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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
 562 peer-reviewed journal articles in 2018

 Research is conducted by ORD’s four national centers, and three 
offices organized to address:
 Public health and env. assessment; comp. tox. and exposure; 

env. measurement and modeling; and env. solutions and 
emergency response.

 13 facilities across the United States

US EPA Office of Research and Development

 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
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Chemical Regulation in the United States

 Park et al. (2012): At least 3221 chemical 
signatures in pooled human blood samples, many 
appear to be exogenous

 A tapestry of laws covers the chemicals people 
are exposed to in the United States (Breyer, 2009)

 Chemical safety testing is primarily for food 
additives, pharmaceuticals, and pesticide active 
ingredients (NRC, 2007)
 Different levels depending on category

November 29, 2014
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 Most other chemicals, ranging from industrial waste 
to dyes to packing materials, are covered by the Toxic 
Substances Control Act (TSCA)

 TSCA was updated in June, 2016 to allow more rapid 
evaluation of chemicals (Frank R. Lautenberg 
Chemical Safety for the 21st Century Act)

“Tens of thousands of chemicals are listed with the 
Environmental Protection Agency (EPA) for commercial 
use in the United States, with an average of 600 new 

chemicals listed each year.” 
U.S. Government Accountability Office

Toxic Substances Control Act (TSCA)

Schmidt, C. W. (2016)
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Replacing Animal Testing with NAMs

 Administrator of the EPA: “I am directing 
leadership and staff in the Office of Chemical 
Safety and Pollution Prevention and the Office of 
Research and Development to prioritize … the 
reduction of animal testing while ensuring 
protection of human health and the 
environment.”

 “These new approach methods (NAMs), include 
any technologies, methodologies, approaches or 
combinations thereof that can be used to provide 
information on chemical hazard and potential 
human exposure that can avoid or significantly 
reduce the use of testing on animals”
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New Approach Methodologies (NAMs)

 There are roughly 10,000 TSCA-relevant chemicals in 
commerce
 Traditional methods are too resource-intensive to 

address all of  these

 NAMs include:
 High throughput screening (ToxCast)
 High throughput exposure estimates (ExpoCast)
 High throughput toxicokinetics (HTTK)

 TSCA Proof of concept: Examine ~200 chemicals with 
ToxCast, ExpoCast and HTTK
 HTTK was rate limiter on number of chemicals

“A Proof-of-Concept Case Study Integrating Publicly Available Information 
to Screen Candidates for Chemical Prioritization under TSCA” (EPA, 2019)

Potential 
Exposure Rate
From Models

mg/kg BW/day

Potential Hazard 
from in vitro with 

Reverse 
Toxicokinetics

Lower
Risk

Medium 
Risk

Higher
Risk
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For the Kids at Home
Home Safari

While the Cincinnati Zoo is closed and kids are home 
from school, let us help make your children’s hiatus from 
school fun and educational.

Join us for a Home Safari Facebook 
Live each day at 3pm EDT where we 
will highlight one of our amazing 
animals and include an activity you 
can do from home

.
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Three Components for Chemical Risk

NRC (1983)

The National Academy of Sciences, Engineering and Medicine 
(1983) outlined three components for determining chemical risk.

Exposure

Hazard

Chemical Risk 

Dose-Response
(Toxicokinetics 

/Toxicodynamics)



10 of 71 Office of Research and Development

Exposure

Hazard

Chemical Risk 

Dose-Response
(Toxicokinetics 

/Toxicodynamics)

High-Throughput Risk Prioritization

High throughput screening 
(HTS) for in vitro bioactivity 
potentially allows 
characterization of 
thousands of chemicals for 
which no other testing has 
occurred

NRC (2007)
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High-Throughput Risk Prioritization

NRC (2007)

“Translation of high-throughput data into risk-
based rankings is an important application of 
exposure data for chemical priority-setting. 

Recent advances in high-throughput 
toxicity assessment, notably the ToxCast 
and Tox21 programs… and in high-

throughput computational 
exposure assessment [ExpoCast] 
have enabled first-tier risk-based

rankings of chemicals on the 
basis of margins of exposure” 

National Academies 
of Sciences, 
Engineering, and 
Medicine (NASEM), 
2017Exposure

Hazard

Chemical Risk 

Dose-Response
(Toxicokinetics 

/Toxicodynamics)
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In Vitro - In Vivo Extrapolation 
(IVIVE)

 IVIVE is the use of in vitro data to predict phenomena in vivo
This can be broken down into two components:

