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Human health sk assessments continue to evalve and now
focus on the need for cumulative risk assessment (CRA). CRA
involves assessing the combined risk from coexposure to
multiple chemical and nonchemical stressors for varying health
effects. CRAs are broader in scope than traditional chemical risk
assessments because they allow for 3 more comprehensive
evaluation of the interaction between different stressoms and
their combined impact on human health. Future directions of
CRA include greater emphasis on locaklevel community-based
1 l com-
munity, and individual risk factors; and identifying and
implementing common frameworks and risk metrics for
incarparating multiple stressars.
B INTRODUCTION

The methodology, practice, and breadth of human health risk
assessments have evolved over the last several decades and are
expected to continue to advance in the future. In patticular, an
awareness of children's dietary and nondietary exposures to
multiple pesticides in food that have 3 common tosic effect’ led
1o the 1996 Food Quality Protection Act (FQPA), which directed
the US. Environmental Protection Agency (EPA) to move
beyond single chemical assesanents and focus on the aggregate
and umulative effects of simultaneous chemical exposures.
Increasingly, risk assessments must also address subtle
exposures and chronic effects, requiing 2 more in-depth
evaluation of the combined effects of multiple low-level
exposures than simpler approaches that have been used
historically. CRA holds promise for transforming traditional
health risk assessments beyond single chemicals/stressars,
expasure rautes/pathways, and health end paints/effects”
Cumulative risk is defined as the cambined risks from aggregate
expasures ta multiple chemicals and ather stressars, while CRA

trditional health risk assessment paradigm and consit of
severa] key components (see Table 1).

Although CRAs hawe been conducted for certain chemical
groupings, such as pesticides,’ diaxins,” and phthalates” these
assessments have not accounted for all of the factors envisioned
for 2 complete and comprehensive CRA and much work
remains to be done. The purpose of this article & to (1) provide
an overview of the CRA framewark developed by the EPA, (2)
describe existing methods that have been used to evaluate
cumulative exposures and sisks in the United States and
Ewope, and (3) highlight efforts to extend CRA beyond
trditional contexts, frameworks, and risk metrice. Along with
ather evolving methods and advanced risk initiatives, CRA
offers potential novel opportunities for improving the rsk

process and its application to various settings.”

B CUMULATIVE RISK ASSESSMENT FRAMEWORK

The EPA* ' famework and supporting guidance for
conducting CRAs pardlds the geneml framework for health
risk assessment in the United Sttes™''” EPA's CRA
framework consists of three main phases: (1) planning,
scoping, and pwblem formulation; (2) andysi; and (3)

and risk ch ization (see Table 2). The first
phase estiblishes the purpose, goals, and scope of the

Table 1. Key Components of CRA

sFocus an maltipie stresors

alndiusion of hath chemical and nonchemicd (e, hological, raiolagical,
physical, prychological, work i, lfesyle) mresson

shssessment of ite expasures and risks (i, exposure to asingle stressor
oy il roie) e

aAssessment of smbined risks for commaon effecs: (e, chemicals ar stressors
that have a comman mechanism of taxicity)

sPopuliionbased fons (ie, asessment stirts with the receptors or

apulations of interest and then detemnines which chemicals, sressars, or

aher risk factors are afiecting them)

assessment and completes the conceptual modd and analysis
phn. The second phase integrates the hazard, exposure, and
dose—response information in order to characterize the
combined effects of multiple stressors, in addition to
developing exposure profiles and cumulative exposure
estimates. Difficult technical issues (eg, stressor interactions,
relevant andytial approaches, common metsics), vulerable
populations, and time-related aspects of exposure are addressed
during the amalysis phase. The final phase describes important

is the analysis, characterization, and potential ification of
these combined risks.”* CRAs are broader in scope than the
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Limitations of Traditional Risk

 Does not adequately address multiple chemicals or
stressors, sources, pathways, and effects in varied
populations

* Does not always rely on best or most current science to
support or revise default assumptions

 Does not adequately characterize or communicate
uncertainty and variability in all steps

 Does not adequately utilize advances in science and
technology and new tools to assess interactions and

cumulative risks :

e e e



Key Drivers of Cumulative

e 1993 NAS report highlighted
children’s exposures to multiple
pesticide residues from food and
other non-dietary sources

* 1996 Food Quality Protection Act
(FQPA) directed the U.S. EPAto
assess the cumulative effects of
chemical exposures occurring
simultaneously

 Cumulative effects were defined
as pesticide residues or other
substances that have a common
mechanism of toxicity
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PUBLIC LAW 104-170—AUG. 3, 1996 110 STAT. 1489
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104th Congress
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This paper describes 2 framewark for the risk assessment of com bined exposure to multiple chemicals
based on and developed subsequent to the World Health Organization/International Programme on

- Chemical Safety Workshop on Azgregate Cumulative Risk Assessment (Combined Expasures to Multiple
p— Chemnicals) el in 2007. Th iamework & i 10 risk assessars i identiying proriies !ernsk

management for a wide r:

Threshold af taxiangicsl amcem

to multiple chemicals

e
is based cn 2 hierarchical (phased) approach thatinvolves integrated and iterative consideration nfex;ly
sure and hazard at all phases, with each tier being more refined (i¢. less cautious and mare certain) than
the previous one. but more kabor and data intensive. It includes reference to predictive and probabilistic
methodaogy in various tiers in addition to tiered consideration of uncertainty. The paper ako anneses
twa case studies that have been developed to test and refine the framewark.

2011 World Health Organization_ Published by Elsevier Inc. All ights reserved.

1. Introduction

A World Health Grganization (WHD)/International Programme
‘on Chemical Safety (IPCS) Workshop on Aggregate Cumulative Risk
Assessment (Combined Exposures to Multiple Chemicals) was held
in Washington, DC, USA, on 19-21 March 2007. The principal
objectives of the warkshop, which involved experts from agencies
worldwide, were to consider the state of the art in this area and
delineate next steps. The workshop repart, which comprises an
overview and a series of extended abstracts, serves as a resource
to identify existing methadalogies in this area (IPCS, 2009a).

