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Presentation Outline 

• Traditional risk assessment 
process and limitations 

• Definition and drivers of 
cumulative risk assessment 

• Existing guidance, framework, 
methods and tools 

• Future directions  
– Moving beyond traditional 

contexts 
– Moving beyond traditional 

frameworks and risk metrics 
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Limitations of Traditional Risk 
Assessment Process 
• 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 



Key Drivers of Cumulative 
Risk Assessment (CRA)  
 
• 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. EPA to 
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     



U.S. EPA Guidance and 
Resource Documents 



International Guidance and 
Research Projects 



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 
 

Population-
Based Focus 

Chemical- 
Focused 



Differs from “Cumulative Risk” 
in Occupational Settings 
• A cumulative dose metric is 

often used to characterize 
total exposure over a working 
lifetime 

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

• Usually involves a single 
chemical and exposure route 
(inhalation) and not account 
for timing of exposure    
 



Key Components of CRA 

• Shift from focus on single to multiple chemicals or 
stressors 

• Includes both chemical and non-chemical (e.g., 
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 
 
 



CRA Framework (U.S. EPA) 

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



CRA Conceptual Model 

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



WHO/IPCS Tiered Approach 



Aggregate and Cumulative 
Exposure Models 

• Models developed in response to FQPA (e.g., 
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) 
 



Model Examples 

Source: CARES 1.0,  Technical Manual, CropLife 
America, 2002.  

Source: SHEDS-Multimedia Model version 3, Technical Manual,  
U.S. EPA, 2007.  



Differs from Exposure Models 
Used in Occupational Settings 
• Inhalation models typically used to 

estimate individual worker 
exposures (air concentration) 
– Zero ventilation (saturation)  
– General ventilation (box or 

mixed space)  
– Two-zone (near field/far field)  
– Dispersion (diffusion)  

• Separate models or methods used 
to assess dermal exposures 
– Qualitative consideration of  

aggregate exposure (skin 
notations) 

 



Cumulative Toxicity and Risk 
Methods 
• 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  

 



Whole Mixture Vs. Components 

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. 



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 
 



Interaction-Based HI 

Source: Supplementary Guidance for Conducting Health Risk Assessment of Chemical Mixtures; EPA/630/R-00/002; United 
States Environmental Protection Agency: Washington, DC, 2000. 



Relative Potency Factor (RPF) 

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 
– RPFn = 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 
 
 



Margin of Exposure (MOE) 
Approach 

Source: EPA (2002). Guidance on Cumulative Risk Assessment of Pesticide 
Chemicals That Have a Common Mechanism of Toxicity. 

• Determine point of departure 
(POD) for the index chemical 
– Point in the dose-

response curve at which 
a change in response can 
be reliably said to be due 
to dosing with the 
chemical (e.g., NOAEL, 
LOAEL, BMD10) 

• Compare route-specific 
toxicity benchmarks to 
exposure estimates 

• Calculate MOE for each 
exposure route 

• Combine route-specific 
MOEs to generate total MOE 
 
 



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 



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 
 



Similar to Mixtures Approach 
Used in Occupational Settings 

• 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  
• Hazard Communication rule 

(whole mixture or components)  
• NORA research agenda includes 

complex mixtures 
 

 
 



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  
 
 



Community-Based Assessments 

• Driven by concerns about 
environmental justice and 
health inequities 

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

• Risks are evaluated using 
local or regional data for 
most relevant stressors  



CRA Screening Tools: U.S. EPA 

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. 



• 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 
quantitative estimates of 
community-health risk 
 

Statewide CRA Initiatives 

Source: Cumulative Impacts: Building a Scientific 
Foundation;  OEHAA, California Environmental Protection 
Agency: Sacramento, CA, 2010. 



Accounting for Occupational 
Risk Factors 

• 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 



 

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

 

 

 
 

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

 

 

Individual Factors 
• Demographics/Socioeconomic status 
• Genetic susceptibility 
• Existing disease status 
• Psychological stress 
• Dietary status 
• Lifestyle/behavior 

 

Cumulative 
Risk  

Consideration of Relevant Risk 
Factors 

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



NIOSH Total Worker HealthTM 
Program 

• Strategic initiative that integrates 
occupational safety and health 
with health promotion  

• Represents an evolution of prior 
programs and initiatives  
– Steps to a Healthier US 

Workforce  
– NIOSH WorkLife  

• Focus is on understanding 
interactions between workplace 
and individual lifestyle risk factors 
– Age, educational level, 

preexisting medical conditions 



Examples of Promoting 
Worker Health 
• Impact of inadequate sleep 

on work safety and optimal 
health 

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

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

 
 
 
 



Exposome 

• Concept that is 
complementary to mapping 
the human genome 

• Measure of total exposure 
(internal and external) of an 
individual in a lifetime 

• Focus is on understanding 
how exposures from 
environment, workplace, 
diet, and lifestyle interact 
with individual 
characteristics (e.g., 
genetics, physiology) to 
cause disease 

 
 
 

Source:  Rappaport, S.M. and Smith, M. T. 
(2010). Environment and Disease Risks.  
Science, 330:.460-461. 



Integrating Chemical and Non-
Chemical Stressors 

• Non-chemical stressors have 
not been routinely 
incorporated in quantitative 
CRAs to date 

• Many challenges:  
– identifying relevant non-

chemical stressors 
– obtaining sufficient data on 

all stressors 
– quantifying exposure and 

effects data using common 
metrics  



Identifying Families of 
Conceptual Models 

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



Biomarker-Based Risk 
Assessment 

• 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 
– Biomarkers of susceptibility 
– Biomarkers of effect 

• The maturation of computational and systems 
biology approaches is expected to change the 
future direction of risk assessment  



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  
 
 



Biomarkers of Susceptability 

• Many individual factors 
contribute to human 
variability 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 



Biomarkers of Effect 

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 
 
 



Considerations and Challenges 

• Science and 
technology 

• Regulatory and 
public policy 

• Social and ethical 
 
 



Science and Technology 

• Identifying relevant risk 
factors and common 
effects 

• Obtaining data on relative 
toxicities, interactions, 
and vulnerabilities 

• Developing and 
implementing a common 
metric or framework for 
combining chemical and 
non-chemical stressors 
 



U.S. EPA Monthly Webinar 
Series (2012) 

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

• 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 Unique 

Environmental Justice Statute in Permitting in Minnesota 
(12/12) 

http://epa.gov/ncer/multimedia/videos/cumulative-
risk/webinar/2012/index.html 



Regulatory and Public Policy 

• Integrating risk factors 
that have traditionally 
been considered 
separately 
– Environmental 
– Community 
– Occupational 
– Individual 

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



Social and Ethical 

• Invasive data collection 
(e.g., biological 
specimens) 

• Maintaining privacy 
and preventing 
improper use of 
personal data (e.g., 
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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