodent CPF study data to use for model evalua-
tion, we focused on studies that used Morris water maze latency-
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to-platform tests as the outcome because of evidence suggesting
that these tests are more sensitive to OP exposure than other neu-
robehavioral tests. Specifically, multiple rat behavioral studies
(Canadas et al. 2005; Ivens et al. 1998; Terry et al. 2011, 2012,
2007; Yan et al. 2012) consistently found deficits in latency to
platform at daily CPF doses lower than those reported in repeated
acquisition (Middlemore-Risher et al. 2010) and performance
tests (Cohn and MacPhail 1997). Moreover, this outcome is con-
sidered to be analogous to tests of visuospatial working memory
in humans (Netherton et al. 1989; Webster et al. 2014), and defi-
cits in overall spatial reference memory are thought to reflect
effects localized to the hippocampus (Lee et al. 2016; Vorhees
and Williams 2006), suggesting the relevance of local concentra-
tions of CPF in the brain. Of the previous rat studies of CPF that
used Morris water maze latency-to-platform tests (Cafadas et al.
2005; Terry et al. 2012, 2007; Yan et al. 2012), we identified two
that we felt were appropriate as sources of data for our analysis:
Yan et al. (2012), which was used for model calibration, and
Terry et al. (2007), which we used for verification and testing.

Yan et al. (2012) reported a 4-wk study in which rats were
orally administered 0, 1, 5, and 10 mg/kg/day CPF. This specific
study was chosen because it provided exposure conditions readily
simulated in the PBPK model and corresponding neurobehavioral
performance data. The authors reported that latency to platform
was significantly reduced in the 5- and 10-mg/kg/day groups (rel-
ative to vehicle controls), but brain AChE inhibition (measured
after 4 wk of exposure) was significantly affected only in the 10-
mg/kg/day group. To calibrate our model, we determined peak
CPF brain concentrations in rat using the exposure conditions in
the experimental study and rat-specific parameters of the PBPK
model (Poet et al. 2014). By normalizing the reported seconds-to-
platform for each exposure group to the control, we determined
the fractional cognitive deficit to be 0.26, 0.34, and 0.40 for 1, 5,
and 10 mg/kg/day repeated dosing, respectively. We then used
the CPF PBPK model (Poet et al. 2014) to simulate correspond-
ing peak brain CPF concentrations (Table 2) to use as the
internal-dose metric for Equation 1. Parameterization of Equation
1 produced a pharmacodynamic model to predict a fractional
decrease in Morris water maze latency to platform as a function
of peak brain CPF concentration.

Terry et al. (2007) administered CPF to rats by subcutaneous
(SC) injection every other day over a 30-d period at doses of 0,
2.5, 10, and 18 mg/kg. We could not estimate internal doses
because the SC route of exposure is not a validated component of
the PBPK model. Therefore, we compared peak blood CPF val-
ues (measured in samples collected once per week during the 30-
d dosing period and the following two weeks) with predicted
Morris water maze latency-to-platform fractional deficit values
based on our computational methodology.

Human Data Utilized for Model Evaluation

As described in the introduction, the two systematic reviews cited
numerous studies indicating changes in neurobehavioral perform-
ance following subacute exposure to CPF. In addition, several
biomonitoring studies have assessed CPF exposure for various
cohorts of workers in different occupational settings (Alexander
et al. 2006; Callahan et al. 2017; Farahat et al. 2011; Wang et al.
2016). One such study that both measured biomarkers of exposure
and assessed changes in neurobehavioral performance for the same
cohort was performed by Farahat el al. (2003). From this study, we
utilized the data from the results of the Benton Visual Retention
Test (BVRT), a human-equivalent test for assessing spatial work-
ing memory deficits analogous to the Morris water maze test in
rats (Netherton et al. 1989). Here, 52 men with a history of work-
ing in the pesticide application department served as the exposed
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group, and 50 male clerks and administrators served as the control.
Using the reported mean, standard error (SEM), and number of
participants in each group, we generated normal distributions for
the BVRT of the control and insecticide-exposed groups. To com-
pute the fractional deficit, we took the ratio of the distributions,
resulting in a Cauchy distribution with a mean fractional deficit of
0.13. In addition, this study presented results for serum AChE ac-
tivity for groups of unexposed (n=37) and CPF-exposed workers
(n=45). For the unexposed group, the average AChE activity was
103 U/mL, whereas the average AChE activity for workers
exposed to CPF for >20y was 81 U/mL, indicating that the
exposed group had approximately 80% activity compared with the
control group. Although this study represents only a small cohort
of exposed individuals, it does contain biomonitoring and corre-
sponding cognitive assessment data useful in a coarse test of the
proposed methodology.