 IVIVE-PK/TK (Pharmacokinetics/Toxicokinetics): 
 Fate of molecules/chemicals in body
 Considers absorption, distribution, metabolism, excretion (ADME)
 Uses empirical PK and physiologically-based (PBPK) modeling

 IVIVE-PD/TD (Pharmacodynamics/Toxicodynamics): 
 Effect of molecules/chemicals at biological 

target in vivo
 Assay design/selection important
 Perturbation as adverse/therapeutic 

effect, reversible/ irreversible effeccts

NRC (1998)
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The Need for Toxicokinetics NAMs
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ToxCast Phase I (Wetmore et al. 2012) ToxCast Phase II (Wetmore et al. 2015)

ToxCast Chemicals
Examined
Chemicals with
Traditional in vivo TK
Chemicals with High
Throughput TK

Most chemicals do not have TK data (Wetmore et al., 2015)

Bell et al. (2018)
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NAMs for Toxicokinetics

 In order to address greater numbers of chemicals we collect in vitro, high throughput 
toxicokinetic (HTTK) data (for example, Rotroff et al., 2010, Wetmore et al., 2012, 2015)

 HTTK methods have been used by the pharmaceutical industry to determine range of 
efficacious doses and to prospectively evaluate success of planned clinical trials (Jamei, 
et al., 2009; Wang, 2010)

 The primary goal of HTTK is to provide a human dose context for bioactive in vitro 
concentrations from HTS (that is, in vitro-in vivo extrapolation, or IVIVE) (for example, 
Wetmore et al., 2015)

 A secondary goal is to provide open source data and models for evaluation and use by 
the broader scientific community (Pearce et al, 2017a)
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• Most chemicals do not 
have TK data – we use 
in vitro HTTK methods 
adapted from pharma 
to fill gaps

• In drug development, 
HTTK methods allow 
IVIVE to estimate 
therapeutic doses for 
clinical studies –
predicted 
concentrations are 
typically on the order 
of values measured in 
clinical trials (Wang, 
2010)

In Vitro Data for HTTK

Cryo-preserved 
hepatocyte 
suspension

Shibata et al. (2002) Cryo-preserved 
Hepatocytes

(10 donor pool for 
human)

Add Chemical
(1 and 10 µM)

Remove Aliquots 
at 15, 30, 60, 120 

min

Analytical 
Chemistry

The rate of disappearance of 
parent compound (slope of 

line) is the hepatic clearance
(µL/min/106 hepatocytes)

We perform the assay at 1 
and 10 µM to check for 

saturation of metabolizing 
enzymes.
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• Most chemicals do not 
have TK data – we use 
in vitro HTTK methods 
adapted from pharma 
to fill gaps

• In drug development, 
HTTK methods allow 
IVIVE to estimate 
therapeutic doses for 
clinical studies –
predicted 
concentrations are 
typically on the order 
of values measured in 
clinical trials (Wang, 
2010)
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• Most chemicals do not 
have TK data – we use 
in vitro HTTK methods 
adapted from pharma 
to fill gaps

• Environmental 
chemicals:

Rotroff et al. (2010)    
35 chemicals

Wetmore et al. (2012) 
+204 chemicals 

Wetmore et al. (2015) 
+163 chemicals

Wambaugh et al. (2019)  
+389 chemicals

In Vitro Data for HTTK
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High Throughput Toxicokinetics (HTTK)

In vitro toxicokinetic data + generic toxicokinetic model 
= high(er) throughput toxicokinetics

... .
.. . .. ..1 2

CLmetab

CLGFR

Gut Lumen
Primary

Compartment

kabs

httk
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Open Source Tools and Data for HTTK

R package “httk”
• Open source, transparent, and peer-reviewed 

tools and data for high throughput 
toxicokinetics (httk)

• Available publicly for free statistical software R
• Allows in vitro-in vivo extrapolation (IVIVE) and 

physiologically-based toxicokinetics (PBTK)
• Human-specific data for 987 chemicals
• Described in Pearce et al. (2017a)

https://CRAN.R-project.org/package=httk

19 of 38

https://cran.r-project.org/package=httk


20 of 71 Office of Research and Development

Why Build Another Generic PBTK Tool?