Workshop participants recommended additional consideration

Ftermi P "

in thisarea and development of an international framewark for the
risk assessment of combined exposures to multiple chemicals. This

* This publication cntains the collective views of an international group of
e s iy of the

‘Warkd Heslth Grganization. = Capyright W

paper describes the framework based on and developed by a draft-
ing group subsequent to the WHO/IPCS workshop and references
associated case studies, induded at the end of this paper and else-
where (EFSA, 2008). developed to test and refine the framework
The draft framewaork was revised based on feedback received dur-
ing a public comment periad from May to October 2009 and a
WHO review meeting (see Acknowledgments).
framework is designed to aid risk assessors
priorities for risk for a wide range of
where co-exposures to multiple chemicals are expected. Applica-
tion of the framewark is not confined to any particular type of
chemical or effect. The framewark builds an previously published
guidance for priority setting and assessment of combined expo-
sures (see, for example, Meek and Armsiong, 2007 US EPA,
2007). It is intentionally concise, based on the recognition that
maore extensive guidance on specific technical aspects, induding
data quality, is available (ATSDR, 2004; U5 EPA, 2007 IGHRC,
2009). The framework is designed to be additionally developed

identifying

Al sights reserved. The Warld Health o-;mum.. hat granted the ymg.e.
‘permissan far the reprodusion f this article.
+ Gorresponding authar. Fax: +41 22 791 4848
Emisl stiress: vicherse@wha int (€. Vickers)

through pr pplication in spedfic case studies.

The case studies annexed to this paper were developed to illus-
trate application of the framework. They are considered ta be anly
examples of a much broader range of potential applications, w hich

0273-230075 - see frant matter & 2011 Workl Health Organization. Published by Bsevier Inc. A1l rights rese rved.
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Definition of CRA

 The analysis,

characterization, and
potential quantification
of the combined risks
posed by aggregate
exposure to multiple
chemicals and other
stressors that cause
varied health effects

- Chemical-
Agen, o Focused

Population-
Based Focus

e e e




Differs from “Cumulative Risk”

e A cumulative dose metric is

often used to characterize &M l L
total exposure over a working | 80y =
ifeti | &5y | ==l
lifetime L :

o Estimated as exposure
concentration multiplied by
duration of exposure (e.g.,
ppm-years, f/cc-year)

e Usually involves a single
chemical and exposure route WHATLL 17 BE — ONE LARGE RISK OR
(inhalation) and not account i b | 2

for timing of exposure a

e e e




Key Components of CRA

Shift from focus on single to multiple chemicals or
stressors

Includes both chemical and non-chemical (e.q.,
biological, radiological, physical, psychological) stressors

Considers all relevant sources, pathways, and routes of
exposures for each chemical or stressor (i.e., aggregate
exposures)

Requires groupings of chemicals or other stressors by
common endpoint or effect

Accounts for combined risk (not necessarily added)
Including potential for interactions and timing or

sequence of exposures A

e e e



CRA Framework (U.S. EPA)

lanning, Scoping, and
Prablem Formulation

Analysis

Interpretation and
Rusk Charactenization

Planming and Scoping Praoblem Formulation
- Purpose - Approach Coneeptual Model
- Scope - Resources - Sources - Receptors
- Participants - Past Experiences - Stressors - Endpoints
- Pathways/Routes
Analysis Plan
-Methods - Data Gaps
- Models - Uncertainties

Discussion of Possible Qutcomes

Plannung, Scoping, &
thhmFungjn]ginn
4&3’31'5

e

Mupnhhh"\

Single Stressor Information
- Toxicologic Independence
- Toxicologic Similarity

Measures and Metrics
- Decision Indices - Common Metnc
- Probahilistic Approaches - Biomarkers
- Qualitative Approaches

Multiple Stressors Information i
- Stressor Interactions
- Joint Chernical Tomcity

Planning, Scoping, and
Problem Formulation

Risk Description
= Central Tendency and High-End
Individual Risk

Uncertainty Analysis
=Being Explicit about Uncertainty
- Uneerainty and Vaniability

Risk Characterization s

= Population Risk = Uncertainty and Risk Addition
- Risk to i - itiviry Analysis

Information Provided by Cumulative Risk Assessment

l

Using the Results of Cumulative Risk Assessment

Source: Framework for Cumulative Risk
Assessment; EPA/630/P-02/001F; United States
Environmental Protection Agency: Washington,
DC, 2003.
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CRA Conceptual Model

A Generalized Conceptual Model

with Examples of Possible Elements and Linkages

| Pathways / Exposure

Eoutes

Surface water,
air, indoor atr,
grmm.dn ater, or
so1l are
pathways.

Sources Stressors
Activities Chemieal,
that zenerate hysical, or
or releaze ielogical
stressors agents that

cause an
effect
-Manufacturing Chemical
-Fozsil fusl -Organic
combuston -Inorgame
(eg. for
transportation,
heatmg, Biological
electneity) -Pathogens
-Waster -Exofic spp.
PIOCesSImE
-J'-'Lgn turzl Phy=ical
activities -Thermal
-Matural -Erosion'
processes sedmmentation
-Habatat
alteration
A variaty of other

factars jeg., health
i.ra.r}n;&)ams; to -
edith) may mpa
individual er
population
susceptibility o
above stressors

For
ndividuals,
ngestion,
mnhalation, or

absorption are
the routes of

EXPOCre.

For ecological
enfifies, biotic
and abiotic
interactions are
kevs to how
stressors are
presented to
receptors.

Receptors

Ecological

Populations,
ecological
communities,
and
ecosystems
may be
receptors for
some
stressors.

Human Health

Indiri.{h;fa.ls and
ETO
peal;l]ﬁ are also

receptors
-Sensitive
-Occupationa
Minonhes
-Env. Justice
Communities

Source: EPA (2003). Framework for Cumulative Risk Assessment.

Eundpoint:

Ecolagical Endpoints

Habitat structure,
3&::15 d.15|:n'.b1.11:|on_
v

rersity

\|

Ecosystem conditions
*Population levels
*Environmental
process rates

Status of cntical

species or species of
special concern.