To develop realistic external exposure conditions and to ver-
ify exposure thresholds, we used results from the Farm Family
exposure study (Alexander et al. 2006). The Farm Family study
investigated CPF exposures in 28 farmers from South Carolina
and six from Minnesota. Applicators were required to live on a
farm, have a spouse and at least one child between 4 and 17 y
old, and plan to apply CPF on >10 acres, some of which had to
be within 1 mile (1.61 Km) of the farmer’s residence. Alexander
et al. (2006) used daily 3,5,6-trichloro-2-pyridinol (TCP) urinary
concentrations to characterize the exposure profiles of the appli-
cators and their spouses and children. Using these biomarker
data, they estimated the total absorbed CPF dose for the applica-
tor cohort to be 2.1 pg/kg/day with an upper 90th percentile ex-
posure of 7.4 pug/kg/day. Although this is not a definitive
measure of all occupational exposure to CPF, it provides an esti-
mate of the total absorbed dose of an occupational cohort.

Software and Computing Platform

We conducted CPF PBPK/PD model simulations and Monte
Carlo sampling using MCSim (version 5.6; GNU) (Bois 2009).
Parameter estimation of the Ey,;,x model was performed using the
Python package Isqfit (v.7.1; G.P. Lepage). Determination of can-
didate model structures for correlating biomarkers of exposure to
peak CPF concentrations in the brain was carried out in Eureqa
(version 1.24.0; Nutonian). Data from the literature published in
graphical form (mean and reported error) were digitized using
Digitizelt (version 1.5.8; I. Bormann, bormisoft @digitizeit.de).

Results

Internal-Dose Prediction from Known Exposure

Using the methodology described in step 1 in “Methods,” we esti-
mated peak CPF concentrations in the brain (Table 2) and subse-
quently used these results in the specification of the dose—
response model with reported cognitive deficit as the end point.

Dose-response Modeling

Dose-response curve. Using the results in Table 2 and the nor-
malized latency-to-platform results from Yan et al. (2012) as the
cognitive deficit training set, we employed a nonlinear least
squares approach to determine the unknown parameters in
Equation 1, resulting in mean [coefficient of variation (CV)] val-
ues of Eso=0.035 (0.47) and y=0.31 (0.18). With these parame-
ters, the fit of data to the model equation and the resulting
uncertainty envelope could be illustrated and examined (Figure 3).
Benchmark dose calculation. Employing the calibrated Ep.x
model (Equation 1), we determined benchmark internal doses for
a 15% deficit in spatial memory function using peak CPF
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Figure 3. Dose-response curve for spatial memory fractional deficit corre-
sponding to a chlorpyrifos (CPF)-induced change in Morris water maze la-
tency to platform. Solid and dashed lines represent the mean and 95%
prediction intervals, respectively. Circles represent reported fractional
change in Morris water maze latency to platform for the exposed groups
(Yan et al. 2012). Peak CPF concentrations for these data are the values pre-
dicted from the physiologically based pharmacokinetic (PBPK)/pharmacody-
namic (PD) model based on the reported once daily oral gavage exposures
of 1, 5, and 10 mg/kg/day.

concentrations in the brain as the internal dose metric (Table 3).
Also in this table are the current BMD/BMDL for 10% brain
AChHE inhibition and 20% RBC AChE inhibition (Reiss et al.
2012).

Biomarkers of Exposure as EPHIs

We correlated measurable biomarkers of exposure to predicted
cognitive deficits to quantify the EPHI. In particular, we used
Equation 2 to relate fractional cognitive deficit, CD, to peak
CPF plasma concentrations in the rat. Using the upper 95th per-
centile predicted from Equation 2, we derived the threshold
biomarker of exposure giving rise to a cognitive deficit of 0.15
of 1.22 x 10~* uM for peak CPF plasma concentrations. A com-
parison of predictions from this correlation and measured val-
ues from an in vivo experiment (Terry et al. 2007) is presented
in Figure 4. The computed parameter values [mean (CV)] in
this case were oy =0.55(0.24), 0, =0.087(0.34), o3 =4.12%
1073(0.45), and oy = 5.91 x 107°(0.36).