SimCYP ADMET Predictor / GastroPlus PK-Sim IndusChemFate httk
Maker SimCYP Consortium / 

Certara Simulations Plus Open Systems 
Pharmacology Cefic LRI US EPA

Reference Jamei et al. (2009) Lukacova et al., (2009) Eissing et al., (2011) Jongeneelen et al., (2013) Pearce et al. (2017a)

Availability License, but inexpensive for research License, but inexpensive for research
Free:

http://www.open-systems-
pharmacology.org/

Free:
http://cefic-lri.org/lri_toolbox/induschemfate/

Free:
https://CRAN.R-project.org/package=httk

Open Source No No GitHub No CRAN and GitHub
Default PBPK Structure Yes Yes Yes Yes Yes
Population Variability Yes Yes Yes No Yes

Batch Mode Yes Yes Yes No Yes
Graphical User 

Interface Yes Yes Yes Excel No*
Built-in Chemical-

Specific Library Many Clinical Drugs No Many pharmaceutical-
specific models available

15 Environmental Compounds 980 Pharmaceutical and 
ToxCast Compounds

Ionizable Compounds Yes Yes Yes No Yes
Export Function No No Matlab and R No SBML and Jarnac

R Integration No No Yes (2017) No Yes
Easy Reverse 

Dosimetry Yes Yes Yes No Yes

*Both PLETHEM (Scitovation) and Web-ICE (NICEATM) provide GUI’s to HTTK and other models
Pre-computed HTTK results are also available at https://comptox.epa.gov/dashboard

https://comptox.epa.gov/dashboard
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Open Source, Verifiable, Reproducible

“Although publication of a PBPK model in a peer-
reviewed journal is a mark of good science, subsequent 

evaluation of published models and the supporting 
computer code is necessary for their consideration for 

use in [Human Health Risk Assessments]”
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Open Source, Verifiable, Reproducible

“…the default state of new and modernized Government information 
resources shall be open and machine readable.”

“Although publication of a PBPK model in a peer-
reviewed journal is a mark of good science, subsequent 

evaluation of published models and the supporting 
computer code is necessary for their consideration for 

use in [Human Health Risk Assessments]”
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Doing Statistical Analysis with HTTK

 If we are to use HTTK, we need confidence in predictive ability

 In drug development, HTTK methods estimate therapeutic doses for clinical studies 
– predicted concentrations are typically on the order of values measured in clinical 
trials (Wang, 2010)
 For most compounds in the environment there will be no clinical trials 

 Uncertainty must be well characterized
 We compare to in vivo data to get empirical estimates of HTTK uncertainty
 Any approximations, omissions, or mistakes should work to increase the estimated 

uncertainty when evaluated systematically across chemicals
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Building Confidence in TK Models

Predicted Concentrations
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 To evaluate a chemical-specific TK model for “chemical x” you 
can compare the predictions to in vivo measured data
 Can estimate bias
 Can estimate uncertainty
 Can consider using model to extrapolate to other situations 

(dose, route, physiology) where you don’t have data
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Building Confidence in TK Models
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 However, we do not typically have TK data



26 of 71 Office of Research and Development

Building Confidence in TK Models
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(dose, route, physiology) where you don’t have data

 However, we do not typically have TK data

 We can parameterize a generic TK model, and evaluate that 
model for as many chemicals as we do have data
 We do expect larger uncertainty, but also greater confidence 

in model implementation 
 Estimate bias and uncertainty, and try to correlate with 

chemical-specific properties
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Building Confidence in TK Models

 To evaluate a chemical-specific TK model for “chemical x” you 
can compare the predictions to in vivo measured data
 Can estimate bias
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Building Confidence in TK Models
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In Vivo TK Database

 EPA has developed a public database of concentration 
vs. time data for building, calibrating, and evaluating TK 
models

 Curation and development ongoing, but to date 
includes:
 198 analytes (EPA, National Toxicology Program, 

literature)
 Routes: Intravenous, dermal, oral, sub-cutaneous, 

and inhalation exposure

 Standardized, open source curve fitting software 
invivoPKfit used to calibrate models to all data:

29Sayre et al. (accepted at Scientific Data)

https://github.com/USEPA/CompTox-ExpoCast-invivoPKfit

https://github.com/USEPA/CompTox-PK-CvTdb

https://github.com/USEPA/CompTox-ExpoCast-invivoPKfit
https://github.com/USEPA/CompTox-PK-CvTdb
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For the Kids at Home

http://www.mousecircus.com/

Go to the videos section 
for the author reading the 
entirety of The Graveyard 
Book and Coraline. Creepy 
but great for the right kid!

http://www.mousecircus.com/
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Where Do I Get           ?

