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The series of events (or interconnecting paths) from introduction of a stressor
into the environment and its movement through the environment via specific

pathways to the receptor and the triggering of a biological response of potential

regulatory concern
National Academies of Sciences, Engineering, and Medicine. 2017.
Using 21st Century Science to Improve Risk-Related Evaluations.
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envronmental eatn scences —— What is the “exposure-to-outcome continuum™?

The series of events (or interconnecting paths) from introduction of a stressor
into the environment and its movement through the environment via specific

pathways to the receptor and the triggering of a biological response of potential
regulatory concern

National Academies of Sciences, Engineering, and Medicine. 2017. Using 21st Century
Science to Improve Risk-Related Evaluations.
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spatiotemporal exposure to individual and population-level risk. Human Genomics.
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Predictive Toxicology requires mechanistic knowledge of what’s
happening to receptors between exposures and outcomes

Exposure Receptor(s) Outcome
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N|H National Insttute of Measurements available at different scales across

NAMs (/incl. assays + models + integrative approaches)

provide a mechanistic bridge to advance predictive

toxicology at several points along the exposure-to-
outcome continuum
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What kinds of exposure measures can NAMs help
bridge to outcomes?



Typical exposure measurements across the
continuum

NIH National Institute of
Environmental Health Sciences
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AMBIENT MONITORING

Measure environmental
concentrations in media

PERSONAL EXPOSURE
MONITORING

Measure what individuals
inhale, ingest, or contact

Measure chemicals or their
metabolites in biologlcal

INTERNAL DOSE / SURVEYS &
BIOMARKERS EXPOSURE DIARIES

Self-reported activities,
behaviors, and locations to

specimens estimate personal exposure
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Source
(Air, Water, Food)

External Exposure
(Geo/Maps)

Internal Exposure
(Body Systems)

Molecular Cellular Tissue Organismal Individual Human ~ Human Populations
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PERSONAL EXPOSURE
MONITORING

Measure what individuals
inhale, ingest, or contact
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748 Honry i 3 - For context on how sophisticated and widely-used Al

Greaavevier 2 =1 personal exposure monitoring applications already are:

908 » These screencaps are from tech used for youth soccer
(The player highlighted here is my son, and he consented
to this usage)

* Tracking happens without wearing any external device -

ot 00@- &N visual recognition Al tracks each player all over the field!

T —— * Player-specific highlights are automatically created by an

Al engine within hours after each game!

29:44 ‘@'*3 & box touchchain
def 15 — at

2154 PHSGO@@QE v ovencran
P att¥s — mid V3

46:59 () & mian

T y ° Think of the parallels to applications:

- (K top left)y What
types/kinds of behavior do
people engage in, and at

s | what frequency?

il = * (lower right=p) Can we

associate individual

profiles/roles with differential Player A:

Defender
exposure spaces?

) #48HenryReif

ayer B:

Offeiﬂer/ Forward
y

Q Find another player
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What about complex, real-world exposure
scenarios?
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Health and Extreme Weather (HEW) program
[RIIEY) s st o e s s 5

Research Grants & Contracts Careers & Training Mews & Events About NIEHS

Health & Education

Research

NIH Program on Health and Extreme Weather

Initiatives

East Palesting (Ohia) Train +
arch

Environmentsl Health +
Language Collaborative
Global Environmental Health  +
NIH Program on Health and  —
S New Strategic Framework
FR— The NIH Program on Health and Extreme Westher (HEW) has relessed the strategic framework which presents
it the mission, goals, and objectives of the HEW Program. as well as the high priority scientific approaches.
Research Activities
Read the HEW Strategic Framework B (6ME).

Research Highlights
Resources

NIH RADx Efforts at NIEHS
The National Institutes of Health (NIH) Program on Health and Extreme Weather

AL fesea (HEW) aims to better understand the direct and indirect impacts of extreme weather
Tox21 on the heslth of communities across America. This coordingted effort will address
ranstions Resestha 4 knowledge gaps and provide information that can be used for prevention,

NIEHS. preparedness, and solutions to save lives and improve quality of life for those

affected by extreme weather conditions and emerging environmental harms.
Women's Health Awareness 4

NIH Health and Extreme Weather
Program Strategic Framework

Protecting Health During Extreme .
Weather and Natural Disasters Read the HEW Strateglc

About the P n R h Activiti
S o= S mNaﬁonallnsli‘tutes of Health Fra mEWO rk

NIH is uniquely positioned to lead this solutions- The NIH HEW Pragram supports exploratory
focused research initiative to reduce the health research centers to foster and sustain

(Slide created by Charles Schmitt, Ann Liu, and Aubrey Miller, on behalf of team
@ https://www.niehs.nih.gov/research/programs/chords/hew-data/navigator) 11
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HEW Data Accelerator for connecting real-world
exposures with health data

NIH

Division of Translational Toxicology

A symphony of software tools to
streamline complex analysis

Amadeus &

repo status 'Active

Machine for Data, Environments,

and User Setup for common
environmental health datasets is
an R package developed to
improve and expedite users’
access to large, publicly available
geospatial datasets.

