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Fit-for-purpose considerations for NAMs in 
derivation of PODs

• Is the task one that is risk-informed?
• Use of a threshold for any bioactivity may be 

useful.
• Mimics identification of animal-based POD, i.e., 

a threshold dose at which no effects are 
anticipated in the animal models employed.

• Is the task one where specific hazards need 
to be considered?

• Identification of NAMs that are fit-for-purpose 
regarding the specific hazard may be needed

• Consideration of how to identify “selective” 
bioactivity from specific NAMs, i.e. a “lead” 
bioactivity that precedes other bioactivity types.
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Derivation of PODs from NAMs: IVIVE that 
employs toxicokinetic extrapolation of dose

Reverse dosimetry can be leveraged in IVIVE to estimate the exposure that would 
produce the plasma concentration corresponding to bioactivity

High-throughput toxicokinetic (HTTK) approaches make it possible to predict doses 
corresponding to in vitro bioactivity for thousands of chemicals.
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High throughput toxicokinetics (HTTK)
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Some high-level assumptions: 

(1) bioactive nominal in vitro assay 
concentration ~ in vivo plasma 
concentration that would correspond 
to a similar effect;

(2) external exposures (in mg/kg/day 
units) that may have resulted in that 
plasma concentration can be 
constructed using estimates of 
species-specific physiology and Phase I 
and Phase II enzyme-driven hepatic 
clearance; and,

(3) Often, we expect that plasma 
concentration can be approximated by 
steady-state kinetics (unless we have 
enough information to use other dose 
metrics). 4



Application of hazard-specific 
NAMs to specific questions 
about the potential 
developmental neurotoxicity

5https://beta.regulations.gov/document/EPA-HQ-OPP-2020-0263-0006

ORD DNT NAMs Team: Josh Harrill, Tim Shafer, Stephanie Padilla, Katie 
Paul Friedman, John Wambaugh
September 15-18, 2020 Federal Insecticide, Fungicide, and Rodenticide Act 
Scientific Advisory Panel met to review this Issue Paper and presentations



Assays should allow quantitative measurements of  key neurodevelopmental events in vitro

Phenotypic Screening for DNT Hazard

6

ZF behavior coming soon 
but not in this work



One of several charge questions addressed 
derivation of PODs

“In order to compare the relative 
sensitivity of the MEA NFA and HCI 
assay results to doses that inhibit 
acetylcholinesterase in laboratory 
animals, in vitro to in vivo 
extrapolation (or IVIVE) approaches 
were used to approximate NAM 
administered equivalent doses for a 
subset of organophosphate 
pesticides. Please comment on the 
strengths and limitations of this 
comparison and whether there are 
alternative approaches for this 
evaluation.”

• Underscore the reproducibility of 
the DNT NAM assays.

• Describe the differential 
performance of OPs in the DNT 
NAM assays that are currently 
available.

• Demonstrate an IVIVE approach to 
derive doses for comparison to 
BMD and BMDL values based on 
rat AChE inhibition.
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Like the assay controls, some OPs decrease MEA 
NFA activity types

• Top active cluster of OPs contains oxon 
and non-oxon structures.

• These OPs, like the assay performance 
controls, appear to generally decrease all 
activity types and most assay endpoints.

• Cytotoxicity and activity occur within a 
narrow concentration range.

• Bottom cluster with minimal actives 
appears somewhat driven by cytotoxicity 
in the LDH assay.

Conclusion: while not all OPs are active in the MEA 
NFA, those that are active appear to behave much like 

the assay performance controls that inhibit NOG 
and/or synaptogenesis. 8



OPs demonstrate differential responses in the 
HCI assays.

1

2

3

4

• Cluster 1: negative or with effects in 1-3 
endpoints. 

• Cluster 2: effects on five or more assay 
endpoints

• Cluster 3: OP samples with effects on all HCI 
assay activity types except for NOG initiation 
in hN2 cells

• Cluster 4: widespread effects across activity 
types
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For some OPs, the minimum DNT-NAM AC50 < an 
estimate of bioactivity from the rest of ToxCast.

DNT-NAM battery may provide a more potent estimate of 
bioactivity for substances with minimum DNT-NAM AC50 
< 5th percentile of filtered ToxCast AC50 values:

• Chlorpyrifos and chlorpyrifos oxon
• Acephate
• Dichlorvos
• Terbufos
• Diazoxon
• Methamidophos

Suggests that the DNT-NAM battery, in covering 
some new biology not previously in ToxCast, may 
yield bioactivity threshold concentrations lower 

than what is already available for some 
neuroactive substances in ToxCast.
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Simplifying assumptions for the HTTK approach 
employed here using httk R package

• 100% bioavailability (all of an oral dose is received by the liver through the portal vein);
• No extrahepatic metabolism: the liver is the only source of chemical clearance from the body by metabolism; 
• Hepatic metabolism is first order (proportional to concentration) and does not saturate;
• Renal clearance is proportional to fraction unbound in plasma and glomerular filtration rate (i.e., no active 

transport); and,
• No biliary excretion or enterohepatic recirculation occurs.

