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Using the ‘Golden Circle’ for the 
Transition to 21st Century Risk 
Assessment

Why?
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Understanding ‘Why’ We Need to 
Innovate In This Space…

Why?
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‘Golden Circle’ of 21st Century Risk 
Assessment

Why?

What?

How?
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Risk Assessments Generally Contain a 
Standard Set of Components

New technologies and approaches will also have to cover these 
basic components

Phys Chem

Exposure

Hazard
Dose Response, 
PK, and PODs

Risk Summary
Uncertainty

Variability
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It All Starts With Chemistry…

• Chemical structure database of >700,000 unique substances with QC flags to 
link chemical structure with names and identifiers

• Consensus QSAR models for a range of physical chemical properties, 
environmental fate, and hazard characteristics

• Comprehensive physical-chemical property database (experimental and 
predicted)

https://comptox.epa.gov/dashboard
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Adding the High-Throughput Hazard 
Screening Component

ToxCast

Concentration

R
es

po
ns

e

~600 Cell & 
biochemical 

assays

~1,000 
Chemicals

Tox21

~30 Cell & 
biochemical 

assays

~8,000 
Chemicals

Set Chemicals Assays Completion

ToxCast Phase I 293 ~600 2011

ToxCast Phase II 767 ~600 2013

ToxCast Phase III 1001 ~100 Ongoing

E1K (endocrine) 880 ~50 2013
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Broad Success Derived from High-
Throughput Screening Approaches

Provide Mechanistic 
Support for Hazard ID

Group Chemicals by 
Similar Bioactivity and 
Predictive Modeling

Prioritization of Chemicals 
for Further Testing 

Assays/Pathways

C
he

m
ic

al
s

IARC Monographs 110, 112, 113

FIFRA SAP, Dec 2014
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Selected Criticisms of ToxCast

• You don’t include metabolism in your in vitro assays

• You don’t measure my favorite endpoint

• You don’t cover all of biological space

• In vitro assays are not normal biology

• Assay (x) in your battery did not get the right answer for my 
chemical

• My assay disagrees with your assay (x), so your approach is flawed

• You can’t test my favorite chemicals because of limitations in your 
methods (e.g., solvents, high LogP)

• Your assay descriptions to do not allow me to reproduce your 
results

• I get different answers when I analyze your data
Updated from Bob K’s original list
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Beginning to Address Concerns 
for Increased Biological Coverage

Requirements:

• Whole genome
• 384 well
• Automatable

• Low cost

Thousands of chemicals Multiple Cell Types

X
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Comparing Sequencing Platforms 
and Developing Analysis Approach

TruSeq
r2 0.74

TempO-Seq
r2 0.75

Low Coverage
r2 0.83

Currently capable of assigning to >40 
MOAs/MIEs based on transcriptional 
responses

MOA/MIE Analysis Pipeline

• Large scale screen of 1,000 chemicals (ToxCast I/II) 
in single cell type this summer

• Additional screens across multiple cell types/lines
• Additional reference chemicals and genetic 

perturbations (RNAi/CRISPR/cDNA)
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Beginning to Address Metabolic 
Competence

“Extracellular”
Approach

“Intracellular”
Approach

Chemicals metabolism in the media or 
buffer of cell-based and cell-free assays

Capable of metabolizing chemicals 
inside the cell in cell-based assays

More closely models effects of hepatic 
metabolism and generation of circulating 

metabolites

More closely models effects of target 
tissue metabolism

Integrated approach to model in vivo
metabolic bioactivation and detoxification
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Framework for Integrating Hazard 
Components…

Tier 2
Select In Vitro

Assays

Tier 1High-Throughput 
Transcriptomic

Assay

No Defined Biological 
Target or Pathway

Defined Biological 
Target or Pathway

Tier 3

Organotypic Assays 
and Microphysiological

Systems

Estimate Point-of-Departure 
Based on Likely Tissue- or 
Organ-level Effect without 

AOP

Estimate Point-of-Departure 
Based on Pathway 

Transcriptional Perturbation

Orthogonal confirmation

Identify Likely Tissue-, 
Organ-, or Organism 

Effect and Susceptible 
Populations

In Vitro
Assays for other KEs 

and Systems Modeling

Existing AOP No AOP

Estimate Point-of-
Departure Based on AOP

Multiple Cell Types
+/- Metabolic Competence

MOA/MIE 
Identification
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Adding the High-Throughput 
Toxicokinetic Component