Endpoints are measures of

effects of stressors

Human Health Endpoint:

Mortality and
Nness, such as:
Cancers
*Lenkemia, lung,

et

#Other adverse

health effacts
sAsthma,

mspmtm impacts
sEidnev disease
+CHS effects

*Ete.
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WHO/IPCS Tiered Approach

Increasing refinement of exposure models

Sample Tiered Exposure and Hazard Considerations

Mixture or Component Based
Tiered Exposure

Assessments

Tiered Hazard
Assessments

Yes, no further
action required

0

Tier 0

Simple semi-
quantitative
estimates of

exposure

Dose addition for all
components

Tier 1

Tier 1 Input from
_ exposure or hazard Refined potency
Generic exposure assessments based on individual

scenarios using
conservative point
estimates

PQOD, refinement of

iterati
(iterative process) oon

Is the margin of

(YOW) s|epow piezey jo Juawaulal Buiseaou|

Tier 2 exposure adequate Tier2
?
Refined exposure : More refined potency
assessment, increased (RPF) and grouping
use of actual measured based on MOA
data
Tier3 Tier3
PBPK or BBDR; probabilistic
Probabilistic Exposure Estimates estimates of risk ¥
No, continue

17
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Aggregate and Cumulative

 Models developed in response to FQPA (e.qg.,
DEEM, Calendex, CARES, Lifeline, SHEDS)
 Necessary model features:
— Assess co-occurrence of pesticide residues

— Integrate exposures through food, water, and
residential pathways (probability and timing)

— Preserve linkages between spatial, temporal, and
demographic aspects of exposure

 Modeled estimates account for variability in human
exposures (population-level risks) 75\

e e e



Model Examples

Drinking Water Diet Residential
Chemical B GENERATE
EFA's Consolidated POPULATION
Human Activity Database: ? *n
Time-Location-Activity Diaries s"u LﬁTlD" f
Chemical A
)
E -I-I.I_h T SIMULATE LONGITUDIMAL ACTIVITY DIARIES
:E : 'M'Ier Winter | Spring Spring Sunmer Surrmer Fdl Fall
Dose Dose Dose 1 Weskend | Weekday | Weekend || Wi . Weekend
I | : HH W HHY W HH W HH w
1
1
Joimtoccurrence [ - ‘;-I- === Cumulate === = === 1 90 180 270 360
of A and B for the
same individual Dose from Exposure UNCERTAINTY: Day of Year l
s . Sample N sets of CALCULATE INDIVIDUAL CALEULATE BXFOsuRE
I o 1 O - U A parameter OR DOSE
e i i EXPOSURE AND DOSE FOR SIMULATED
obability distributions
IR Lo SAMPLE FROM i r’l \ POPULATION
INPUT DIST'NS MW,
0 10®  10f 1% 10*  10° VARIABILITY: _ Bl Rl -
Dose (mg kg / day) perform M iterations | a o
* from each input
distribution M . 3
Margin of Exposure N i

Probability

,;, I ,{I,a . 1;}, I ,;,‘ ' ﬂ; ' Source: SHEDS-Multimedia Model version 3, Technical Manual,
NOAEL / Dose U.S. EPA, 2007.

Source: CARES 1.0, Technical Manual, CropLife
America, 2002.
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Differs from Exposure Models

* |nhalation models typically used to
estimate individual worker
exposures (air concentration)

— Zero ventilation (saturation)

— General ventilation (box or
mixed space)

Current Intelligence Bulletin 61

— Two-zone (near field/far field) Weroiih coc T

. . i i NIOSH Skin Notations
— Dispersion (diffusion)
o Separate models or methods used
to assess dermal exposures

— Qualitative consideration of
aggregate exposure (skin
notations)

B e e



Cumulative Toxicity and Risk

 Hazard Index (HI) approach used to assess risk of
whole mixture or components if little or no
mechanistic data are available

— Assumes additivity of dose or response

* Interaction-based HI approach used to account for
chemical interactions (synergism or antagonism)

* Relative Potency Factors (RPF) or Toxic
Equivalency Factors (TEFS) used when mechanism
or mode of action are well characterized

o7 o

e e e



Whole Mixture Vs. Components

Whole Mixture
Data Available

Whole Sufficiently
Mixture Similar
of Concern Mixture

: }
| l

Toxicological Epidemiologic
Evaluations Evaluations

| :

Derive RfDs/RfCs;
Slope Factors

Exposure Assessment of Whole Mixture
of Concemn; Assessment of Similarity

A 4

[ component Data Available |

Multiple -
Toxicological Toxicologically

Effects for Each Simitar
Component Components

,Mix °f Toxicologically
Toxicologically Independent
Similar & Independent Components
Components

Multivariate I Dose Addition
Statistical 1 l /
Models, e.g
Categorical Available Relative PBPK* Integrated
Regression Interactions Potency Modeling Additivity
Data Factors Methods
‘ | I

Component Exposure Assessment

} ! |

I

I ! ! !

Hazard Quotient;
Risk Estimate

Epidemiologic
Risk Measures

Source: Concepts, Methods and Data Sources for Cumulative Health Risk Assessment of Multiple Chemicals, Exposures and
Effects: A Resource Document; EPA/600/R-06/013F; United States Environmental Protection Agency: Washington, DC, 2007.

Risk Binary Interaction-
Estimates; Weight of Based
Hazard Evidence; Hazard
Index Interaction Index
Profiles

Hazard
Index;
Cumulative
Hazard
Index

*PBPK = physiologically-based pharmacokinetic

Summing Intemal Index Risk
of Route- Dose Chemical- Estimate
Specific Hazard Based Risk
Index Index; Estimate;
Chemical- Multiple Hazard
Based Route Quotient
Risk Intemal
Estimates Doses

E RISKSCIENCES
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Hazard Index (HI)

Hazard quotient (HQ) Is
calculated for each
chemical

Ratio of exposure to

acceptable level (e.g., RfD)
HQs for all chemicals are
added together to yield a
hazard index (HI)

Total (combined) non-cancer
risk for mixture

The greater these values
are above 1, the greater
the concern for health risk

Mixtures

P r———— [,

Wil Bt
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Interaction-Based Hl

Hl = EI(HQ, ' 31:2 5, MpPH (4-15)

where:

HI,; = HImodified by binary interactions data.
HQ, = hazard quotient for chemical 1 (unitless. ¢.g.. daily intake/R{D),

f; = toxic hazard of the j® chemical relative to the total hazard from all chemicals
potentially interacting with chemical i (thus j cannot equal 1).

