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ORD Facility in
Research Triangle Park, NC

 The Office of Research and Development (ORD) is the scientific research arm of 
EPA

 539 peer-reviewed journal articles in 2021

 Research is conducted by ORD’s four national centers organized 
to address:

 Public health and environmental assessment
 Computational toxicology and exposure 
 Environmental measurement and modeling
 Environmental solutions and emergency response

 13 facilities across the United States

 Research conducted by a combination of Federal scientists, including 
uniformed members of the Public Health Service; contract researchers; 
and postdoctoral, graduate student, and post-baccalaureate trainees

US EPA Office of Research and Development
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Chemical Risk Assessment Requires 
Understanding Dose-Response

Exposure

Hazard

Chemical Risk 
Assessment

 Exposure: Must consider the context (consumer/ambient/occupational), 
route, frequency, and extent of contact with the chemical
 Concurrent development of NAMs for exposure includes high 

throughput toxicokinetics and exposure models and measurements

 Dose-response: Must understand quantitative relationship between 
magnitude of exposure and amount of effect
 NGRA requires tools for in vitro-in vivo extrapolation (IVIVE)

NRC, 1983

Dose-Response
(Toxicokinetics)

 NRC (1983): Risk is a function of inherent chemical hazard, extent of exposure, and 
the dose-response relationship (including toxicokinetics) 

 Hazard: To estimate the impact of potentially harmful chemicals we use animal 
and in vitro studies and extrapolate to humans
 Next generation risk assessment (NGRA) is working to develop new approach 

methodologies (NAMs) that cover key biological pathways
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Next Generation Risk Assessment (NGRA) 
is Built Upon 

New Approach Methodologies (NAMs)

 We attempt to estimate points of departure in vitro using high 
throughput screening (HTS) for bioactivity as a surrogate for hazard

 Tox21:  Examining >8,000 chemicals using ~50 assays intended to 
identify interactions with biological pathways (Schmidt, 2009)

 ToxCast (Toxicity Forecaster): >4000 chemicals (including a subset 
of Tox21) for >2000 additional assay endpoints (invitrodb version 
3.5) (Kavlock et al., 2012)

 To use HTS assays as an alternative to traditional animal studies we 
must link in vitro bioactivity concentrations and potentially toxic 
doses via in vitro-in vivo extrapolation (IVIVE). 
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In Vitro - In Vivo Extrapolation (IVIVE)
IVIVE is the use of in vitro experimental data to predict phenomena in vivo (Coecke et al., 2013, Wetmore, 2015) 

 In Vitro Disposition:
 Difference between nominal and effective concentration of chemical
 Partitioning to plate wall, nutrients, volatilization

In vitro to in vivo extrapolation (IVIVE)

External dose in vitro bioactive 
concentration

Toxicokinetic model:
Absorption
Distribution
Metabolism

Excretion

Internal 
concentration

Toxicodynamic
IVIVE

Iin vitro 
TK 

data

Iin vivo 
TK 

data

Toxicokinetic
IVIVE

Breen et al., 2021
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Our focus today
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IVIVE via High-Throughput Toxicokinetics (HTTK): 
Administered Equivalent Doses (AEDs)

 Operationally, the httk R package (v 2.2.2) can be downloaded from CRAN or GitHub 
for reproducible generation of administered equivalent doses (AEDs).

 AC50 or LEC (micromolar) * (1 mg/kg/day/Css (micromolar)) = AED prediction 

10

Identification of a 
potency value to 
use for IVIVE of a 
threshold dose

2.35 mg g mol 1e6 µmol

L 1000 mg 228.291 g mol
= 10.294 µmol/L = µM 

0.1 µM 1 mg/kg/day

10.294 µM = 0.010 mg/kg/day = AED95

Steady-state plasma 
concentration (Css) 
here is from 95th

population quantile 
(higher plasma conc. 
for same dose)

Slide from Katie Paul Friedman
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Distribution Considerations for IVIVE

 IVIVE predictions currently rely on Cnominal, can also consider 
concentration in the cells (Ccellular), and the free concentration in the
in vitro media (Cfree,invitro)
 Differences of Cfree,in vitro based on physico-chemical properties and 

composition of well and media
 In vitro cells (Ccell) differ from in vivo tissue (Ctissue)

 EPA’s IVIVE software “httk” uses for four different models for distribution 
to get administered equivalent dose (AED) from bioactive in vitro 
concentrations
 Schmitt (2008) – Mechanistic tissue model, empirically calibrated
 Armitage et al. (2014)– Mechanistic mass-balance in hazard NAMs
 Kilford et al. (2008) – Empirical hepatocyte assay binding
 Pearce et al. (2017) – Empirical plasma protein assay binding