Rotroff et al., Tox Sci., 2010
Wetmore et al., Tox Sci., 2012

Reverse 
Dosimetry

Oral 
Exposure

Plasma 
Concentration

In Vitro Potency 
Value

Oral Dose Required 
to Achieve Steady 

State Plasma 
Concentrations 

Equivalent to In Vitro
Bioactivity

Human Liver 
Metabolism

Human Plasma 
Protein Binding

Population-Based  
IVIVE Model

Upper 95th Percentile Css
Among 100 Healthy 

Individuals of Both Sexes 
from 20 to 50 Yrs Old

EPA ToxCast Phase I 
and II Chemicals • Currently evaluated ~700 ToxCast Phase I and II 

chemicals
• Models available through ‘“httk” R package 

(https://cran.r-project.org/web/packages/httk/)

https://cran.r-project.org/web/packages/httk/
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Comparing Dosimetry Adjusted 
Bioactivity with Exposure

Wetmore et al., Tox Sci., 2012

Fe
nt

in
 H

yd
ro

xi
de

C
lo

pr
op

Q
ui

no
xy

fe
n

Sp
iro

xa
m

in
e

En
do

su
lfa

n
Ip

ro
di

on
e

N
ic

lo
sa

m
id

e
H

al
os

ul
fu

ro
n-

m
et

hy
l

C
yp

ro
di

ni
l

Pr
om

et
on

Em
am

ec
tin

 b
en

zo
at

e
A

ci
flu

or
fe

n
Pa

ra
th

io
n

Et
ox

az
ol

e
Fe

no
xy

ca
rb

Li
nd

an
e

Et
ha

lfl
ur

al
in

2,
4-

D
B

Tr
i-a

lla
te

Fe
nb

uc
on

az
ol

e
C

hl
or

py
rif

os
-m

et
hy

l
B

en
su

lfu
ro

n-
m

et
hy

l
C

hl
or

et
ho

xy
fo

s
Is

ox
ab

en
D

ic
lo

fo
p-

m
et

hy
l

Pr
op

et
am

ph
os

Tr
ifl

ox
ys

ul
fu

ro
n-

so
di

um
In

do
xa

ca
rb

D
ic

hl
or

pr
op

M
C

PA
B

en
ta

zo
ne

Q
ui

nc
lo

ra
c

D
ic

of
ol

Pr
os

ul
fu

ro
n

Io
do

su
lfu

ro
n-

m
et

hy
l-s

od
iu

m
Py

rit
hi

ob
ac

-s
od

iu
m

Es
fe

nv
al

er
at

e
2,

4-
D

D
ic

hl
or

an
Im

az
al

il
C

lo
fe

nt
ez

in
e

Pr
od

ia
m

in
e

PF
O

S
N

ap
ro

pa
m

id
e

B
ife

nt
hr

in
Pr

om
et

ry
n

D
in

ic
on

az
ol

e
Th

id
ia

zu
ro

n
Pi

cl
or

am
Fi

pr
on

il
Pr

op
az

in
e

N
itr

ap
yr

in
Te

bu
fe

np
yr

ad
R

ot
en

on
e

B
ro

m
ac

il
Fe

na
rim

ol
D

ic
lo

su
la

m
Pi

rim
ip

ho
s-

m
et

hy
l

Et
ha

m
et

su
lfu

ro
n-

m
et

hy
l

Fo
rc

hl
or

fe
nu

ro
n

0.00001

0.0001

0.001

0.01

0.1

1

10

100

1000

10000

100000

O
ra

l E
qu

iv
al

en
t D

os
e 

or
 E

st
im

at
ed

 E
xp

os
ur

e
(m

g/
kg

/d
ay

)