With these assumptions, HTTK models have demonstrated reasonable accuracy in predicting 
relevant TK endpoints, for example plasma concentrations over time (AUC) (R2 = 0.62) and 

maximum plasma concentrations (Cmax) (R2 = 0.48) (Wambaugh et al., 2018).

AED values in mg/kg/day units were calculated using the following equation (Eq. 2):

Eq.2:   𝐴𝐴𝐴𝐴𝐴𝐴50
𝑚𝑚𝑚𝑚
𝑘𝑘𝑚𝑚

𝑑𝑑𝑑𝑑𝑑𝑑
= 𝐴𝐴𝐴𝐴50 µ𝑀𝑀 ∗

1𝑚𝑚𝑚𝑚
𝑘𝑘𝑚𝑚

𝑑𝑑𝑑𝑑𝑑𝑑

𝐶𝐶𝐶𝐶𝐶𝐶50

Where the Css (steady-state concentration) values for the median individual based on Monte Carlo 
simulation of species-specific physiological parameters (Css50) (Pearce et al. 2017) were generated 

using the 3-compartment steady state model. 11



To address more of the OPs, we used the 
“huRat” (gap-filling approach)

• In the absence of hepatic clearance values from rat hepatocytes, rat liver microsomes, or rat liver Phase I enzymes, 
would the use of human hepatocyte-derived hepatic clearance values be a reasonable substitute? 

• In addition to comparing rat-derived AED50 values to BMD10 and BMDL10 values from rat studies, we also 
compared AED values from the “humanized-rat” or the huRat, which used human HTTK data in a model 
parameterized with rat physiology, to BMD10 and BMDL10 values from rat studies.

Supplemental Appendix Figure 2
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General approach to AED50 estimation
• Species-specific comparisons (human in vitro assay data to “human”-adjusted benchmark dose values, rat in vitro assay 

data to rat benchmark dose values)
• Human comparisons:

• 9/57 total assay endpoints in the DNT-NAM battery that evaluate neural cell proliferation, apoptosis and viability, and neurite outgrowth 
initiation were evaluated using human-derived cells

• human-derived HTTK data and a human-parameterized 3compss model
• BMD10/BMDL10 values from rat divided by an uncertainty factor of 10 (default interspecies uncertainty factor applied in risk assessments 

to account for extrapolation from laboratory animals to humans) were compared
• Only 17 OP chemicals had positive values in the human assays, and of these 14 had sufficient HTTK data and modeling to calculate

human AED50 values with the 3 compss model

• Rat/huRat comparisons:
• 48 of the 57 total assay endpoints in the DNT-NAM battery that evaluate neuronal network formation and function, neurite outgrowth 

initiation, and neurite maturation and synaptogenesis were evaluated using rat primary cortical cells
• rat-derived (or for huRat, human derived Clint data) and a rat-parameterized 3 compss model
• BMD10/BMDL10 values from rat were compared
• 23/27 OP chemicals have enough data and modeling available to derive huRat AED50 values
• 9 OP chemicals had enough data and modeling available to derive rat AED50 values

• Three OP chemicals (chlorethoxyfos, naled, Z-tetrachlorvinphos) were excluded from the IVIVE comparisons due to 
chemical instability in the matrices used for HTTK assays (unpublished, Wetmore 2020)

• Malaoxon was completely negative in all assay endpoints
13



Summary of the AED50 to BMD/BMDL 
comparison 

• Some of the rat and huRat AED50 values approached the in vivo rat BMD10 and BMDL10 
thresholds identified using in vivo rat studies of AChE. 

• The human IVIVE comparison was more constrained because fewer OP chemicals had 
positive responses in this smaller subset of the DNT-NAM assay set.

• The human AED50 values and huRat AED50 values were typically similar; both of these sets 
of values use the human HTTK data to inform human and rat models, respectively. 

• Deviation between the human and huRat AED50 values appears to be impacted by the smaller 
dataset available for human AED50 derivation. 

• Chemical-dependent differences between the rat and huRat AED50 values are apparent 
when both are available; though for some chemicals (chlorpyrifos oxon, ethoprop, 
malathion, omethoate) the values are very similar, for other chemicals (bensulide, 
chlorpyrifos, diazinon, diazoxon, dimethoate) there may be as much as 1 log10 order of 
magnitude separation between the median AED50 values. There is no uniform direction to 
these differences, but these differences are expected and consistent with the impact of 
using human or rat HTTK data to inform a rat physiology-based model.