 It is often helpful to set an 
environmental variable that points to a 
personal library of R packages, for me, 
on Windows, I have the “user variable” 
R_LIBS_USER set to 
“c:/users/jwambaug/Rpackages”

 Many people like to use a graphical user 
interface (GUI) such as RStudio, which 
also may be freely available to you:

https://rstudio.com/

 R is freely available from the Comprehensive R Archive Network (CRAN):
https://cloud.r-project.org/

https://rstudio.com/
https://cloud.r-project.org/


32 of 71 Office of Research and Development

Getting Started with HTTK

> install.packages("httk")
Installing package into ‘c:/Users/jwambaug/Rpackages’

(as ‘lib’ is unspecified)

--- Please select a CRAN mirror for use in this session ---

trying URL 'https://cloud.r-project.org/bin/windows/contrib/3.6/httk_2.0.1.zip'

Content type 'application/zip' length 10127063 bytes (9.7 MB)

downloaded 9.7 MB

package ‘httk’ successfully unpacked and MD5 sums checked

The downloaded binary packages are in

C:\Users\jwambaug\AppData\Local\Temp\Rtmp4STebz\downloaded_packages

> library(httk)
Warning message:

package ‘httk’ was built under R version 3.6.3 

> packageVersion("httk")
[1] ‘2.0.1’

Install HTTK from the command line 
(GUI’s like RStudio also provide menus for this)

Load the HTTK data, models, 
and functions

Check what version you are using
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What you can do with 
R Package “httk”?

 Allows prediction of internal tissue concentrations from dose regimen (oral and 
intravenous)

 Allows conversion of in vitro concentration to in vivo doses
 A peer-reviewed paper in the Journal of Statistical software provides a how-to guide 

(Pearce et al., 2017a)
 You can use the built in chemical library or add more chemical information 

(examples provided in JSS paper)
 You can use specific demographics in the population simulator (Ring et al., 2017) 
 You can control the built in random number generator to reproduce the same 

random sequence (function set.seed())
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Does My Chemical Have 
HTTK Data?

> library(httk)

> get_cheminfo()
[1] "2971-36-0"   "94-75-7"     "94-82-6"     "90-43-7"     "1007-28-9"  

[6] "71751-41-2"  "30560-19-1"  "135410-20-7" "34256-82-1"  "50594-66-6" 

[11] "15972-60-8"  "116-06-3"    "834-12-8"    "33089-61-1"  "101-05-3"   

[16] "1912-24-9"   "86-50-0"     "131860-33-8" "22781-23-3"  "1861-40-1" …

> get_cheminfo(info="all")

Compound CAS logP
pKa
Accept

pKa
Donor MW

Human
Clint

Human
Clint
pValue

Human
Funbound
plasma

DSSTox
Substance
Id Formula Substance Type

2,4-d 94-75-7 2.81 <NA> 2.81 221.03 0 0.149 0.04 DTXSID0020442 C8H6Cl2O3 Single Compound
2,4-db 94-82-6 3.53 <NA> 4.5 249.09 0 0.104 0.01 DTXSID7024035 C10H10Cl2O3 Single Compound
2-phenylphenol 90-43-7 3.09 <NA> 10.6 170.211 2.08 0.164 0.04 DTXSID2021151 C12H10O Single Compound
6-desisopropylatrazine 1007-28-9 1.15 1.59 <NA> 173.6 0 0.539 0.46 DTXSID0037495 C5H8ClN5 Single Compound

> "80-05-7" %in% get_cheminfo()
[1] TRUE

subset(get_cheminfo(in
fo="all"),Compound%in%
c("A","B","C"))

Is a chemical available?

All data on chemicals A, B, C

List all CAS numbers for all 
chemicals with sufficient data

List all information
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IVIVE Oral Equivalent Dose

#State-state oral equivalent dose (mg/kg BW/day) to produce 0.1 uM serum concentration for human, 0.95 
quantile, for Acetochlor (calculated value):

> calc_mc_oral_equiv(0.1,chem.cas="34256-82-1")
uM concentration converted to mgpkgpday dose for 0.95 quantile.

95% 

0.04530

#State-state oral equivalent dose (mg/kg BW/day) to produce 0.1 uM serum concentration for rat, 0.95 
quantile, for Acetochlor (calculated value):

> calc_mc_oral_equiv(0.1,chem.cas="34256-82-1",species="Rat")
uM concentration converted to mgpkgpday dose for 0.95 quantile.

95% 

0.1376

#State-state oral equivalent dose (mg/kg BW/day) to produce 0.1 uM serum concentration for human, 0.95 
quantile, for Acetochlor (published value):

> get_lit_oral_equiv(0.1,chem.cas="34256-82-1")
Human uM concentration converted to mg /kg bw/day dose.