M; = interaction magnitude. the influence of chemical j on the toxicity of chemical 1.

B, = score for the strength of evidence that chemical j will influence the toxicity of
chemieal 1, and

Bij = degree to which chemieals 1 and j are present in equitoxic amounts.

Source: Supplementary Guidance for Conducting Health Risk Assessment of Chemical Mixtures; EPA/630/R-00/002; United
States Environmental Protection Agency: Washington, DC, 2000. ‘i .
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Relative Potency Factor (RPF)

Concentration Index

xRPF,, =

Chemical Al Chemical_ Sum index chemical
(Indt_ex (Note:RPF, ~ 1) Concentration equivalent concentration
Chemical) Al to estimate total

nixtures exposure i
units of the
index chemical

Index

_ Chemical

Concentration Equivalent

Chemical A2 1 i
Concentration

Index Chemical
Dose-Response

of A2

Index ? Mixture
’ 1 hU 1
Concentration EC he_rm[: a]t S Risk
Chemical A3 R EI-I 8
Concentration Equivalent
of A3 Concentration

Source: Concepts, Methods and Data Sources for Cumulative Health Risk
Assessment of Multiple Chemicals, Exposures and Effects: A Resource
Document; EPA/600/R-06/013F; United States Environmental Protection
Agency: Washington, DC, 2007.

Determine toxic endpoint or
effect(s)

Determine chemical groupings
that are toxicologically similar

Calculate RPF for each chemical
— RPF, = Toxic potency (index)
/ toxic potency (chemical n)

Convert each chemical exposure
to index equivalent exposure

Aggregate all index equivalent
exposures to estimate total
exposure

Estimate joint toxicity or risk from
the combined exposure using the
dose-response information for

the index chemical

E RISKSCIENCES
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Margin of Exposure (MOE)

« Determine point of departure
(POD) for the index chemical

— Point in the dose-

MOE =POD, 4, + Z Exposure response curve at which
e a change in response can

be reliably said to be due
to dosing with the
chemical (e.g., NOAEL,

. 1 LOAEL, BMD,,)
2o 1 1 1 « Compare route-specific
- - icl
MOE__ * T MOE MOE._ toxicity benchmarks to
oral dermal nhalation exposure estimates
*Oral is the total oral exposure from food and e Calculate MOE for each
drinking water plus oral, nondietary contacts such as
hand-to-mouth exposure from residential pesticide eXpOSwe route L
uses. e Combine route-specific
MOES to generate total MOE

Source: EPA (2002). Guidance on Cumulative Risk Assessment of Pesticide
Chemicals That Have a Common Mechanism of Toxicity. A
E RISKSCIENCES
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CRA Example: OP Pesticides

U.S. EPA conducted CRA of 31
OP pesticides considered to
have a common toxicity
(acetylcholinesterase inhibition)

DEEM/Calendex models used to
estimate combined risk from
food, water, and residential
exposures (5 scenarios)

RPF approach used to estimate
cumulative exposures (i.e.,
account for each chemical’s
relative potency)

Route-specific and total MOE
estimated

emic al rmal

Acephate 08 |  0.0025
Azinphos-meth 10
Bensulide 003
Chlorethoxyfos 13
Chlorpyrifos 06
Chlerpyri fos-metl 005
Diazino 01
DDVP 03
Dicrotopl 91
Dimetho: 0.32
Disulfot: 1.26 0.47 6.596
Ethopro 06
F i 04
Fenthiol 0.33
Fosthiaz 0.07
Malathion .0003
" 00 Organophosphorus
Wethidathio 32 Cumulative Risk
Moviapios = Assessment
Mevinphos 76
Naled 08 2006 Update
Omethoate 93
Oxydemeton-me 86
PPPPP te 39 =
Phosalone 0.01 T - s W
Phosmet 0.02 e Ao
Phostebupirim 0.22 l
Pirimiphos-met 0.04 1 ;
nnnnnnnnnn .004 Y .
Terbuf 0.85 = H
etrachlorvinphos .001 e

ribuf

ichlo . R —

5.
Office of Pesticide
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CRA Example: OP Pesticides

Cumulative risk did not exceed level of concern (i.e., MOE >100)

Greatest contribution to cumulative risk from food sources (low
contribution from drinking water)

Residential uses (due to inhalation) also a major source of risk
at the upper percentiles of population exposure
Table I.C-2 Exposure and MOE Values for the 21-Day OP Cumulative Food

Assessment.
95th Percentile 99th Percentile 99.9th Percentile
Exposure MOE Exposure MOE Exposure MOE
(mg/kg) (mglkg) (mg/kg)
All infants 0.000097 820 0.00017 480 0.00048 170
Children 1-2 yrs 0.00015 550 0.00032 250 0.00076 110
Children 3-5 yrs 0.00012 670 0.00027 300 0.00081 99
Children 6-12 yrs 0.000099 810 0.00018 460 0.00049 170
Youth 13-19 yrs 0.000097 820 0.00011 740 0.00027 300
Adults 20-49 yrs 0.000098 820 0.00013 610 0.00028 280
Adults 50+ yrs 0.000099 810 0.00016 510 0.00033 240
Females 13-49 yrs 0.000098 820 0.00013 620 0.00028 290

A

sl ENGCES



Similar to Mixtures Approach

ACGIH TLV guidelines incorporate
mixture formula

« Consider combined (additive)
effect when two or more
hazardous substances act on
the same organ system

Dose addition incorporated into
OSHA Rules

e Hazard Communication rule
(whole mixture or components)

NORA research agenda includes

complex mixtures n
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Future Directions

Moving beyond traditional
contexts

— Community-based
assessments

— Accounting for
occupational risk factors

Moving beyond traditional
frameworks and risk metrics

— Integrating chemical and
non-chemical stressors

— Biomarker-based risk
assessment

*Mou cAN'T saY THe _
GOVEMRNMNENT 1SN'T "RZ‘{!'_B&G-

© 1994 by Sidrey Haerris
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unity-Based Assessments

@eﬂ Journal of Expaswe Science and Envivonmentad Epidemiaiogy (2010) 20, 351358
© 2010 Nawe Publishing Group A1 rights reserved 1559-0631/10
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e Driven by concerns abou
environmental justice an
health inequities