La
ct

of
en

D
ith

io
py

r
A

ni
la

zi
ne

C
hl

or
pr

op
ha

m
D

ia
zi

no
n

Fl
um

et
ra

lin
Py

ra
cl

os
tr

ob
in

Py
rid

ab
en

C
lo

ro
ph

en
e

O
xa

di
az

on
C

ou
m

ap
ho

s
Te

tr
ac

on
az

ol
e

Th
io

be
nc

ar
b

Fl
um

et
su

la
m

Pr
op

yz
am

id
e

M
on

o-
n-

bu
ty

l P
ht

ha
la

te
M

es
os

ul
fu

ro
n-

m
et

hy
l

A
m

et
ry

n
C

yc
lo

at
e

Fe
ni

tr
ot

hi
on

H
ex

yt
hi

az
ox

Tr
iti

co
na

zo
le

M
et

ho
xy

fe
no

zi
de

Fe
nt

hi
on

Pe
no

xs
ul

am
C

yr
om

az
in

e
A

tr
az

in
e

Pr
op

an
il

Tr
ia

di
m

en
ol

Fl
ud

io
xo

ni
l

M
ilb

em
ec

tin
Fl

uo
xa

st
ro

bi
n

Pi
pe

ro
ny

l b
ut

ox
id

e
Tr

ic
lo

py
r

Im
az

ap
yr

C
yp

ro
co

na
zo

le
B

ut
ac

hl
or

N
ov

al
ur

on
Im

az
aq

ui
n

B
ut

yl
at

e
Pe

nd
im

et
ha

lin
O

xa
su

lfu
ro

n
Ph

os
al

on
e

Pe
rm

et
hr

in
Fl

ur
ox

yp
yr

Te
rb

ac
il

Si
m

az
in

e
B

ut
ra

lin
R

es
m

et
hr

in
B

up
ro

fe
zi

n
M

et
hy

l P
ar

at
hi

on
Fl

uo
m

et
ur

on
B

en
flu

ra
lin

B
os

ca
lid

A
ce

ta
m

ip
rid

Fl
ut

ol
an

il
C

in
m

et
hy

lin
Pr

oc
hl

or
az

Tr
ifl

ur
al

in
N

or
flu

ra
zo

n

0.00001

0.0001

0.001

0.01

0.1

1

10

100

1000

10000

100000

O
ra

l E
qu

iv
al

en
t D

os
e 

or
 E

st
im

at
ed

 E
xp

os
ur

e
(m

g/
kg

/d
ay

)

Te
bu

pi
rim

fo
s

Tr
ifl

um
iz

ol
e

Tr
ic

lo
sa

n
Fo

st
hi

az
at

e
Py

rim
et

ha
ni

l
A

m
itr

az
H

PT
E

M
G

K
D

iu
ro

n
M

et
ho

xy
ch

lo
r

Tr
ia

su
lfu

ro
n

Q
ui

nt
oz

en
e

Fo
ra

m
su

lfu
ro

n
Fl

ua
zi

na
m

R
im

su
lfu

ro
n

D
ife

no
co

na
zo

le
B

en
om

yl
Pr

op
ox

ur
M

et
su

lfu
ro

n-
m

et
hy

l
Th

ia
be

nd
az

ol
e

Is
az

of
os

M
yc

lo
bu

ta
ni

l
M

al
at

hi
on

PF
O

A
Te

flu
th

rin
Te

bu
fe

no
zi

de
Is

ox
af

lu
to

le
EP

TC
Fl

us
ila

zo
le

H
ex

ac
on

az
ol

e
Zo

xa
m

id
e

Fe
na

m
id

on
e

A
ld

ic
ar

b
D

is
ul

fo
to

n
Fl

um
io

xa
zi

n
Et

rid
ia

zo
le

D
ic

hl
ob

en
il

Te
pr

al
ox

yd
im

2-
Ph

en
yl

ph
en

ol
D

im
et

ho
at

e
Th

ia
zo

py
r

zo
qu

at
 m

et
hy

l s
ul

fa
te

D
ic

ro
to

ph
os

A
ba

m
ec

tin
M

ol
in

at
e

B
en

su
lid

e
D

im
et

ho
m

or
ph

-D
es

is
op

ro
py

la
tr

az
in

e
te

tr
ac

yc
lin

e 
di

hy
dr

at
e

Th
ia

m
et

ho
xa

m
Im

az
et

ha
py

r
C

lo
th

ia
ni

di
n

D
ip

he
ny

la
m

in
e

Fe
no

xa
pr

op
-e

th
yl

A
zo

xy
st

ro
bi

n
O

ry
za

lin
C

lo
m

az
on

e
Se

th
ox

yd
im

M
et

rib
uz

in
D

ie
th

yl
 to

lu
am

id
e

0.00001

0.0001

0.001

0.01

0.1

1

10

100

1000

10000

100000

 
 

 
 

 