[1] 0.6750
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IVIVE with HTTK:
Frank et al. (2018)
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IVIVE with HTTK:
Frank et al. (2018)
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Vignettes in R

Frank2018 Frank et al. (2018): Creating IVIVE Figure (Fig. 6) (source, html)

Honda2019 Honda et al. (2019): Updated Armitage et al. (2014) Model (source, html)

LinakisSubmitted Linakis et al. (Submitted): Analysis and Figure Generation (source, html)

Pearce2017 Pearce et al. (2017): Creating Partition Coefficient Evaluation Plots (source, html)

Ring_2017_vignette06_aerplotting Ring et al. (2017): AER plotting (source, html)

Ring_2017_vignette02_evalmodelsubpop Ring et al. (2017): Evaluating HTTK models for subpopulations (source, html)

Ring_2017_vignette03_paper_fig2 Ring et al. (2017): Generating Figure 2 (source, html)

Ring_2017_vignette04_paper_fig3 Ring et al. (2017): Generating Figure 3 (source, html)

Ring_2017_vignette01_subpopulations Ring et al. (2017): Generating subpopulations (source, html)

Ring_2017_vignette05b_plothowgatejohnson Ring et al. (2017): Plotting Howgate/Johnson data (source, html)

Ring_2017_vignette_05a_virtualstudypops Ring et al. (2017): Virtual study populations (source, html)

Wambaugh2018 Wambaugh et al. (2018): Creating All Figures (source, html)

Wambaugh2019 Wambaugh et al. (2019): Creating Figures for the Manuscript (source, html)

> vignette(package="httk")

A vignette is R terminology for an example or walk-through that provides the code and outputs for doing a task in R.

List all vignettes for a specific package
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Vignettes in R

> vignette("Frank2018")

A vignette is R terminology for an example or walk-through that provides the code and outputs for doing a task in R.
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Vignettes in R

> vignette("Frank2018")

A vignette is R terminology for an example or walk-through that provides the code and outputs for doing a task in R.
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Vignettes in R

> vignette("Frank2018")

A vignette is R terminology for an example or walk-through that provides the code and outputs for doing a task in R.
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Vignettes in R

> vignette("Frank2018")

A vignette is R terminology for an example or walk-through that provides the code and outputs for doing a task in R.
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https://CRAN.R-project.org/package=httk

43 of 38

Vignettes in R

Vignettes are also available from the
CRAN web-page and help(package="httk")

https://cran.r-project.org/package=httk
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For the Kids at Home

https://www.louvre.fr/en/visites-en-ligne
Virtual Tours of the Louvre

Exhibition: The Advent of the Artist’.
For its fifth season, the Louvre’s Petite 
Galerie—a space dedicated to art and 
cultural education— is holding an 
exhibition titled ‘The Advent of the Artist’. 
Discover artworks from Delacroix, 
Rembrandt or Tintoretto.

Egyptian Antiquities
Collections from the Pharaonic period are 
displayed on the east side of the Sully 
wing, on the ground floor and 1st floor.

Remains of the Louvre's Moat
The Louvre was originally a fortress built by the French 
king Philippe Auguste. It was intended to reinforce the 
defenses that the king had ordered to be built in 1190 to 
protect Paris from attack via the Seine. Today, visitors 
can walk around the original perimeter moat and view 
the piers that supported the drawbridge.

Galerie d'Apollon
The Galerie d'Apollon, situated above the Petite 
Galerie, was destroyed by fire in 1661 and rebuilt by Le 
Vau. The ceiling, begun by Le Brun, is a homage to the 
Sun King, Louis XIV. The central panel, Apollo Slaying 
the Serpent Python, is by Delacroix (1851). The gallery 
was recently restored.

https://www.louvre.fr/en/visites-en-ligne
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TK Statistics

> calc_stats(chem.cas="34256-82-1")
Human plasma concentrations returned in uM units.

AUC is area under plasma concentration curve in uM * days units with Rblood2plasma = 

$AUC

[1] 3.541

$peak

[1] 0.8966

$mean

[1] 0.1265

#Oops, I meant to do a rat, not a human study:

> calc_stats(chem.cas="34256-82-1", species="rat")
Rat plasma concentrations returned in uM units.

AUC is area under plasma concentration curve in uM * days units with Rblood2plasma = .