Goal is to identify “hot
spots” and prioritize risks
within individual
communities

The EPA’s human exposure research program for assessing cumulative risk
in communities

VALERIE G. ZARTARIAN AND BRADLEY D. SCHULTZ

U.S. Environmental Protection Agency, Office of Research and Development, National Exposure Research Laboratory, Research Triangle Park,
North Carolina, USA

Communities are faced with challenges in identifying and prioritizing environmental issves, taking actions to reduoe their exposures, and determining their
effectiveness for reducing human health risks. Additional challenges include determining what scientific tools are available and most relevant, and
understanding how to use those tools; given these barriers, community groups tend to rely more on risk perception than science. The U.S. Environmental
Protection Agency's Office of Research and Development, National Exposure Research Laboratory (NERL) and collabarators are developing and
applying tocls (models, data, methods) for enhancing cumulative risk assessments. The NERL's “Cumulative Communities Research Program” focuses
on key science questions: (1) How to systematically identify and prioritize key chemical stressors within a given community?; (2) How to develop estimates ’
of exposure to multiple stressors for individuals in epidemiologic studies?; and (3) What tools can be used to assess community-level distributions of
exposures for the development and evaluation of the effectiveness of risk reduction strategies? This paper provides community partners and scientific
researchers with an understanding of the NERL research program and other efforts to address cumulative community risks; and key research needs and
opportunities. Some initial findings include the following: (1) Many useful tools exist for components of risk assessment, but need to be developed
collaboratively with end users and made more and us dly for practical ion; (2) Tools for cumulative risks and
impact of community risk reduction activities are also needed; (3) More data are needed to assess community- and individual-level exposwres. and to link
exposure-related information with health effects; and (4) Additional research is needed to i isk-modifying factors (* hemical stressors™)
into cumulative risk assessments. The products of this research program will advance the science for cumulative risk assessments and empower
communities with information so that they can make informed, cost-effective decisions to improve public health.

Joumal af Exposure Science and Enviranmental Epidemialogy (2010) 20, 351-358; doiz10. 1038/jes 2009 20; published online 15 April 2009

Keywords: EPA, cumulative, exposure, communities, risk, eanmunity-based

Background policies and programs. As indicated in the EPA’s Report on

the Environment (USEPA, 2008a), the Agency has taken a
People want to know what their health risks are from the number of actions to fulfill this goal, including establishing
multiple stressors they are exposed to every day. including the dards for poll in the i requiring
environmental pollutants, and how to prevent or mitigate sources to limit their pollution, and educating members of the

those risks. Communities and individuals within them are public about actions they can take to protect their health.

faced with the challenges of identifying and prioritizing The EPA has alo responded to recommendations from the ’

environmental issues, determining what tools are available to
assist them, understanding how to use those tools to make
more informed science-based decisions, and implementing
risk reduction actions. Tools as defined here include
information, strategies, exposure models, databases, sam-
pling/analytical methods, and geographic information system
(GIS) maps. Addressing these needs and protecting the
health of A i from i 5 a key
goal of the U.S. Environmental Protection Agency (EPA)

1. Address all comespondence to: Brad Schultz, U.S. Emvironmental
Protection Agency, Office of Resarch and Deselopment, E205-02
Research Triangk Park, NC, USA.

Fax: +919 541 9444, E-mail: schultz brad (@epa. gov

Reeeived 23 October 2008; revised 30 January 2009; acceptad 2 February
2009; published online 15 April 2009

National Academy of Sciences, the National Academy of
Public Administration, the EPA’s Science Advisory Board,
and other peer reviews and requests from the EPA regions
and local communities to develop guidance documents and
other tools for supporting community-based cumulative risk
assessments (NAPA, 2008; NAS, 2008, http://dels.nas.cdu/
dels/rpt_briefs/IRA_brief_final.pdf). The EPA long-term
strategic planning documents (USEPA, 2006a, b) articulate
specific plans and programs for measurement-derived data-
bases, methods, and models to better understand how people
are exposed to multiple pollutants for enhanced cumulative
risk assessments, and to conduct community-based risk
assessments. The Agency has developed a number of
guidance documents in these areas (USEPA, 2003, 2007a).
In addition, research efforts and applications have been
conducted by other organizations, including the Centers for

Risks are evaluated usin
local or regional data for
most relevant stressors
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CRA Screening Tools: U.S. EPA

Journal of Exposure Science and Environmental Epideniobygy (2010) 20, 371-384
© 2010 Nature Publishing Group Al rights reserved 1558-0631/10

WWW.nanure.com jes

Usar-friendly
"> | |ntarface and readous

Tools available to communities for conducting cumulative exposure and risk
assessments

TIMOTHY M. BARZYK®, KATHRYN C. CONLON®, TERESA CHAHINE®, DAVYDA M. HAMMOND®, VALERIE
G. ZARTARIAN® AND BRADLEY D. SCHULTZ*

3 Follcw community guidance; acoess info

2 Map multimedia human exposures and risks
3 Leam best practices in othar communities
1 Generate community reparts for risk ranking

' modaled local sxposuras

*National Exposure Research Laboratory, US Environmental Protection Agency, North Carolina, USA * guidance on local measwameants
P Associaiion of Sechools of Public Health, Fellowship with the US EPA National Exposure Research Laboratory, North Carolina, USA

“Harvard School of Public Health, Student Services for the US EPA National Exposure Research Laboratory, Massachusetts, USA el LAl FEEE S

«other info ussful io communiies

This paper sumrmnm .-md assesses over 70 tools that could aid with gathering information and taking action on environmental issues related to
risk (CBCRA). ion on tool use, P and research needs, was gathered from websites,
documents, and CBCRA program participants and researchers, including 25 project officers who work directly with community groups. The tools were
assessed on the basis of information provided by project officers, community members, CBCRA researchers, and by case study applications. Tables
summarize key elwlmnm:lml issues and tool features: (1) a listing of CBCRA-related environmental issues of concem to communities: (2) web-based
tools that map envi i ion; (3) step-by idance d (4) databases of environmental information; and (5) computer models
that simulate human exposure to chemical stressors. All toois described here are publicly available, with the focus being on tools developed by the US
Environmental Protection Agency. These tables provide sources of information to promote risk identification and prioritization beyond risk perception
approaches, and could be used by CBCRA participants and researchers. The purpose of this overview is twofold: (1) To presenta comprehensive, though
not exhaustive, summary of numerous tools that could aid with performing CBCRAS; and (2) To use this toolset as a sample of the current stae of
CBCRA tools to critically examine their utility and guide research for the development of new and improved tools.
Journal of Exposuwre Science and Emironmenial Epidemiology (2010) 20, 371-384; doi:10.1038/jes.2009.25; published online 29 April 2009

Keywords: cumulaive exposure, cumulative risk, community-based, exposire assessments, exposure tools.