We then applied this same correlation method using three dif-
ferent biomarkers of exposure contained in the human ESD: CPF

Table 3. Comparison of benchmark doses for various points of departure.

Peak brain CPF concentration

End point BMD (uM) BMDL (uM)
15% Cognitive deficit 1.23x107* 8.82x107°
20% RBC AChE inhibition 1.91x107* 1.73%x107*
10% Brain AChE inhibition 6.11x 107 4.83%x107*

Note: Twenty percent RBC AChE inhibition and 10% brain AChE inhibition were deter-
mined by Reiss et al. (2012). Peak brain chlorpyrifos (CPF) concentrations were deter-
mined from the human exposure space database for all three end points. AChE,
acetylcholinesterase; BMD, predicted benchmark dose corresponding to each end point;
BMDL, lower limit benchmark dose corresponding to each end point; RBC, red blood
cells.

047009-6


mailto:bormisoft@digitizeit.de

0.4 T T T

° =
[N) w

Cognitive Defici

0 1 1
107 10 1073 107 10!
BMcpr

Figure 4. Predictions of spatial memory cognitive deficit (Morris water
maze latency to platform) for the rat. Dashed lines represent 95% prediction
intervals, solid circles (o) represent reported plasma chlorpyrifos (CPF) con-
centrations from Terry et al. (2007) for the rats dosed subcutaneously every
other day at 2.5 and 18 mg/kg. BMcpr corresponds to peak plasma CPF bio-
marker of exposure used in Equation 2. Horizontal and vertical dashed lines
demonstrate the threshold biomarker of exposure for a 15% cognitive deficit.

plasma concentration, RBC AChE inhibition, and plasma BuChE
inhibition. Figure 5 shows a graphical representation of the
resulting predictions, where the underlying parameter values
[mean (CV)] are as follows: peak CPF concentrations in the
plasma [o; =0.68(0.28), o =0.12(0.32), o3 =5.8x1073(0.4),
and oy = —4.81x% 10_6(0.33)], minimum RBC AChE inhibition
[ =0.3(0.26), o =0.031(0.15), o3 =4.41x107(0.57), and
oy =1.52x 107°(0.32)], and minimum plasma BuChE inhibition
[0 =0.14(0.312, o =0.022(0.15), a3 =2.61x107*(0.41), and
o4 =1.01x107°(0.35)]. Using each BM curve developed in
Figure 5, threshold biomarkers of exposure levels were deter-
mined using the upper 95th percentile confidence interval, ensur-
ing that health indicators provided a level of protection for a
given population. After transforming each BMscpr and BMp,cn
back to percent enzyme available, we estimated the following ex-
posure thresholds: 1.03 x 10~#uM for peak CPF plasma concen-
tration, 99% available RBC AChE, and 90% available plasma
BuChE.

We then utilized results from an occupational exposure study
in humans (Farahat et al. 2003) (vide supra) to test the prediction
of cognitive deficits from measurable biomarkers of exposure. In
that study, the biomarker of exposure used to assess CPF exposure
was RBC AChE inhibition, and investigators reported an approxi-
mate 13% deficit in the BVRT for exposed groups compared with
control. Using the measured RBC AChE activity as the biomarker
of exposure, we compared the reported cognitive deficits from this
study to model predictions (Figure 5). Because Farahat et al.
(2003) reported 80% activity of RBC AChE in exposed versus
control groups, the resulting biomarker of exposure used for cogni-
tive prediction within our computational framework (Equation 2)
was BMRBC—AChE = (IOO — 80)/ 100=0.20.