C
hl

or
on

eb
Pa

cl
ob

ut
ra

zo
l

Py
rip

ro
xy

fe
n

M
es

ot
rio

ne
D

ic
am

ba
O

xy
flu

or
fe

n
C

ac
od

yl
ic

 a
ci

d
A

ce
ph

at
e

C
hl

or
id

az
on

Li
nu

ro
n

Im
az

am
ox

M
et

hi
da

th
io

n
C

ar
bo

xi
n

Im
az

ap
ic

Pi
rim

ic
ar

b
O

xa
m

yl
Et

ho
pr

op
C

ya
na

zi
ne

Fe
na

m
ip

ho
s

Tr
ia

di
m

ef
on

C
yc

la
ni

lid
e

Th
ia

cl
op

rid
lu

ro
xy

py
r-

m
ep

ty
l

Ph
en

ox
ye

th
an

ol
B

is
ph

en
ol

-A
Te

tr
am

et
hr

in
M

et
al

ax
yl

hy
he

xy
l p

ht
ha

la
te

Fe
nh

ex
am

id
Ic

ar
id

in
Tr

ifl
us

ul
fu

ro
n

Pr
op

am
oc

ar
b 

H
C

l
B

en
di

oc
ar

b
Te

bu
th

iu
ro

n
Vi

nc
lo

zo
lin

Tr
ib

uf
os

B
ife

na
za

te
Im

id
ac

lo
pr

id
M

et
ol

ac
hl

or
Et

ho
fu

m
es

at
e

io
ph

an
at

e 
m

et
hy

l
Fl

uf
en

ac
et

D
az

om
et

B
ro

m
ox

yn
il

Su
lfe

nt
ra

zo
ne

D
im

et
he

na
m

id
S-

B
io

al
le

th
rin

C
ar

ba
ry

l
A

la
ch

lo
r

H
ex

az
in

on
e

A
zi

np
ho

s-
m

et
hy

l
A

ce
to

ch
lo

r
is

,tr
an

s-
 A

lle
th

rin
Py

m
et

ro
zi

ne
Fo

rm
et

an
at

e 
H

C
l

Fl
ua

zi
fo

p-
P-

bu
ty

l
D

ib
ut

yl
 p

ht
ha

la
te

im
et

hy
l p

ht
ha

la
te

D
ia

zo
xo

n

0.00001

0.0001

0.001

0.01

0.1

1

10

100

1000

10000

100000

O
ra

l E
qu

iv
al

en
t D

os
e 

or
 E

st
im

at
ed

 E
xp

os
ur

e
(m

g/
kg

/d
ay

)

Assay 
Bioactivity

Exposure 
Range



National Center for
Computational Toxicology

But, Exposure Information is 
Lacking on Most Chemicals
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Adding the High-Throughput 
Exposure Component

(Bio) 
Monitoring

Dataset 1

Dataset 2
…

e.g., CDC 
NHANES 
study

Wambaugh et al., 2014

Predicted 
Exposures

…

Use

Production 
Volume

Inferred 
Exposures

Pharmacokinetic 
Models

Estimate 
Uncertainty

Calibrate 
models

In
fe

rr
ed

 E
xp

os
ur

e

Predicted Exposure

• Exposures estimated for 
>8,000 chemicals

• 4 product use categories plus 
production volume explain 
~50% of the variance in the 
NHANES data

• The same five variables work 
for all NHANES demographic 
groups analyzed – stratified by 
age, sex, and body-mass 
index

• Uncertainty captured in 
exposure estimates
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Comparing Bioactivity with Exposure 
Predictions for Risk Context

Wetmore et al., Tox Sci., 2015

Chemicals

In Vitro 
Bioactivity

Exposure 
Predictions

With 
Uncertainty
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Adding in Uncertainty and 
Variability for PD and PK

Propagation of Experimental Uncertainty in 
High-Throughput Toxicokinetic Estimates

Propagation of Experimental Uncertainty in 
Models of ER Potency 

Chemical Rank
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Variability Predominates

Uncertainty 
Predominates
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Covering All the Components of a 
21st Century Risk Assessment

Phys Chem

Exposure

Hazard
Dose Response, 
PK, and PODs

Risk Summary
Uncertainty

Variability
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‘Golden Circle’ of 21st Century Risk 
Assessment

Why?

What?

How?
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Regulatory Applications Require More 
Focus on Quality and Transparency

• Public release of Tox21 and ToxCast data on 
PubChem and EPA web site (raw and processed 
data)

• Publicly available ToxCast data analysis pipeline
• Data quality flags to indicate concerns with chemical 

purity and identity, noisy data, and systematic assay 
errors

• Tox21 and ToxCast chemical libraries have undergone 
analytical QC and results publicly available

• Public posting of ToxCast procedures
• Chemical Procurement and QC
• Data Analysis 
• Assay Characteristics and Performance

• External audit on ToxCast data and data analysis 
pipeline

• Migrating ToxCast assay annotations to OECD 211 
compliant format

     
 

     
 

FLAGS:
Only one conc above baseline, active
Borderline active
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Application to Regulatory 
Decisions for Endocrine Screening
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Beginning Application to 
Quantitative Risk Assessment  
Through New ‘RapidTox’ Dashboard

• Semi-automated decision support tool with dashboard interface for high-throughput 
risk assessments

• Integrate a range of information related to chemical properties, fate and transport, 
hazard, and exposure

• Transparent and interactive enough to enable expert users to review the assumptions 
made and refine the predictions 

• Deliver quantitative toxicity values with associated estimates of uncertainty
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Thank You for Your Attention!

Tox21 Colleagues:
NTP Crew
FDA Collaborators
NCATS Collaborators

EPA Colleagues:
NERL
NHEERL
NCEA

Collaborators:
Unilever

EPA’s National Center for Computational Toxicology
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