Introduction exposure sCcenarios d by individual cc
‘which are generally represented by a geographic area on the

Regulatory agencies involved with environmental hazard
identification, classification and health effects have begun to
expand beyond the single-chemical, single-pathway research
paradigm to include human exposures to mixtures of
chemicals that occur through multiple media (e.g., air, water,
soil, diet) and routes (e.g., inhalation, ingestion, dermal)
(NRC, 1993, 1994; NAPA, 1995; PCCRARM, 1997;
USEPA, 2000, 2003). These cumulative exposure and risk
assessments attempt to quantify the health risks associated
with exposure to multiple chemicals in multiple media
through multiple pathways (Menzie et al., 2007; Ryan
et al., 2007; Sexton and Hattis, 2007; deFur et al., 2007
NAS, 2008; USEPA, 2008a) as opposed to a single chemical
and pathway. Chemical mixtures may reflect real-world

order of several square miles, and may include a host of
pollutant types and sources.

C ity-based risk s have been gaining
momentum as community groups become involved in
identifying, prioritizing, and mitigating their environmental
concerns (Kinney et al., 2000; Arquette et al, 2002;
‘O'Fallon and Dearry, 2002; Perera et al., 2002; Corburn,
2002a; NEJAC, 2004; Schell et al., 2005), many of which are
pollutant-based. In these types of programs, communities
play a central role in defining problems and required data,
supplying local knowledge, and interpreting results in the
context of local understanding and decision-making. Re-
searchers and agencies may conduct exposure and risk
assessments through community case studies, addressing
the community pollutants, and working directly with

1. Address all correspondence to: Dr. Timothy M. Barzyk, US EPA Office
of Research and Development, National Exposure Research Laboratory,
109 Alexander Dr., Research Triangle Park, NC 27711, USA.

Tel: +919 541 1520. Fax: +919 541 4787.

E-mail: Barzyk timothy @ epa.gov

Received 23 October 2008; revised 17 February 2009; accepted 18
February 2009; published online 29 April 2009

co i bers (Clinton, 1994; O’Fallon and Dearry,
2002; USEPA 2005, 2007; Denholm and Martin, 2008).
C ~based risk (CBCRA)

combine principles of cumulative exposure assessments with
community-based profiles and/or participation. **Profiles” in
this sense refer to the pollutant types, sources, and exposure
patterns for individuals within a given community. Challenges

RAGURE 2—CommunityFocused Exposure and Risk Screening Tool conceptual framework.

Source: Zartarian, et al. The Environmental Protection Agency’s
community-focused exposure and risk screening tool (C-FERST) and
its potential use for environmental justice efforts. Am. J. Public Health.
2011, 101 (S1), S286-S294.
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Similar types of methods
have been developed by
state agencies to assess
cumulative impacts in
communities (e.g., CA)

These are screening tools
Intended to rank order and
identify communities with
the greatest cumulative
Impacts

Tools do not provide
guantitative estimates of
community-health risk

Pollution Population
Burden Characteristics

Sensitive
—| Exposures Populations
Environmental Socioeconomic
B Effects Factors
| | Public Health
Effects

Exposures -
+ Sensitive
Cumulative Public health populations
| i effects +
mpac _* Sociceconcmic
Environmental factors
effects

Source: Cumulative Impacts: Building a Scientific
Foundation; OEHAA, California Environmental Protection

Agency: Sacramento, CA, 2010.

A

SRl hosemt S L Sb



Accounting for Occupational

Longstanding recognition of
significant role of workplace
exposures on health

However, occupational risk
factors are not typically
considered in environmental
or community-based CRAs

Refinements are needed In
CRA framework to allow for
identification and inclusion of
full range of relevant factors
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Consideration of Relevant Risk

Occupational Factors
o Settings — Manufacturing facilities; laboratories; hospitals; construction sites; farming
o Pathways — Ambient air; surface contaminants
o Exposure Routes — Inhalation; dermal
. Key Stressors — Chemicals; physical agents; biological agents; noise; shift work
. Effects — Injuries; neurotoxicity; respiratory diseases; dermatitis; cancer; hearing loss

Individual Factors
o Demographics/Socioeconomic status
. Genetic susceptibility
. Existing disease status
. Psychological stress
o Dietary status

. Lifestyle/behavior

Non-occupational Factors
. Settings — Environmental; community; residential
o Pathways — Ambient air; drinking water; food; soil; solar radiation
. Exposure Routes — Inhalation; oral
. Key Stressors — Chemicals; physical agents; pathogens; pharmaceuticals
o Effects — Asthma; respiratory diseases; cardiovascular effects; cancer

> ( Cumulative

Source: Williams, et al. Cumulative risk assessment (CRA): transforming
the way we assess health risks. ES&T. 2012, 46, 10868-10974.
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NIOSH Total Worker Health™

o Strategic initiative that integrates
occupational safety and health WorkLife

A Nationsl Institute for Occupational Safety and Health Initiative October 2008

WI t h e aI t h p ro m Ot I O n Essential Elements of Effective Workplace Programs and Policies for

Improving Worker Health and Wellbeing

* Represents an evolution of prior S

TWelibeing is a resource document developed by the Natianal Institute for Occupational Safety and Health

] == .
rograms and initiatives et e e
p g This document, a key part of the NIOSH WorkLife Initiative. is intended as a guide for employers and employer-

employee parterships wishing fo establish effective workplace programs that sustain and improve worker health.
The Essenrial Elements document identifies twenty components of a comprehensive work-based health protection

— Steps to a Healthier US e e

The WorkLife Initiative is intended to identify and support comprehensive approaches to reduce workplace

hazards and promote worker health and well being. The premise of this Initiative. based on scientific research
O r O r ( : e and practical experience in the field, is that comprehensive practices and policies that take into account the work
i bath physical and organizational- while also ing the personal health risks of individuals, are

more effective in preventing disease and promoting health and safety than each approach taken separately.