Media/Air 
Exchange

Plastic 
Binding

Chemical

Cell Binding

Media 
Lipid 
and 
Protein 
Binding

[Cfree,invitro]≈fup[Cnominal]

[Cnominal]

[Ccellular]=Kc[Cnominal]

in vitro
(nominal testing concentration)

 Domain of applicability – experimental conditions baked into empirical models
 Armitage could be more general theory – needs empirical evaluation to establish confidence
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Models for In Vitro Distribution

 Proença et al. (2021) “Effective exposure of chemicals in in vitro cell systems: A review of chemical distribution models”:



13 of 37 Office of Research and Development

 Armitage et al. (2014) suggest that in vitro partitioning relates strongly to logKow and serum in the medium

What factors influence in vitro partitioning?

Mass-balance model

Diagram of in vitro compartments

Armitage et al. 2014 PMID 25014875

Slide from Katie Paul Friedman

 Note, Armitage model expanded to ionizable 
compounds by Fischer et al. (2017) (see also Armitage 
2021) – ionization added to httk implementation

 To date, in vitro partitioning has been empirically 
evaluated for very few chemicals; thus, it is unknown 
for how many chemicals and to what degree 
differential chemical partitioning affects the accuracy 
of IVIVE predictions made across the ToxCast and 
Tox21 chemical library.
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Media/Air 
Exchange

Plastic 
Binding

Chemical

Cell Binding

Media 
Lipid 
and 
Protein 
Binding

[Cfree,invitro]≈fup[Cnominal]

[Cnominal]

[Ccellular]=Kc[Cnominal]

How do you select the appropriate in vitro and in vivo concentrations for extrapolation?

in vitro
(nominal testing concentration)

[Conc.] In Vitro

[C
on

c.
] I

n 
Vi

vo

?

? ?

?
[Cfree,plasma]

=
fup[Cplasma]

[Ctissue]
=

Kp[Cfree,plasma]

Red 
Blood 
Cells

Plasma Tissue

[Cblood] [Cplasma]
=

[Cblood]/Rb:p

in vivo
(mg/kg bodyweight/day)

Renal Clearance
fup*QGFR*[Ckidney,plasma]

Restrictive Metabolic Clearance
𝑄𝑄𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙 ∗ 𝑓𝑓𝑢𝑢𝑢𝑢 ∗ 𝐶𝐶𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙,𝑢𝑢𝑙𝑙𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝

𝑄𝑄𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙 + 𝑓𝑓𝑢𝑢𝑢𝑢 ∗ 𝐶𝐶𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙,𝑢𝑢𝑙𝑙𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝

OR Non-Restrictive Metabolic Clearance
𝑄𝑄𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙 ∗ 𝐶𝐶𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙,𝑢𝑢𝑙𝑙𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝

𝑄𝑄𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙 + 𝐶𝐶𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙,𝑢𝑢𝑙𝑙𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝

Additional IVIVE Considerations



16 of 37 Office of Research and Development

Tissue:Plasma Partition Coefficients

 “httk” uses a modified Schmitt (2008) 
method with elements of Peyret et al. (2010)

 Pearce et al. (2017b) calibrated the Schmitt 
method using literature measurements of 
chemical-specific partition coefficients (PC) 
in rat
 945 tissue-specific PC
 137 unique chemicals

 Pearce et al. (2017b) evaluated the 
calibrations with human measured volumes 
of distribution for 498 chemicals from Obach 
(2008) – root mean squared error was 0.48

 We would like to similarly evaluate in vitro 
disposition models

Predicted Kp

Predicted Kp

Predicted Kp

Predicted Kp
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Assay Conditions Influence In Vitro Distribution

 ToxCast: >4000 chemicals (including a subset of Tox21) for >2000 
additional assay endpoints 

 Each technology can vary with respect to plate composition, well 
number, media composition, etc.

 In vitro chemical partitioning between media and cells (in 
metabolically-incompetent cells) is dependent on:
 amount of serum in the media;
 the relative binding of the chemical to serum binding proteins;
 Log Kow of the chemical;
 Chemical binding to plastic.