Overall, these comparisons suggest that the estimated doses required to achieve plasma concentrations (in the 
median individual in the general population) that demonstrate in vitro bioactivity relevant to DNT are higher than or 
in some cases approaching/equal to the doses that have been associated with significant changes in AChE activity in 

rats.
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Example: AED50 to BMD/BMDL10 comparisons
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Overarching conclusions for application of 
DNT-NAMs

• MEA NFA and HCI assay suite recapitulates key cellular events and processes 
relevant to DNT, as demonstrated through the use of appropriate assay 
performance controls;

• the DNT-NAMs presented here represent a major milestone for in vitro fit-for-
purpose identification of putative DNT-related hazard, though additional 
methods may be available in the future;

• the MEA NFA and HCI assay suite demonstrates reproducibility in terms of 
positive responses and potency of these responses; 

• the 27 OP chemicals in this set are differentially active in the MEA NFA and HCI 
assay suite; and, 

• application of IVIVE approaches for the in vitro bioactivity observed in these 
DNT-NAMs results in AED50 values that are greater than or in some cases 
approximate the doses that inhibit AChE in vivo. 
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…and where do we go from here 
now that the SAP is over?

17



Ongoing international collaboration for DNT 
NAM development, use, and evaluation

18

hN2
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Status
• ToxCast Pipelining of UKN and NPC partner data is close to completion, puts all of the 

data in the same curve-fitting and format.
• Ongoing work will aim to understand the value of the full set of assays.
• EFSA-led collaboration with CCTE to curate and share in vivo DNT studies for evaluation 

of DNT-NAM battery (ToxRef-like).
• CCTE: expert panel to better define putative in vivo DNT negatives (Martin et al. in prep).
• CCTE: research on interpreting assays for proliferation, apoptosis, neurite outgrowth, and 

network formation for DNT-relevant bioactivity (Carstens et al. in prep)
• ORD Leads: Tim Shafer and Katie Paul Friedman, ORD-CCTE



Example: in vitro data availability, potency, 
and selectivity by functional process
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Example: updating the AED50 comparisons 
with more processes
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The dataset is still a relatively small matrix across functional 
processes, approaching ~90 chemicals with all data streams in the 
ToxCast database.

21

• It may be challenging to build a systems biology 
model because we do not have a complete 
matrix across all technologies/processes.

• For the substances where we do have screening 
across all functional processes, we would like to 
understand the outcomes for DNT.

• Anticipate ongoing collaborative work with UKN, 
IUF partners.

Many more substances have been screened in the 
MEA NFA than any other technology



How to blend bioactivity-exposure ratios (BERs) and 
specific NAM-informed hazard indications?
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Challenges Opportunities
NAM-based hazard indications may 
be “semi-quantitative” or relative 
to the screened set

Use comparisons to known reference 
chemicals to inform uncertainties on the 
relative potency, efficacy, or phenotype for 
a given new chemical

NAM-based hazard indications may 
not cover all of biology

Use broader screening platforms to try to 
cover more breadth and use “Tier 2” and 
“Tier 3” platforms to further target specific 
hazards of interest

Many NAM-based hazards may 
appear to occur at similar 
concentration ranges

Qualitatively flagging possible hazards and 
also quantitatively identifying a “lead” 
hazard may be informative. Seeking 
“selectivity” may be useful.

Traditional 
“ToxCast”

Thomas et al. 2019 further evolves a tiered screening strategy 
that adds in broader biological coverage but also suggests that 

we can strive to do more than BER in some cases. 



Employing NAMs for derivation of PODs
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• How much uncertainty can be tolerated?
• Can BER be informative for the problem?
• Are there specific hazards of interest?
• How should toxicokinetic modeling be tuned?

There is a lot more work to do, and case studies will help 
build confidence and identify gaps to fill.

https://www.epa.gov/chemical-research/epa-new-approach-methods-work-plan-reducing-use-animals-chemical-testing

https://www.epa.gov/research/administrator-memo-prioritizing-
efforts-reduce-animal-testing-september-10-2019
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Appendix slides
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Many works apply HTTK to prioritization and 
assessment case studies

2019

2018

20152011 2018

2019

2020

2020

2020

A subset of the papers describing 
the application of a high-

throughput toxicokinetic approach 
– too many to fit 26



Selecting an HTTK model: 3 compartment steady state 
model

Models: 3-compartment steady 
state  (3compss)

PBTK

Chemical-specific 
parameters

Clint only Clint, Fup, logP, pKa

Model inputs A single oral dose A single oral dose
Model outputs Steady-state blood 

concentrations
Time course of blood 
concentrations; estimate 
Cmax, AUC (24 hr), Cmean 
(AUC/time) from time course 
simulations

Human interindividual 
variability

Human physiological parameters (first order hepatic 
metabolic clearance; plasma protein binding; liver volume, 
blood flow, and cell density; and glomerular filtration rate) 
can be varied in a Monte Carlo simulation to estimate the 
dose required to achieve equivalent blood concentrations 
for the most to least sensitive individuals. In this Issue 
Paper, the median individual is used.

