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Abstract

In assessing environmental health risks, the risk characterization step synthesizes information 

gathered in evaluating exposures to stressors together with dose-response relationships, 

characteristics of the exposed population, and external environmental conditions. This manuscript 

summarizes key steps of a cumulative risk assessment (CRA) followed by a discussion of 

considerations for characterizing cumulative risks. Cumulative risk characterizations differ 

considerably from single chemical- or single source-based risk characterization. CRAs typically 

focus on a specific population instead of a pollutant or pollutant source and should include an 

evaluation of all relevant sources contributing to the exposures in the population and other factors 

that influence dose-response relationships. Second, CRAs may include influential environmental 

and population-specific conditions, involving multiple chemical and nonchemical stressors. Third, 

a CRA could examine multiple health effects, reflecting joint toxicity and the potential for 

toxicological interactions. Fourth, the complexities often necessitate simplifying methods, 

including judgment-based and semiquantitative indices that collapse disparate data into numerical 

scores. Fifth, because of the higher dimensionality and potentially large number of interactions, 

information needed to quantify risk is typically incomplete, necessitating an uncertainty analysis. 

Three approaches that could be used for characterizing risks in a CRA are presented: the 

multiroute hazard index, stressor grouping by exposure and toxicity, and indices for screening 

multiple factors and conditions. Other key roles of the risk characterization in CRAs are also 

described, mainly the translational aspect of including a characterization summary for lay readers 

(in addition to the technical analysis), and placing the results in the context of the likely risk-based 

decisions.
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1. INTRODUCTION

Environmental health risk assessments have usually been comprised of four sequential and 

often independent parts in accordance with the National Research Council (NRC) paradigm: 

hazard identification, exposure assessment, dose-response assessment, and risk 

characterization.(1) Cumulative risk assessment (CRA) is the analysis, characterization, and 

possible quantification of the combined risks from multiple stressors via multiple exposure 

routes (the ways individuals physically contact the chemicals, e.g., oral, inhalation, or 

dermal exposures) in a defined community or specific population.(2) While some CRAs 

evaluate the risks posed by a single type of stressor through multiple exposure routes, such 

as specific pesticide classes (e.g., organophosphates, N-methyl carbamates) or dioxin-like 

compounds, other CRAs consider the hazards or risks associated with different types of 

stressors (e.g., co-exposures to hazardous chemicals and a psychosocial stress such as high 

rates of crime near homes or workplaces). CRAs can be conducted at a community scale or a 

regional scale, extending to national and international scales. Some CRAs are conducted to 

discriminate among risk management alternatives. We contrast CRAs with single chemical- 

or single source-based assessments termed “conventional” assessments in this manuscript. A 

CRA has a different structure than the earlier conventional chemical risk assessments, 

consisting of three steps that encompass the original four steps noted above: (1) planning, 

scoping, and problem formulation; (2) analysis; and (3) risk characterization.(2) During the 

analysis phase, the evaluations generally follow the NRC paradigm, except that the hazard 

identification and the exposure and dose-response assessments are evaluated together in an 

interdependent manner rather than separately. This approach increases the relevance of the 

assembled information and reduces the extrapolations required to apply that information to 

the risk scenario(s). A tiered approach to the analysis that sequentially considers additional 

chemicals and relevant non-chemical stressors also has been advocated to enhance analytic 

efficiency.(3)

The scope of the environmental risk scenario also differs between CRAs and conventional 

risk assessments. For the latter, most focus on exposures to a single agent or a group of 

related agents over a fixed time period, with emphasis on a single “critical” effect, (i.e., the 

toxicity occurring at the lowest dose). In comparison, CRA scenarios are typically broader, 

involving multiple risks associated with multiple stressors, where all health effects of 

concern are considered together and where interactions of exposure and/or toxicity are 

estimated for specific effects.

“Stressors” often are defined to include any physical, chemical, or biological agent capable 

of inducing an adverse response.(2) For example, whereas conventional assessments might 

present health risks estimated for chronic exposures to a single chemical in drinking water, 

CRAs might evaluate risks from chronic exposure to pathogens and chemicals in drinking 

water and food, as well as intermittent exposure to physical stressors such as heat, utilizing 

(when available) information about interactions that can affect exposure and/or toxicity. 

Table I provides examples of nonchemical stressors and associated health effects. 