Media/Air 
Exchange

Plastic 
Binding

Chemical

Cell Binding

Media 
Lipid 
and 
Protein 
Binding

[Cfree,invitro]≈fup[Cnominal]

[Cnominal]

[Ccellular]=Kc[Cnominal]

in vitro
(nominal testing concentration)

 Madison Feshuk and Katie Paul Friedman have annotated the conditions of all ToxCast assays for use with
in vitro distribution models
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Evaluation data for polymer-water partition coefficient: 
Gasslander et al. (2007)

12 chemicals
 Measurement of equilibrium polymer–water partition 

coefficients using liquid chromatography

Chemical name Log Pow

4-Hydroxybenzoic acid 1.42
Methyl-4-hydroxybenzoate 1.86

4-Methylbenzyl alcohol 1.49
2-Methylbenzoic acid 2.35

Propyl-4-hydroxybenzoate 2.93
Diethyl phthalate 2.70

Toluene 2.68
3,5-Di-tert-butyl-4-hydroxyphenyl propanoic acid 4.48

2,4-Di-tert-butyl phenol 4.86
2,6-Di-tert-butyl-4-methyl phenol 5.32

Bis(2-ethylhexyl) phthalate 8.71
Octadecyl-3-(3′,5′-di-tert-butyl-4′-hydroxyphenyl) 

propionate
13.9
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Evaluation data for polymer-water partition coefficient: 
Kramer (2010)

7 polycyclic aromatic hydrocarbons Measurement of equilibrium polymer–water 
partition using polystyrene culture dishes in an 
orbital shaker for 48h
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Evaluation Data for In Vitro Distribution: 
Mundy et al. (2004) 

 PBDE-47 is highly lipophilic and Cnominal underestimated cellular concentration by up to 2 orders of magnitude

Slide from Katie Paul Friedman

One chemical
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Evaluation Data for In Vitro Distribution:
Kramer et al. (2015)

Six chemicals



22 of 37 Office of Research and Development

Evaluation Data for Fraction Free In Vitro: 
Kilford et al. (2008)

39 drugs
 Empirical regression to experimentally measured unbound (free) fraction 

in hepatocyte incubation in vitro assays, based on distribution coefficient 
(lipophilicity of neutral fraction of compound)
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Kilford Fu,hep vs.  Armitage Ffree,in vitro

 Kilford et al. (2008) model predicts free (unbound) fraction in hepatocyte intrinsic clearance in vitro assay
 Dataset compiled from literature experiments largely with dead cells (no metabolism)
 We compared this with the free in vitro concentration from Armitage et al. (2014) across the HTTK Library

 Note, Armitage model expanded to ionizable 
compounds by Fischer et al. (2017) (see also 
Armitage et al. 2021) – similarly, we have 
added consideration of chemical ionization to 
the httk implementation
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Kilford Fu,hep vs.  Armitage Ffree,in vitro

 Kilford et al. (2008) model predicts free (unbound) fraction in hepatocyte intrinsic clearance in vitro assay
 Dataset compiled from literature experiments largely with dead cells (no metabolism)
 We compared this with the free in vitro concentration from Armitage et al. (2014) across the HTTK Library
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Kilford Fu,hep vs.  Armitage Ffree,in vitro

 Kilford et al. (2008) model predicts free (unbound) fraction in hepatocyte intrinsic clearance in vitro assay
 Dataset compiled from literature experiments largely with dead cells (no metabolism)
 We compared this with the free in vitro concentration from Armitage et al. (2014) across the HTTK Library
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 Currently we have ~60 chemicals (Gasslander, Mundy, Kramer, Kramer, Kilford) that are mostly 
pharmaceuticals, with experimental in vitro distribution data in the literature

 We wish to develop larger, standardized set of in vitro disposition data -- emphasize non-
pharmaceutical chemical space

 200 chemicals were selected to optimize chemical diversity, overlap with activity data, httk, and 
other models of biokinetics
 44.5% low fraction unbound, 27% moderate, 28.5% high.
 50% neutral, 30% anionic, and 17% cationic at pH 7.4.
 For these chemicals, the Armitage et al. (2014) model predicts that the cells will be 100-fold 

lower than media for 10.5%, will be 3.2 lower than media for 14.5%, within 3.2-fold of media for 
18%, greater than 3.2 the media for 36%, and greater than 100x the media for 18%.

 To date we have completed a pilot study of ten chemicals (presented in following slides)

Tox21 In Vitro Distribution Experiment
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Tox21 In Vitro Distribution Pilot Study Design

Slide from Greg Honda

Cell Plating Chemical Dispensing Media Transfer Acetonitrile Addition

BioTek MultiFlo FX
Peristaltic Dispenser

LabCyte Echo 550
Acoustic Dispenser

Integra ViaFlo 384
Guided Pipetting System

Gyger Certus Flex
Solenoid MIcrodispenser

Test Plate Receiving Plate

For pilot study samples were analyzed both 
individually and combined (cassette) to 

enhance throughput
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Assume all surface 
area available for 

plastic binding:

Mass in cells appears 
at or near zero

Pilot Study – Plastic Binding

Plastic + Cells:

Plastic:

SA total: 137 mm2

Slide from Greg Honda

Mcells = MPlastic + Cells - Mplastic
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Pilot Study – Plastic Binding

Plastic + Cells:

Plastic:

SA total: 137 mm2 SA walls: 107 mm2

Slide from Greg Honda

Most cell concentrations are near zero unless we assume the bottom 
surface area is unavailable to plastic binding

Mcells = MPlastic + Cells - Mplastic

Assume only walls 
available for 

plastic binding:
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Armitage Predictions of Plastic Binding

 Armitage model predictions of plastic 
binding for these 10 chemicals in this 
design were not very predictive of 
measured concentrations

 Tendency to under-predict the 
amount bound to plastic empirically

 Out of the small chemical set, 
triphenyl phosphate seemed more 
aligned

 We need more chemical data

Data analysis by Greg Honda

Chemical analysis by David Crizer, 
in vitro cell treatment by Josh Harrill
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Armitage Predictions of Plastic Binding

 Data are 
superficially 
consistent with 
Gasslander et 
al. (2007) –
positive 
correlation but 
potentially 
higher Log P 
than plastic 
binding

Data analysis by Greg Honda

Chemical analysis by David Crizer, 
in vitro cell treatment by Josh Harrill
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Armitage Predictions of Cellular Concentrations

Data analysis by Greg Honda

 Armitage et al. (2014) model predictions 
correlated with measurements, but tend to 
overestimate the concentrations by ~10x

 Three replicates per chemical, plotted 
individually

 We can detect more chemicals using 
individual analysis, but throughput for 
cassette analysis is much higher

 Distribution seems to be relatively 
unchanged from 1h to 24 h

Chemical analysis by David Crizer, 
in vitro cell treatment by Josh Harrill



33 of 37 Office of Research and Development

Impact on In Vitro - In Vivo Extrapolation (IVIVE)

Administered 
equivalent dose

(in vivo)

In vitro
bioactive 

concentration
(nominal)

TK 
model

Predicted 
External 
Exposure

Compare

[Tan et al. 2007;
Rotroff et al. 2010; 
Wetmore et al. 2012, 2013, 2015]

In vitro 
disposition 

model

In vitro
bioactive 

concentration
(effective) 

Slide from Caroline Ring

httk chemical-
specific in vitro 
data or in silico 

predictions
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Impact of In Vitro Disposition on NAM-based 
Point of Departure

 We calculated the 5th percentile ToxCast bioactive concentration (uM) across thousands of tested chemicals
 Used measured HTTK in vitro TK data with in silico predicted values from ADMet Predictor (Sipes et al., 2017)

N = 5,714

Slide from Ben Savage and 
Katie Paul Friedman

 The central tendency indicates that Armitage et al. (2014) predicted Cfree in media or Ccell are equivalent for 
most chemicals

 However, values can vary by >6 orders of magnitude in either direction 
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Cfree ≥ Ccell Ccell > Cfree

F un
bo

un
d,

pl
as

m
a

 Ratio of Cellular to Media concentration depends on octanol:water partition (Kow), ionization at pH 7.4 
(Fneutral) and plasma protein binding (Funbound, plasma)

Slide from Ben Savage and 
Katie Paul Friedman

Impact of In Vitro Disposition on NAM-based 
Point of Departure

K ow

F ne
ut

ra
l
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Cfree ≥ Ccell Ccell > Cfree

F un
bo

un
d,

pl
as

m
a

 For the chemicals where the differences were extreme (greater than 10-fold) the differences in chemical 
descriptors are more pronounced 

Slide from Ben Savage and 
Katie Paul Friedman

Impact of In Vitro Disposition on NAM-based 
Point of Departure

K ow

F ne
ut

ra
l
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Summary

Dose-Response
(Toxicokinetics)

 Next Generation Risk Assessment (NGRA) based upon 
NAMs for hazard and exposure allow risk-based 
prioritization of large numbers of chemicals if the 
in vitro concentrations can be translated to in vivo 
context (IVIVE)

 Understanding of both toxicokinetics (absorption, 
distribution, metabolism, and excretion) and in vitro 
disposition within the hazard NAMs are necessary for 
a quantitative understanding of the dose-response 
relationship

 While mechanistic and empirical models exist for predicting in vitro distribution, data to evaluate 
these models are limited, especially for non-pharmaceuticals

 The Tox21 collaboration is working to generate new data for non-pharmaceutical chemicals to 
permit model evaluation and revision 

Figure from Ben Savage and 
Katie Paul Friedman

Log10 Ratio Between Nominal and Free Concentration

NAMs + IVIVE: Adminsitered Equivalent Dose Points of Departure
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