Rat interindividual 
variability

Rat physiological parameters (rat liver volume and 
glomerular filtration rate) can be varied in a Monte Carlo 
simulation to estimate the dose required to achieve 
equivalent blood concentrations for the most to least 
sensitive individuals. In this Issue Paper, the median 
individual is used.

• Many substances in this set lacked sufficient rat-specific 
(fraction unbound in plasma and hepatic intrinsic 
clearance) to inform HTTK PBTK models

• Because the fraction unbound in plasma (Fup) assay fails 
for highly bound chemicals (Wambaugh et al., 2015), 
the steady state model is advantageous because it can 
be used with the assumption that plasma protein 
binding is simply “small,” i.e., typically 0.5% (Wetmore 
et al., 2012)

To provide the most complete view of a potency 
comparison between AEDs based on DNT-NAMs 
and BMD10 and BMDL10 values based on 
observations of in vivo rat AChE inhibition, and to 
present an approach that would require the 
minimum amount of data using the simplest 
modeling approach, AED values in this Issue Paper 
were calculated using the 3-compartment steady 
state model.
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Summary of the AED50 to BMD/BMDL 
comparison 

Chemicals with AED50 
values >>> BMD/BMDL 
comparator

Chemicals with lowest 
AED50 within 1 log10 
order of magnitude of 
BMD/BMDL comparator

Chemicals with lowest AED50 approaching BMD/BMDL 
comparator

Missing in vitro data for 
comparison

Rat/HuRat Coumaphos, diazoxon, 
dicrotophos, ethoprop, 
fosthiazate, omethoate

acephate, bensulide, 
chlorpyrifos, chlorpyrifos 
oxon, diazinon, 
dimethoate, malathion, 
methamidophos, and 
phorate 

lower quartile of huRat AED50 values for dimethoate and 
methamidophos (these AED50 values appear to have 
included selective assay endpoints). The huRat AED50 value 
for dichlorvos (only one positive rat assay endpoint) 
overlaps with the BMDL10 value, and it was not based on 
selective bioactivity in the DNT-NAM battery. The lowest 
huRat AED50 values (selective) for malathion also approach 
the BMD/BMDL10 values.

Malaoxon was negative 
in all assays.

Human bensulide, chlorpyrifos, 
chlorpyrifos oxon, 
coumaphos, diazinon, 
dimethoate, malathion, 
methamidophos, 
phosmet, pirimiphos-
methyl, tribufos, and 
trichlorfon

For dichlorvos, only two AED50 values are available for 
comparison, and these values are centered around the 
BMD10/10 and BMDL10/10 values. Neither of these AED50
values appear selective because the bioactivity was 
observed in assay endpoints relevant to cell viability. 
Similarly, for terbufos, only 3 human AED50 values are 
available for comparison, and the lowest one of these 
values approaches the BMD10/10 value. This lowest AED50
value for terbufos does not appear selective because it is 
derived from a cell viability related assay endpoint (object 
count in the HCI hNP1 proliferation assay endpoint).

Acephate, diazoxon, 
dicrotophos, ethoprop, 
fosthiazate, omethoate, 
phorate, profenofos, 
and tebupirimfos had 
positive rat assay data 
but lacked positive 
responses in the human 
cell-based assays. 
Malaoxon was negative 
in all assays. 28



Comparing HTTK to PBPK-PD models

• Physiologically-based pharmacokinetic (PBPK)-pharmacodynamic (PD) 
models were available for: dimethoate, omethoate, and malathion based 
on a chlorpyrifos model that is no longer available.

• Though the HTTK model employed and the PBPK-PD models all assumed 
100% bioavailability, the HTTK model accounts for hepatic Clint whereas 
PBPK-PD models incorporate additional metabolism sites in plasma, brain, 
and kidneys.
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HTTK may provide more rapid results that are similar 
to or more conservative than PBPK-PD models

• Dimethoate and omethoate: PBPK-AED values using plasma and brain AUC 
were more than two orders of magnitude greater than the HTTK-derived 
AEDs 

• Malathion, the PBPK-AED values were similar to the range of HTTK-derived 
AED50 values for rat

30
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