$AUC

[1] 1.287

$peak

[1] 0.4182

$mean

[1] 0.04596

Calculate the mean, AUC, and peak concentrations for a 28 day study (default)
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Getting Help:
Within R: type “help(httk)”
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Getting Help:
Within R: type “help(httk)”

You can go straight
to the index with 
help(package="httk")
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Getting Help:
Within R: type “help(httk)”
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Getting Help:
Within R: type “help(httk)”
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Getting Help:
Within R: type “help(httk)”

Please also feel free to email me at wambaugh.john@epa.gov

mailto:wambaugh.john@epa.gov
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A General Physiologically-based Toxicokinetic 
(PBTK) Model

 “httk” includes a generic PBTK model

 Some tissues (for example, arterial blood) are simple compartments, 
while others (for example, kidney) are compound compartments 
consisting of separate blood and tissue sections with constant 
partitioning (that is, tissue specific partition coefficients)

 Some specific tissues (lung, kidney, gut, and liver) are modeled 
explicitly, others (for example, fat, brain, bones) are lumped into the 
“Rest of Body” compartment.

 The only ways chemicals “leave” the body are through metabolism 
(change into a metabolite) in the liver or excretion by glomerular 
filtration into the proximal tubules of the kidney (which filter into the 
lumen of the kidney). 

Inhaled Gas

Qliver

Qgut

Qgut

Kidney Blood

Gut Blood

Gut Lumen

QGFR
Kidney Tissue

Liver Blood

Liver Tissue

Qrest

Lung Blood
Lung Tissue Qcardiac

Qmetab

Body Blood

Rest of Body

Qkidney

Arterial  B
loodVe

no
us

  B
lo

od
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Media

Lung Blood Qcardiac

Qliver

Qgut

Qrichly
perfusedRest-of-Body Blood

Gut Blood

QGFR
Rest-of-Body

Liver Blood

Liver Tissue

Qkidney

Lung Tissue

CLmetabolism

Tissue Blood

Kidney Tissue

Qgut

Arterial  BloodVe
no

us
  B

lo
od

Gut Tissue

Non-Exposed Skin Tissue

Non-Exposed Skin Blood

Exposed Skin Blood

Exposed Skin Tissue

Standard httk 2.0.1 PBTK Model

New HT-PBTK Models

Dermal Exposure Route

 We are working to augment the basic HT-PBPTK model with 
new PBTK models
 For example, inhalation PBTK will allow for calculation of 

“inhalation equivalent doses” instead of oral equivalents

 Each model will be released publicly upon peer-reviewed 
publication

 Pre-publication models can be shared under a material transfer 
agreement (MTA)

 We assume there will be coding errors and over-simplifications, 
so each publication involves curation of evaluation data from 
the scientific literature and through statistical analysis
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Generic Gas Inhalation Model

Lung Tissue

Lung Blood

Alveolar Space

Gut Tissue

Gut Blood

Gut Lumen

Liver Tissue

Liver Blood

Body Tissue

Body Blood

Kidney Tissue

Kidney Blood

Qcardiac

Arterial Blood

Qkidney

Qrest

Qliver

Qgut

Ve
no

us
 B

lo
od

Qalv Qalv

Inhaled Air

kgutabs

Clmetabolism

Qgfr

Exhaled Breath

(MM Elim)

Mucous

 Inhalation is an important route of exposure, particularly for 
occupational settings

 “Development and Evaluation of a High Throughput 
Inhalation Model for Organic Chemicals” by Linakis et al. was 
just accepted at Journal of Exposure Science and 
Environmental Epidemiology

 The structure of the inhalation model was developed from 
two previously published physiologically-based models from 
Jongeneelen et al. (2011) and Clewell et al. (2001) 

 The model can be parameterized with chemical-specific in 
vitro data from the HTTK package for 917 chemicals in human 
and 181 chemicals in rat

 Model was made publicly available with the release of httk 
v2.0.0 in February 2020
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Developing Models with the CvT Database

 Access to in vivo concentration vs. time data 
made it easier to identify coding and other 
modeling errors

 142 exposure scenarios across 41 volatile 
organic chemicals were modeled and compared 
to published in vivo data for humans and rat

 Overall RMSE was 0.69, R2 was 0.54 for full 
concentration time-course across all chemicals 
and both species

Linakis et al. (accepted)
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Developing Models with the CvT Database

 Access to in vivo concentration vs. time data 
made it easier to identify coding and other 
modeling errors

 142 exposure scenarios across 41 volatile 
organic chemicals were modeled and compared 
to published in vivo data for humans and rat

 Overall RMSE was 0.69, R2 was 0.54 for full 
concentration time-course across all chemicals 
and both species

 R2 was 0.69 for predicting peak concentration

Linakis et al. (accepted)
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Developing Models with the CvT Database

Linakis et al. (accepted)

 Access to in vivo concentration vs. time data 
made it easier to identify coding and other 
modeling errors

 142 exposure scenarios across 41 volatile 
organic chemicals were modeled and compared 
to published in vivo data for humans and rat

 Overall RMSE was 0.69, R2 was 0.54 for full 
concentration time-course across all chemicals 
and both species