Beethoven

Building an Extensible,
Reproducible, Test-driven,
Harmonized, Open-source,
Versioned, Ensemble model for
air quality is an R package
developed to facilitate the
development of ensemble
models for air quality.

|O
5

opin

Computation of Spatial Data by
Hierarchical and Objective
Partitioning of Inputs for Parallel
Processing.

<

V)g\

GeoTox 4

repo status 'Active

GeoTox, or source-to-outcome,
modeling framework with an S3
object-oriented approach.
Facilitates the calculation and
visualization of single and
multiple chemical risk at
individual and group levels.

RGCA®

repo status 'Active

Implements Reflected
Generalized Concentration
Addition: A geometric, piecewise
inverse function for 3+
parameter sigmoidal models
used in chemical mixture
concentration-response
modeling.

PrestoGP

Scalable penalized regression on
spatio-temporal outcomes using
Gaussian processes. Designed
for big data, large-scale
geospatial exposure assessment,
and geophysical modeling.

Resources that address barriers and promote the ability
to identify, access, integrate, and reuse environmental

health data

Research

NIH Health & Extreme Weather (HEW) Data
Accelerator

Initiatives
Connecting Health Outcomes
Research and Data Systems
(CHORDS)

About CHORDS

CHORDS Project Team

Data Navigator

Health & Extreme
Weather (HEW) Data
Accelerator

About

Data Commons

Data Navigator
Data Standards
Highlghted Research
Publications

Software

Training and Use Cases

The Health and Extreme Weather (HEW) Data
Navigator helps researchers find HEW data via

artificial intelligence (Al) enhanced discovery

services.

Data Integration Resource

Driving the ability to identify, access, harmonize, and use earth and atmospheric
observations, environmental monitoring, and local data sources with health data.

Extreme weather and emerging environmental harms threaten the health and well-
being of people in the U.S. and globally.In response to growing needs in this area,
the NIH Dat lerator aims to build and sustainable
extramural investments to empower the use of health data to
understand the 1) health impacts of environmental exposures and extreme weather
and 2) critical value of interventions. An integral part to advancing this goal is to
bolster an health data that employs

environmental health data for research across the NIH portfolio and collaborates
with the interdisciplinary community to advance new research capabilites.

About Data Commons

‘The main components of the NIH Data Accelerator The HEW Data Commons aims to ensure all relevant
Program will address barriers and promote the HEW data assets are managed according to

ability to identify, access, integrate, and reuse (Findable, Accessible, Interoperable, and Reusable)

environmental health data. FAIR principals.

Data Integration Resource Data Navigator

‘The Health and Extreme Weather (HEW) Data The Health and Extreme Weather (HEW) Data

Integration Resource provides geospatial-based Navigator helps researchers find HEW data via
datasets, software, and expert support to integrate artificial intelligence (Al) enhanced discovery
health and extreme weather data. services.

Data Standards

These efforts will provide a dedicated and sustained
focus on advancing Findable, Accessible,
Interoperable, and Reusable (FAIR) practices,
including the creation and adoption of
environmental health data standards.

https://www.niehs.nih.gov/research/programs/chords/hew-data
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SURVEYS &
AMBIENT MONITORING EXPOSURE DIARIES
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First, we need a modeling framework that can
support modular integration across the source-to-
outcome continuum
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GeoTox: Modeling framework to connect data across the

source-to-outcome continuum

“GeoTox” framework

Kyle Messier

Spatiotemporal Exposures
and Toxicology (SET) Group

Aggregate Exposure

Adverse Outcome

Pathlway1 Path\l/vay2

| | |
Environmental External Internal Molecular Cellular & Individual Population

Mixture Exposure Exposure Targets & Tissue Outcomes Outcomes

Sources Events Effects
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1. Teeguarden JG, Tan YM, Edwards SW, Leonard JA, Anderson KA, Corley
RA, Kile ML, Simonich SM, Stone D, Tanguay RL, Waters KM. Completing
the link between exposure science and toxicology for improved environmental
health decision making: the aggregate exposure pathway framework.