. The twenty components of the Essential Elements, presented below, are divided into four areas: Organizational
Culture and Leadership; Program Design: Program Implementation and Resources: and Program Evaluation. The
— O r I e document is a framework that will be enhanced by links to resource materials mtended to assist in the design and

implementation of workplace programs and offer specific examples of best and promising practices.

Organizational Culture and Leadership

] ]
. I O C u S I S O n u n d e rst a n d I n 1. Develop a “Human Centered Culture.” Effective programs thrive in organizations with policies and
programs that promote respect throughout the 1 and active worker ici]
g input. and involvement. A Human Centered Culture is built on trust, not fear.
2. D ate ip. Ci i to worker health and safety. reflected in words and actions, is

| .
interactions between workplace R e
company should be acknowledged by leaders and communicated widely. In some nofable examples.

corporate Boards of Directors have recognized the value of workforce health and wellbeing by

) ] ] . N
incorporating it info an organization’s business plan and making it a key operating principle for which
ana indaiviaual litestyie risK 1actors e
3. Engage mid-level management. Supervisors and managers at all levels should be involved in promoting

‘health-supportive programs. They are the direct links between the workers and upper management and
will determine if the program succeeds or fails.

— Age, educational level, s
preexisting medical conditions == s

Page 1of4

E RISKSCIENCES

ANALYSIS & TODOLS FOR DECISION-MAKING



Examples of Promoting

e |Impact of inadequate sleep
on work safety and optimal
health

* Impact of the work
environment on obesity
among low income workers

e Impact of noise, ototoxicants
(e.g., toluene, lead), and
personal factors (e.g., age,
genetics) on hearing loss

e e e



Exposome

 Conceptthatis
complementary to mapping
the human genome

* Measure of total exposure
(internal and external) of an
Individual in a lifetime

e Focus Is on understanding
how exposures from
environment, workplace,
diet, and lifestyle interact
with individual
characteristics (e.q.,

genetICS’ phySIOIOgy) to Source: Rappaport, S.M. a_nd Smith_, M. T.
cause disease ol EraroenndDeese e, /20
E RISKSCIENCES

Immune modulators
Receptor-binding proteins

Exposome
Reactive electrophiles "%
y Metals
Endocrine disrupters

 J''|  environment ¥ '

Characterizing the exposome. The exposome represents
the combined exposures from all sources that reach the
internal chemical environment. Toxicologically important
classes of exposome chemicals are shown. Signatures and
biomarkers can detect these agents in blood or serum.




Integrating Chemical and Non-

 Non-chemical stressors have
not been routinely S ——-
Incorporated in quantitative -
C R AS to d ate :::le]jmg Joint Exposures and Health Outcomes for Cumulative

Teresa Chahine '+, Bradley D. Schultz *, Valerie C. Zartarian *, Jianping Xue *,

 Many challenges: e i

USA; E-Mails. svsubramihsph barvard edu (5.V.5.); joulevy@hu.edu (TIL)
* US Environmental Protection Agency, Office of Reseasch and Developmens, National Exposure

Ide ntlfyl n g re I evant non- e e
(B.D.5.); zarrian 2o (V.G.Z.); xue jianpi zov TPX)
* Boston University School of Public Health, 715 Albany Street, Talbot Building, Boston,

MA 02118, USA

chemical stressors i

Tel: +1-617-669-2235 ; Fax: +1-617-384-8839.

Recaived: 13 July 2011 in revized form: § Seprember 2011 / Accepred. o Seprember 2011 7

— obtaining sufficient data on mem

to multiple chemical and non-chemical stressors, with consideration of how the

| str I o
non-chemical stressors may influence risks from chemical stressors. Residential radon
provides an interesting case example, given its large atmibutable risk, effect modification

due to smoking, and significant varisbility in radon concentrations end smoking patterns.

In spite of this fact, no smdy to date has estimated geographic and sociodemographic

[ ]
panterns of both radon and smoking in a manmer that would allow for inclusion of radon
f— c hasad ive sk Tn this smdy, we spply multilevel
regression models to explain varisbility in radon based on housing characteristics and
geological varisbles, and construct a regression modsl predicting housing characteristics

effects data using common S
metrics T T

clusters in areas amd for subpopulations with high predicted sadon and smoking rates. O

o7 o
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ldentifying Families of

Cardiovasculsr
* 7 Disstsa

‘Well-Being

Sawce Geldmen® and Bune and Mama '

AGURE 1-A soclal determinant conceptual modal.

Fundamental Intermediate

Race-hassd — Social Conkext ra——
Residertisl | #--

Segregation I

Soci=

sconomic —*  Dhygical —

Irequalities ®  Erwkorment | 4=

Prosimate

F -

Savce Schullz et sl ™

AGURE 4—A health disparty conceptual model.

Ethnicity
:
Residential
Location
Meighborhood . Cemmunity o Structural el in Lo
Rosources Stressors

Community Strass
Wulnerability
e =% - —r—
Wiulnerability Incivicual
Siressors Doza
Individual 1
Coping
! by
{disparites)
Individual
Stress

Soue. Gee and Pape-surges™

FIGURE 5—The multiple stressor conceptual modd.