Exposure Space

Using the effective internal dose metric calculated from the dose—
response modeling in the rat, we computed the exposure space
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Figure 5. Predictions of human-specific cognitive deficits from measurable
biomarkers of exposure. BMcpr, BMache, and BMpychi, are the independent
biomarker of exposure variables for Equation 2 and correspond to peak
plasma chlorpyrifos (CPF) concentration, minimum blood acetylcholinester-
ase (AChE) inhibition and minimum blood butyrylcholinesterase (BuChE)
inhibition, respectively. Dashed lines represent 95% prediction intervals, and
the solid circle (o) represents measured fractional cognitive deficit data from
Farahat et al. (2003) using the differences in performance of the Benton
Visual Retention Test between the exposed and unexposed groups and frac-
tional plasma AChE activity from the reported plasma AChE activity.

resulting in concentrations below the BMDjscp and the
BMDL,s5cp. Figure 6 depicts this space for oral, dermal, and
inhalation routes of exposure for the rat, where the ordinate
represents the total amount of CPF administered over the dura-
tion of exposure. From these results, we estimated the rat-
equivalent oral exposure resulting in peak brain CPF concen-
trations equal to the BMD,5cp and the BMDL5¢p and fit these
results using Equation 4, where relevant model parameters for
the rat are presented in Table 4.

As an example of the application of this methodology, for a
once-daily oral gavage exposure, A=0.083 (five-minute expo-
sure) and t =24 (once-daily exposure). Therefore, the fraction of
day exposed for this exposure scenario is FOD =0.0035 h, and
the threshold repeated oral exposure based on the BMDscp is
0.148 mg/kg/day with a BMDLscp of 0.0024 mg/kg/day. An
analogous analysis for humans resulted in the BMD,scp and
BMDL,5¢p displayed in Figure 7.

As with the analysis for the rodent data, we determined the
human equivalent oral exposure resulting in peak brain CPF con-
centrations equal to the BMD;s5cp and the BMDL,5¢cp and com-
puted the fit using Equation 4 with respect to the fraction of day
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Figure 6. External exposure space using the preliminary benchmark dose giving rise to a 15% cognitive deficit (BMD;scp) and lower limit benchmark dose
giving rise to a 15% cognitive deficit (BMDLs5cp) for rats. Boundaries for the BMD;s and BMDL 5 were derived from Equation 4 when the external exposure
scenario gives rise to a CPF brain concentration at the proposed BMD;5 and BMDL5 in the rat. Fraction of day exposed (FOD) represents how much of the
day a rat is exposed to the total applied dose (TAD). Red (square hatching), orange (no hatching), and green (diagonal hatching) shading indicate exposure sce-
narios that fall above the BMD5cp, between the BMD5cp and the BMDL,s¢p, and below the BMDL,scp, respectively.

exposed. The resulting best-fit model parameters are presented in
Table 4. Assuming a once-daily oral exposure, FOD =0.0035,
and the resulting benchmark exposure was 0.0085 mg/kg/day.

Discussion and Conclusions
Methodology

The present study provides a proof-of-principle methodology for
not only determining a point-of-departure for cognitive deficits
through benchmark dose modeling but also utilizing measurable
biomarkers of exposure to develop public health indicators for
monitoring this health outcome. The methodology presented in
this study is agnostic to a specific chemical and requires a vali-
dated interspecies PBPK model for internal dose prediction, a
critical dose metric to serve as the internal dose across species,
and a quantifiable behavioral outcome observed in dose—response
in animals. In the case of chlorpyrifos toxicity, the use of a neuro-
behavioral end point offers several advantages compared with an
end point based on cholinesterase inhibition. First, the neurobeha-
vioral end point represents an overt change in the health of the
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individual, whereas the inhibition of cholinesterase merely repre-
sents a biochemical change that may or may not represent an
adverse health effect. Second, a variety of neurobehavioral end
points can be used depending on the application and availability
of data. For example, coordination and motor deficits could be
the metric of interest instead of spatial memory as illustrated
herein. Third, neurobehavioral studies conducted in animals can
be utilized for prediction of a potentially more sensitive end
point.

Employing the dose—-response for a given cognitive deficit
facilitated the identification and description of EPHIs from meas-
urable biomarkers of exposure. In specifying a threshold for the
given cognitive deficit, for example, 15% deficit in spatial mem-
ory, biomonitoring data from a population could be used to ascer-
tain whether a given cohort is protected.

Although this study was intended as a proof of principle of
the application of results from neurobehavioral studies in animals
to predict health-based outcomes in humans, we believe that the
cognitive deficit BMDs we have estimated are relevant to suba-
cute CPF exposure and that these results suggest that selected
end points based on neurobehavioral deficit may be more
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Table 4. External exposure space parameters for second-order polynomial fit to the simulated exposure space using a nonlinear least squares fit to Equation 4.