 R2 was 0.69 for predicting peak concentration
 R2 was 0.79 for predicting time integrated 

plasma concentration (Area Under the Curve, 
AUC)
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Developing Models with the CvT Database

 Access to in vivo concentration vs. time data 
made it easier to identify coding and other 
modeling errors

 Access to in vivo concentration vs. time data 
also made it easier to find fault with specific 
data sets

Figure from Matt Linakis (AFRL)

Correct
Used 4h 
exposure instead 
of 2h
Used mg/m3 
dose units 
instead of ppm
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Developing Models with the CvT Database
Units on axis in 

paper figure 
caption were 

wrong Access to in vivo concentration vs. time data 
made it easier to identify coding and other 
modeling errors

 Access to in vivo concentration vs. time data 
also made it easier to find fault with specific 
data sets
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Using the PBPK Solver

> solve_pbtk(chem.name="bisphenol a", plots=TRUE)
Human amounts returned in umol and concentration returned in uM units.

AUC is area under plasma concentration in uM * days units with 

Rblood2plasma = 0.79.

time Agutlumen Cgut Cliver Cven Clung     Cart   Crest  Ckidney Cplasma Atubules Ametabol

1    0.00000 3.066e+02  0.00000 0.000e+00 0.000e+00 0.00000 0.000000 0.00000  0.00000 0.000e+00 0.000000    0.000  

2    0.00001 3.065e+02  0.14490 4.420e-05 5.000e-09 0.00000 0.000000 0.00000  0.00000 6.000e-09 0.000000    2.000

3    0.01042 1.778e+02 71.93000 2.389e+01 2.896e-01 2.35000 0.252600 0.06639  3.17400 3.666e-01 0.001966    1.106  

4    0.02083 1.031e+02 72.91000 4.930e+01 6.929e-01 5.95300 0.664000 0.41390 12.54000 8.771e-01 0.019810    5.487  

5    0.03125 5.978e+01 59.22000 5.922e+01 9.241e-01 8.08000 0.911200 0.97380 20.04000 1.170e+00 0.058150    1.191  

6    0.04167 3.466e+01 45.55000 5.813e+01 9.967e-01 8.78000 0.994800 1.58800 23.48000 1.262e+00 0.109100    1.878  

7    0.05208 2.010e+01 34.87000 5.188e+01 9.783e-01 8.64800 0.981800 2.15200 23.99000 1.238e+00 0.164200    2.518  

8    0.06250 1.165e+01 27.10000 4.416e+01 9.207e-01 8.15100 0.926200 2.62100 23.00000 1.165e+00 0.218600    3.075  

9    0.07292 6.757e+00 21.62000 3.683e+01 8.536e-01 7.55900 0.859300 2.98700 21.46000 1.081e+00 0.269900    3.543  

10   0.08333 3.918e+00 17.79000 3.061e+01 7.910e-01 7.00300 0.796000 3.26100 19.89000 1.001e+00 0.317600    3.933  

11   0.09375 2.272e+00 15.12000 2.566e+01 7.380e-01 6.53100 0.742100 3.45800 18.49000 9.342e-01 0.361800    4.257  

12   0.10420 1.317e+00 13.28000 2.186e+01 6.955e-01 6.15200 0.698800 3.59600 17.34000 8.804e-01 0.403100    4.532  

13   0.11460 7.638e-01 11.99000 1.903e+01 6.625e-01 5.85700 0.665000 3.68800 16.44000 8.386e-01 0.442000    4.768  

14   0.12500 4.429e-01 11.10000 1.694e+01 6.372e-01 5.63000 0.639100 3.74800 15.74000 8.066e-01 0.479100    4.975  

15   0.13540 2.568e-01 10.47000 1.543e+01 6.179e-01 5.45800 0.619400 3.78300 15.20000 7.822e-01 0.514700    5.162  

1



60 of 71 Office of Research and Development

Multiple Ways to Use Functions

> calc_analytic_css(chem.name="bisphenol a", model="pbtk")
Plasma concentration returned in uM units.
[1] 1.173

> calc_analytic_css(chem.cas="80-05-7", model="pbtk")
Plasma concentration returned in uM units.
[1] 1.173

> p <- parameterize_pbtk(chem.cas="80-05-7") 
> p$Qgfrc <- p$Qgfrc/10
> calc_analytic_css(parameters=p, model="pbtk")
Plasma concentration returned in uM units.
[1] 1.197

By chemical name:

By CAS number:

You can change the parameters (for example, compromised renal filtration):