Source: Linder, S. H.; Sexton, K. Conceptual models for cumulative risk
assessment. Amer. J. Public Health. 2011, 101 (S1), S74-S81.
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Biomarker-Based Risk

 One way to better understand the cumulative
Impacts of disparate stressors is to identify
common exposure and effect metrics as an
Integration point for analysis

— Biomarkers of exposure
— Bilomarkers of susceptibility

— Biomarkers of effect

 The maturation of computational and systems
biology approaches is expected to change the

future direction of risk assessment v oy
e e e




Biomarkers of Exposure

Chemicals that have entered the
human body leave “markers”
reflecting this exposure

Biomonitoring is a method for
assessing human exposure by
measuring chemicals or
metabolites in human tissues or
fluids

— blood, urine, breast milk,
expelled air, hair, nails, fat,
bone

Data provide a direct measure of
how much of a chemical has
been absorbed into the body
from all potential sources

e e e



Biomarkers of Susceptability

 Many individual factors
contribute to human
variablility in susceptability

* Recent attention focused on
genetic determinants of
variable response

 NIH’s Genes, Environment
and Health Initiative (GEI) Is
supporting research to
Improve understanding of
genetic contributions and
gene-environment
Interactions in common
disease

National Cancer Institute

ational Institutes
of Health

© Division of Cancer Control
and Population Sciences

Improved Measures of Diet and Physical Activity for the

hitp:/icancercontrol.cancer.gov

Genes, Environment, and Health Initiative (GEI)

Risk Factor Monitaring and Methods Branch
APPLIED RESEARCH PROGRAM

Description

The Genes, Environment, and Health Initiative
(GEI) is a NIH-wide project led by the National
Institute of Environmental Health Sciences
(NIEHS) and the National Human Genome
Research Institute (NHGRI). The overarching
goal of the GEI is to determine the stiology
of common diseases by focusing on the
interaction of genetic and environmental
factors to better understand how these
interactions contribute to health and disease.
The GEl is an investment in genstic studies
and envirenmental monitoring technologies.
The genetic component is focused on
genome-wide association studies and data
analytic metheds. As genes alone do not tell
the whols story, the other component
examines exposure bislogy.

Exposure Biology

Recent increases in the incidence of chronic
diseases such as diabstes, childhood asthma,
obesity, or autism are not likely dus to major

grants, beginning in August 2007.
Diet and physical activity are lifestyle and
behavioral factors that play an important
role in the etiology, prevention, and
treatment of many chronic Giseases,
including heart disease, vascular disease,
chronic lung disease, metabolic disorders,
cancer, and psychiatric conditions. The
focus of this RFA is on assessments of
these two behaviors, and not on the
determinants.

Accurate data on diet and physical activity
are critical in understanding how these
factors may impact health and functional
status over the human Iiffespan. On an
individual level, interactions between
genstic factors and dist or physical activity
may influence disease risk. An improved
understanding of how these genes and
enviranment interactions affect disease risk
may lead to better prevention or treatment
approaches.

The of usual distary intake

shifts in the human genome. The
are more likely dus to changss in our
environments, diets, andior activity levels,
which may lead to disease in genetically
predisposed persons.

The Exposure Biology Program, one
component of the GEI, released five RFAs
aimed at stimulating the development of
innovative wearable sensors to accurately
measure diet, physical activity, environmental
exposures, psychosocial stress, and addictive
substances.

One of the RFAs focuses on improved
measures of dist and physical activity. The
goal is to create innovative, accurate
technologies to use in large population studies
that have both genetic and enviranmental
components. The RFA is led by the National
Cancer Institute (NCI) and the National Heart,
Lung and Blood Institute (NHLBI), with $16
million in funding over 4 years for seven

(considered the long-run average intake
over the past year) or physical activity over
varying recent time periods or in the past
has, by necessity, relied on self-report
instruments. A variety of such instruments
xist, but they can be cognitively difficult
for respondents and prone to varying
degrees of measurement error depending
on the time period considered, the
instrument's ease of use, and the ethnic
and demographic characteristics of the
respondents. To overcome some of these
limitations, the GEI supports the
development of improved measures and
more objective methods to assess dietary
intake and physical activity.

http:/iriskfactor.cancer.govi/dietigei/ June 2011
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Biomarkers of Effect

8# cﬂn

Chemlcal Characterization ; ’B*?a
' Toxicity Testing

Tuxmrly Pathways | Targeted Testing

Source: Toxicity Testing in the 21st Century: A Vision and a Strategy; National
Research Council; The National Academies Press: Washington, DC, 2007.

Proposed toxicity testing
system relies on
understanding “toxicity
pathways”

New rapid assays and high-
throughput techniques used
to evaluate biologically
significant alterations

Shift from high-dose whole-
animal testing (targeted
testing would continue)

Toxicity testing quicker, less
expensive, and more
directly relevant to humans

o7 o
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Considerations and Challenges

e Science and
technology

 Regqulatory and
public policy

e Social and ethical
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Science and Technology

 ldentifying relevant risk
factors and common
effects

e Obtaining data on relative
toxicities, interactions,
and vulnerabillities

e Developing and
Implementing a common
metric or framework for
combining chemical and
non-chemical stressors

i

TVE BEEN FED LAUNDRY SOAP

EVERY DAY FOR THE LAST SiX MONTHS,
AND TS MADE ME SICK, FOR SOME

REASON THEY FIND TWAT REMARKABLE,

i e e L b S




U.S. EPA Monthly Webinar

 Non-Chemical Stressors and Cumulative Risk
Assessment: An Overview of Current Issues and
Initiatives (8/12)

e Characterizing Cumulative Air Pollution Risks (9/12)

 Cumulative Environmental Vulnerability Analysis:
Opportunities for Innovation (10/12)

» Assessing the Health Impact of Multiple Environmental
Chemicals (11/12)

 Cumulative Levels and Effects: Implementing A Unigue
Environmental Justice Statute in Permitting in Minnesota
(12/12)

http://epa.gov/ncer/multimedia/videos/cumulative-
riskiwebinar/2012/index.html v oy
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Regulatory and Public Policy

 Integrating risk factors
that have traditionally
been considered

separately
— Environmental
— Community
— Occupational
— Individual

e Focus on identifying
and controlling risks
that matter (i.e.,
priority setting)

“‘Maybe zero tolerance is setting the bar too high.”
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Invasive data collection
(e.g., biological
specimens)

Maintaining privacy
and preventing
Improper use of
personal data (e.qg.,
pre-employment
screening)

Communicating risks to
public and employees




Conclusions

 Human health may be negatively affected by an
array of risk factors (may not be dominated by
one domain)

* Assessing the risk associated with the
combinations of an interactions between
various chemical and non-chemical stressors
has not been possible using traditional methods

 CRA has the potential to overcome these
shortcomings, but will require significant
research and multi-disciplinary expertise
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