Derived BMD Route of exposure Species B, B, B3
BMD;5 Oral Rat 0.148 0.253 0.227
Human 0.00848 0.0106 0.00787
Inhalation Rat 0.779 6.052 -0.423
Human 1.334 3.386 -2.151
Dermal Rat 68.564 372.216 —47.535
Human 0.288 1.619 —0.249
BMDL;5s Oral Rat 0.00241 0.0148 0.0262
Human 5.807x 107 3.325x 107 1.105x 1073
Inhalation Rat 0.022 0.334 -0.232
Human 0.0694 0.133 —0.059
Dermal Rat 4.299 18.99 2.718
Human 0.069 0.133 —0.059

Note: Polynomial coefficients (J3;) are tabulated for each species, and route of exposure with corresponding dose-response curves are shown in Figure 6 (rat) and Figure 7 (human).
Parameters for BMD;s determine the total absorbed dose (TAD) versus fraction of day (FOD) exposed boundary resulting in a chlorpyrifos (CPF) brain concentration at the derived
BMD;s. Similarly, parameters for BMDL,s determine the boundary resulting in a brain CPF concentration at BMDL,s. Differences in physiologically based pharmacokinetic (PBPK)
model parameters between rat and human simulations resulted in differences in the BMD,s and BMDLs cutoff for each species. BMD, benchmark dose; BMD,s, benchmark dose at

15% cognitive deficit; BMDL,s, lower limit benchmark dose.

sensitive than the biochemical end points used to derive the cur-
rent BMDs for CPF. With additional data from animal and
human studies that collect both biomonitoring and neurobehavio-
ral test results, we expect that approaches like the one presented
here will provide more definitive quantitative measures that can
be used to inform the risk-assessment process for a variety of
chemicals.

Novel Features and Advantages of the Present Methodology

By utilizing a well-validated PBPK/PD model coupled with
appropriate pharmacodynamic data, we developed a computa-
tional methodology for predicting neurobehavioral changes based
on measurable biomarkers of exposure and corresponding inter-
nal concentrations at the proposed site of action, rather than using
external exposure metrics. This difference in approach is mean-
ingful because the amount of organophosphorus insecticide that
reaches the brain will differ based on the route, frequency, and
duration of exposure. In addition, the approach we developed for
determining EPHIs is not specific to the end point illustrated
here; it can be applied to a variety of studies where a dose—
response neurobehavioral change is observed. As an example, in
the present study, we utilized peak CPF concentrations in the rat
following subcutaneous administration of CPF to predict spatial
reference memory deficits following a route of exposure not char-
acterized in the current PBPK model. Although not described
here, we similarly applied this approach (Zurlinden 2016) to a
separate set of CPF data related to repeated acquisition (short-
term memory) tests in rats exposed to CPF through oral gavage
(Cohn and MacPhail 1997). Although the experimental study
showed a dose-response effect on repeated acquisition following
chronic exposure to CPF, the present methodology predicted a
BMD for CPF above the BMD/( based on brain AChE inhibition
in the rat presented by Reiss et al. (2012). By comparing these
cases, it seems clear that examining BMDs across neurobehavio-
ral outcomes may lead to information useful in determining the
most sensitive cognitive end points for further study.

Another useful, and perhaps broadly applicable, feature of
this study was the generation of what we believe is a meaningful
exposure space to quantify how exposure to CPF compares to the
target end point. Many of the current point-of-departure bench-
mark doses are determined for a single route of exposure and
assume the same dosing frequencies: for example, an oral dose
administered repeatedly once per day. Figures 6 and 7 illustrate
how exposure parameters are collapsed into a two-dimensional
space for each route of exposure. Therefore, exposure thresholds
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for oral, dermal, and inhalation routes of exposure can be deter-
mined based on the fraction of day exposed.