2. http://aop.wiki.org; Society for the Advancement of Adverse Outcome Pathways
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Contents lists available at ScienceDirect o
TotalEnvironment
Measured and Modeled High Throughput Assays Science of the Total Environment
Environmental Contaminants
journal homepage: www.elsevier.com/locate/scitotenv
DATA CASRN AIR WATER ASSAY CASRN  MOLECULAR TARGET AC50
USGS N TOX21 A geospatial modeling approach to quantifying the risk of exposure to )
environmental chemical mixtures via a common molecular target s
NATA TOXCAST Kristin M. Eccles®, Agnes L. Karmaus' G % httpsi/jniehs.github.io/GeoTox/
John F. Wambaugh ¢, Kyle P. Messier
. Search for
Database Integration el s of e et S Do
© United States Environmental Protection Agency, Center for Compt Links
l GeoTox
HIGHLIGHTS <
. + We assess the geographic variation for the r
B AbSOI’ptlon - c s joint effect of many chemical exposures. GeoTox open-source R software package for characterizing the risk of per-
éi 4 > . T‘f:;“’}:“‘“‘_";"’"“‘“""";;f“‘“ NAMs turbing molecular targets involved in adverse human health outcomes based on exposure to License
N D|Stnbut|on z 1‘% . :-:e bciale'i;;, :m“l::ﬁms ‘were hetero- spatially-referenced stressor mixtures via the GeoTox framework - otherwise known as source-
. = geneously distributed across space. to-outcome-continuum modeling. The package, methods, and case-studies are described in
*9 - — - n chemicals, n assays * A - Exposure concentration, demographic, +fi
cln Metabolism * Concentration Response Modehng rﬁ and toxicokinetics influence variability.
¥ + We provide methods for modeling the o L
. —— ﬁ « Hazard Quotient 3 source-exposure-effect continuum. The GeoTox framework was first described in Community
—)‘(— E ; - ¢
xcretion 2 .
wvw
Installation -
External Exposure Internal Exposure Citation
install.packages("GeoTox")
TOXICOkInetICS % Developers
Development Version
Skylar Marvel
The development version can be installed from GitHub. Author
#install.packages ("pak") Da\\/id Relf
D ® pak: : pak ("NIEHS/GeoTox") Author
. Kyle Messier
ove rview Maintainer, author
Figure 1 below shows the steps in the source-to-outcome-continuum or GeoTox modeling frame-
work that is capable in the GeoTox package. blue text nodes represent an object and green text, Dev status

rounded nodes represent a methodology or function required to go from one to the next. The .
GeoTox package uses R S3 object-oriented programming to create the GeoTox object. The
GeoTox object is a list that contains all of the information required to run the analysis including

I nd IVId ual/ tracking exposure, assays, dose-response, and geospatial referencing.

» A

Molecular Initiating Cell/Tissue Organ/Syste !
Event (MIE) Effects m Effects  FOPulation

ff
Adverse Outcome Pathway (AOP) - oo tﬁfs?:kage Ge@&g"
Framework 9

Geospatial Exposure

Messier, Reif, and Marvel (2025). Human Genomics. Geo-referenced exposure analysis s Kyle Messier

NOT part of the GeoTox package.
The user is expected to bring an

Eccles et al. (2023). Science of the Total Environment. £X005U1% MOJEL 01 9212, The



N|H natonal nstite ot NAMs bridge from exposure (PFAS mixture) to outcome
Division of Translational Toxicology (RiSk) in a human population COhort (PEGS) (2)

Danielle Demateis
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Source

GeoTox uses NAMs data (httk + NICE + PFAS analytic data GBIFS""°""<G \ ) Drinking water concentrations
Tox21) to bridge from exposure (PFAS P | |
mixtures) to outcome (county-level risk),
parameterized by a human population
cohort (PEGS = Personalized Environment
and Genes Study)

In vitro assay data Demographics

- Generates testable outcome hypotheses
without requirement for new animal
experimentation

0 00 00

olofolelolololo

External Exposure Internal Exposure Molecular Cellular Tissue Organismal Individual Human = Human Populations

(Air, Water, Food) (Geo/Maps) (Body Systems)



N|H natonal nstiteot _NAMSs bridge from exposure (PFAS mixture) to outcome
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We can evaluate the uncertainty + sensitivity
of our estimates and build baselines for
predictive toxicology applications under
different exposure scenarios.

Figure: Estimated median hazard quotients
(HQ) assuming the PFAS mixture of PFOS
and PFOA exposure is more extreme than the
observed PFAS concentration in the real data.
The color scale is standardized across all
panels, with yellow indicating an exceedance
of the hazard threshold (HQ = 1).

Some counties may be more susceptible
under certain scenarios.
- We could ask mechanistic plausibility
questions from individual exposomics measured
in biosamples ...