61 of 71 Office of Research and Development

Media

Lung Blood Qcardiac

Qliver

Qgut
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perfusedRest-of-Body Blood

Gut Blood

QGFR
Rest-of-Body

Liver Blood

Liver Tissue
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Lung Tissue
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Tissue Blood

Kidney Tissue

Qgut

Arterial  BloodVe
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Gut Tissue

Non-Exposed Skin Tissue

Non-Exposed Skin Blood

Exposed Skin Blood

Exposed Skin Tissue

Standard httk 1.10.0 PBTK Model

New HT-PBTK Models

Dermal Exposure Route
EPA, Unilever



62 of 71 Office of Research and Development

Media

Lung Blood Qcardiac

Qliver

Qgut

Qrichly
perfusedRest-of-Body Blood

Gut Blood
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Standard httk 1.10.0 PBTK Model

New HT-PBTK Models
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Lung Blood
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Inhaled Aerosol

Dermal Exposure Route
EPA, Unilever

Aerosol Inhalation 
Exposure Route 

(with APEX model)
EPA, AFRL

Gas Inhalation 
Exposure Route

(Linakis et al., 2020)
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Media
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Inhaled Aerosol

Dermal Exposure Route
EPA, Unilever

Gas Inhalation 
Exposure Route

(Linakis et al., 2020)

Aerosol Inhalation 
Exposure Route 

(with APEX model)
EPA, AFRL

Human Gestational Model
EPA, FDA

MotherFetus
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HTTK Limitations 

 Oral absorption
 100% assumed, but may be very different
 In silico models not necessarily appropriate for environmental chemicals
 Honda et al. (in preparation) developing QSAR using new in vitro data for ToxCast Chemicals
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HTTK Limitations 

 Oral absorption
 Hepatic Clearance (CLint)

 Not isozyme-specific (Isozyme-specific metabolism assays not HT)
 Ten donor pool in suspension for 2-4 h misses variability and low turnover compounds
 Isozyme abundances and activity: varies with age, ethnicity (at least) (Yasuda et al. 2008, Howgate

et al. 2006, Johnson et al. 2006)
 Parent chemical depletion only
 In silico predictions of isozyme-specific metabolism? Not easy!

 Though ADMET Predictor can do this for some isozymes, training data is mostly for 
pharmaceuticals
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HTTK Limitations 

 Oral absorption
 Hepatic Clearance (CLint)
 Plasma binding assay (Fup)

 Plasma protein concentration variability (Johnson et al. 2006, Israili et al. 2001)
 Albumin or AAG binding? (Routledge 1986)
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HTTK Limitations 

 Oral absorption
 Hepatic Clearance (CLint)
 Plasma binding assay (Fup)
 Analytical chemistry

 Must be able to develop method for each compound
 Working to develop QSARs for other compounds
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HTTK Limitations 

 Oral absorption
 Hepatic Clearance (CLint)
 Plasma binding assay (Fup)
 Analytical chemistry
 Relatively slow throughput (1000 chemicals in last decade)

 Quantitative Structure-Property Relationship (QSPR) models are being developed and evaluated as 
part of a collaborative study



69 of 71 Office of Research and Development

HTTK Limitations 

 Oral absorption
 Hepatic Clearance (CLint)
 Plasma binding assay (Fup)
 Analytical chemistry
 Relatively slow throughput (1000 chemicals in last decade)
 In vitro methods are less than ideal for volatile chemicals

• Generic inhalation TK IVIVE model has been developed (Linakis et al., submitted)
• QSPR models can be evaluated for volatile chemicals with measured data
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HTTK Limitations 

 Oral absorption
 Hepatic Clearance (CLint)
 Plasma binding assay (Fup)
 Analytical chemistry
 Relatively slow throughput (1000 chemicals in last decade)
 In vitro methods are less than ideal for volatile chemicals

HTTK QSPR Evaluation Team:
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Conclusions

 HTTK allows dosimetric adjustment of high-throughput 
screening (HTS) data across thousands of chemicals with 
open source, free, and evaluated software

 Comparison predicted concentrations and in vivo data is 
a valuable approach for evaluation and establishing 
confidence
 A new database of in vivo concentration vs. time data 

has being developed (Sayre et al., in press)
 Can characterize model bias and uncertainty

 Guided in part by “CvT” database, a generic inhalation 
model has been developed (Linakis et al., in press)

The views expressed in this presentation are those of the author 
and do not necessarily reflect the views or policies of the U.S. EPA

Potential 
Exposure Rate

mg/kg BW/day

Potential hazard 
from in vitro
converted to 

dose by  HTTK

Lower
Risk

Medium Risk Higher
Risk
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