Limitations, Deficiencies, and Uncertainties of the Present
EPHI Framework

The suggested method for developing EPHIs and for determining
a safe exposure space suffers from several limitations. First, be-
havioral end points in the rats, such as spatial memory deficits
from the Morris water maze and repeated acquisition results, are
not adequately correlated to cognitive deficits in humans. Results
from the Morris water maze and the corresponding changes due
to exposure are indicative of a hippocampal synaptic plasticity
and receptor function (Vorhees and Williams 2006). Although
the BVRT in humans is also correlated strongly with changes in
the dentate gyrus hippocampal subregion (Brickman et al. 2011),
results from the Morris water maze in the rat have not been
related to those from this test. Second, the mechanism of action
of CPF on cognitive deficits is unknown. Hypotheses from stud-
ies reviewed in the introduction suggest a noncholinergic affinity
for the OP insecticide in various parts of the brain, specifically
the hippocampus. To elucidate a potential mechanism of action to
describe deficits in cognitive function, a recent study (Lee et al.
2016) focused on determining gene transcription levels in the hip-
pocampus following subchronic exposures to CPF in rats. In that
study, investigators determined significant differential expression
of several genes coding for neuropeptides specific to cognitive
function in this brain region. Based on those results, a proposed
mechanism of toxicity was presented by the study authors in which
CPF induces transcriptomic changes in the brain resulting in an
increased secretion of neuropeptides associated with neurocogni-
tive disorders. Although differences in OP-induced effects between
cognitive tests demonstrate the OP’s affinity to different regions of
the brain, it is expected that further in vivo and in vitro experimen-
tation will clarify this mechanism of action and its relevance to
humans and lead to improved dose-response models. Third, utiliz-
ing the method described in this study relies on a measurable
biomarker of exposure to be used as an EPHI. A problem commu-
nicated in the 2016 FIFRA SAP (U.S. EPA 2016b) pertained to the
limitation of current analytical techniques to quantify very low con-
centrations of CPF in cord blood under realistic exposure condi-
tions. Although this is also a concern for the present study, the
methodology presented herein considers additional, or supplemen-
tary, biomarkers of exposure, such as RBC AChE and plasma
BuChE inhibition, to be used as EPHIs for cognitive deficits. Other
measures, such as CPF concentrations in a different compartment,
metabolite concentrations (e.g., 3,5,6-trichloro-2-pyridinol in the
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Figure 7. External exposure space using the preliminary benchmark dose giving rise to a 15% cognitive deficit (BMD;s) and lower limit benchmark dose giv-
ing rise to a 15% cognitive deficit (BMDL,s)for humans. Boundaries for the BMD;s and BMDL,s were derived from Equation 4 when the external exposure
scenario gives rise to a chlorpyrifos (CPF) brain concentration at the proposed BMD;s and BMDLs in the human. Fraction of day exposed (FOD) represents
how much of the day a human is exposed to the total applied dose (TAD). Red (square hatching), orange (no hatching), and green (diagonal hatching) shading
indicate exposure scenarios that fall above the BMD5cp, between the BMDscp and the BMDLs¢p, and below the BMDLscp, respectively.

urine), or additional enzyme activity assays, could readily be
employed within the framework if they prove to be more appro-
priate biomarkers of exposure. Finally, the present methodol-
ogy utilized peak brain CPF concentrations as the critical dose
metric for linking CPF exposure to neurobehavioral deficits.
Using this dose metric assumes that peak CPF concentrations in
the brain will yield similar neurobehavioral outcomes between
rats and humans. Although extrapolation of the neurobehavioral
changes across species through peak CPF brain concentrations
is addressed using the available cross-species data, differences
in cognitive effects at the equivalent critical dose metric will
lead to more uncertainty in the predicted benchmark effect.
However, as described earlier, the EPHI framework developed
in this study is sufficiently flexible to accommodate other types
of internal dose metrics and exposure/neurobehavioral data,
depending on the application.

Future Directions

Using the method detailed herein as a foundation, evaluation and
quantitation of the effect of additional sensitive neurobehavioral
end points can be undertaken. Because CPF concentrations in the
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brain will have localized effects in different regions, the degree of
damage to one cognitive pathway may be different from that to a
different pathway. Therefore, establishing EPHI thresholds for
different types of learning and memory may allow for better pro-
tection of certain populations.

To characterize CPF’s effects on additional cognitive path-
ways, animal studies should be undertaken using explicit expo-
sure conditions with doses much lower than those currently used
to elicit cholinergic responses. For maximum benefit, the route of
exposure chosen for these studies must be incorporated into the
PBPK/PD model for the determination of internal dose metrics.
Finally, it is critical that relevant biomarkers of exposure and cor-
responding neuropsychological end points be measured in vari-
ous exposed cohorts representing different exposure scenarios.
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