HQ
1078 107 1072 10° 10°

(a) 10! xPFAS

107° 107 1072 10° 10°

HQ
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(e) 10°xPFAS

(Risk) in a human population cohort (PEGS) (5)
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National Institute of Predictive Toxicology workbench: Preparing for
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Division of Translational Toxicology event/disaster scenarios using Agent Based Models

Predictivity can be tested, refined,
revised, reparameterized as needs arise

U - experimental-informatic feedback

A
| |
Agents Agent Properties Simulate Agent Responses
e.g. Real-world data M 4
Location @ -
from PEGS
: . : . % Target Dose
epidemiological an Targeted _
cohort informs - > Genetics @ In-vitro ‘ :
. —N "
creation of Agents 60 0 ) Equivalent ¢
E:] ) - (Y ) @) Behavior ‘f_ Dose
-l o . R
‘ i ' =| Health Status - esponse

—/ N

Led by Kyle Messier (NIEHS) + Guojing Cong (ORNL)
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What kinds of exposure measures can help
strengthen NAMs as a mechanistic bridge?
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INTERNAL DOSE / SURVEYS &
T e BIOMARKERS EXPOSURE DIARIES

Measure environmental

N||.| National Institute of What if we added personal exposomics from

sl ooy i Measure chemicals or their Self-reported activities,
concenvaions in meai metabolites in biologlcal behaviors, and locations to
specimens estimate personal exposure
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Source External Exposure Internal Exposure Molecular Cellular Tissue Organismal Individual Human ' Human Populations
(Air, Water, Food) (Geo/Maps) (Body Systems)

National Institutes of Health « U.S. Department of Health and Human Services
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NIH National Institute of Tox21 x AllOfUs: NAMs x Metabolomics data as a mechanistic bridge

Metabolomics data from AllOfUs participants can be mapped Direct measurements of individual metabolomics are
to Tox21 profiling assays to add direct mechanistic context an opportunity to apply a precision environmental
AII Precision Environmental Health

health framework
900
Incident
Diabetes Cases
Of us Use of Omics and Exposures Retrospectively to Characterize Risk Features for Disease

- 900 OOO RESEARCH PROGRAM
X - Prevalent ( Omic Data ]
Diabetes Cases @ Precision
* Genomics P
« Epigenomics [ o~ } Py Health

885 oo°+ « Metabolomics \ lm J 2N e I- -I =
’ - Transcriptomics ‘» A Q‘ )D ® C‘ )D

‘f\' - L J :

Response

3,600

i Random Cohort
I Samples

Participants o~

Vd "\
\
1
]
\\ /
\ /
)

Exposure Data

= = Medications )f‘ i 6 =
£ | *Exercise \ [0®
& | - Stress N
INTERNAL DOSE /. SURVEYS & £ |- Diet Ve
BIOMARKERS EXPOSURE DIARIES 7 a8\
s ealocumo _ [+ Domicie /1 Risk
estimate personal exposure g . Occupational > p . f e -
5 | - Social Determinants Feature Selection L~ 4 Identification
o
® of Health o )
W | . Environmental * Statistical Learning Disease
_Air/Water « Elastic Net Prevention
* Ridge Regression
* Neural Nets )

N  Clinical Significance AMN Disease
"o : A Mitigation
Source External Exposure Internal Exposure Molecular Gellular Tissue Organismal Individual Human ' Human Populations . . . . . ot ..

(A Water Food)  (GeorMaps)  (Body Systems) Motsinger-Reif AA, et al. Gene-environment interactions within a precision

Current work-in-progress led by Alison Motsinger-Reif with All of Us research program environmental health framework. Cell Genom. 2024 Jul 10;4(7):100591
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So ... can we build bridges between
exposures and outcomes?
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Conclusions + Acknowledgements

NAMSs (incl. assays + models + integrative approaches) can provide a mechanistic
bridge to advance predictive toxicology at several points along the exposure-to-

outcome continuum

 This ability is built on foundational data from traditional models as well as NAMs
- emphasizes value of data reuse!

« Testable predictions can be generated from modular “pieces” along the continuum
—> confirming predictions will require new data generation/collection/analysis

John House
Jonathon Fleming

National Institute of Amlan Talukder

Environmental David Fargo

Health Sciences Parker Coombs
Kyle Messier Trey Saddler
Skylar Marvel Scott Auerbach

Danielle Demateis Jeremy Erickson
Minoli Fernando  Amlan Talukder
Charles Schmitt Heather Patisaul
Joe Breeyear Zach Stanfield

Ryan Campbell

Dillon Lloyd

Nat Macnell

Cristina Justice

Kwangmi An ,&OAK RIDGE
Jui-Hua Hsieh National Laboratory
Ann Liu

Adam Burkholder Tran.g Do
Aubrey Miller Gqulng Qong
Farida Akhtari Kazi Ashik Islam

Alison Motsinger-Reif
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PEGS leadership &
participants

All of Us leadership &
participants &
Metabolomics and
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