Nonchemical stressors also can be more broadly defined to include a condition or influential 

factor, the lack of an essential entity (such as shelter), or a genetic predisposition.(2) 

Examples include: behavioral or lifestyle factors (e.g., poverty, diet, smoking behavior, and 
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physical activity level), intrinsic biological factors (e.g., race/ethnicity, sex, and genetics), 

psychological stress, socioeconomic status (e.g., educational attainment and household 

income), or community characteristics (e.g., exposure to violence or other crimes). These 

can influence an individual’s exposures (i.e., exposure modifying factors) and modify the 

individual’s responses following stressor exposures (i.e., effect measure modifiers) affecting 

the magnitudes of the risks being evaluated. Some CRAs also could consider factors that 

lessen the impact of the environmental stressors of concern (e.g., sufficient nutrition can 

reduce effective oral absorption of some metals, thus reducing the effective exposure);(4, 5) 

these factors are sometimes termed buffers.

While the risk characterization step of conventional assessments synthesizes the analyses of 

environmental conditions and estimated risks for the population(s) of interest, in a CRA the 

translational role of risk characterization is emphasized. Historically, risk characterization 

has been described as “estimating the incidence of a health effect”(1) or evaluating the 

consequences of exceeding a “safe exposure level” for the most critical effect,(6,7) including 

the discussion of uncertainties in these estimates. In addition to these elements, cumulative 

risk characterizations can also address the context of the decision the CRA is informing. For 

example, NRC(7) (see also Sexton(8)) suggests that CRAs be oriented to evaluate risk 

management options (notably interventions) as a way of reducing analytical complexities. 

For environmental health risks, the decision context might include the following questions:

1. What are the magnitudes of the risks?

2. What stressors are causing specific health outcomes and are other factors 

contributing to these outcomes by altering a population’s vulnerability? (See 

Kasperson(9) and U.S. EPA.(2))

3. What is the likely distribution of health benefits (i.e., anticipated reductions in 

adverse health outcomes) associated with alternative risk management 

interventions across a population?

In addition, the challenging risk communication aspect of a risk characterization has been 

emphasized in earlier guidance, which notes “... risk characterization is not just about 

science. It makes clear that science doesn’t tell us certain things and that science policy 

choices must be made.”(10) This paper addresses risk characterization in CRAs, highlighting 

differences between conventional risk assessments and a CRA, and describing three 

approaches that can address certain challenges associated with characterizing risks in CRAs: 

the multiroute HI, grouping by exposure or toxic outcome, and the use of indices for 

screening assessments.

2. CUMULATIVE RISK CHARACTERIZATION

Risk characterization is often described as the final “synthesis” step in a risk assessment. It 

provides an overview of the assessment process and summarizes the main results and their 

uncertainties. One distinguishing feature of CRAs when compared with conventional 

assessments is the emphasis on stakeholder involvement throughout the CRA process. This 

section reviews that involvement and presents the structure of a CRA characterization.
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2.1. Stakeholder Involvement in the CRA Process Prior to Risk Characterization

Stakeholder involvement is infused throughout the CRA.(11,12) Stakeholders could include 

anyone potentially affected by the risk management decision. Taken broadly, this set could 

include community residents, managers and other members of a federal, state, or local 

government, academic institutions, public health groups, religious groups, recreators such as 

fishers and hunters, workers, and businesses and industries, among others.

In the planning, scoping, and problem formulation step, stakeholders including decision 

makers help define the assessment’s goals and context and also help establish the type, 

rationale, and scope of the assessment. The assessment type can range from qualitative (e.g., 

prioritizing which waste sites to assess first), to more quantitative (e.g., a “semiquantitative” 

screening assessment that asks whether site risks are acceptable using conservative exposure 

assumptions), to a quantitative analysis that develops cumulative risk estimates. The type of 

assessment and risk management decisions the CRA is intended to inform also will guide 

both the types of stressors included and the level of detail required for the data acquisition 

and analysis. Stakeholders can help to both provide and evaluate exposure information as 

well as providing insights into how best to collect data on local populations (such as through 

citizen science activities). They also can identify population characteristics that could render 

certain populations more vulnerable to stressor combinations than the general population, or 

specific populations that are more impacted. For CRAs that evaluate different risk 

management options, stakeholders could also include technical experts familiar with the 

potential alternative interventions under consideration; such experts could characterize 

relevant aspects of the interventions including the feasibility, efficacy, and reliability, as well 

as the size and other characteristics of the population potentially affected by the intervention.

2.2. Structure of a Cumulative Risk Characterization

Summarizing the CRA goals and analyses can be complex and multifaceted. While the 

variety of CRA goals and settings will lead to many different assessments, the preparation of 

a cumulative risk characterization can be informed by a set of questions that consider the 

unique demands of this integrating portion of the CRA. Table II presents questions that can 

help prepare the planning and analysis steps of the CRA. The same questions can be used 

later to evaluate the completed CRA. These questions are organized by three topic areas: 

population and health effects; sources and exposures; and toxicities, groupings, and 

extrapolations.

The risk characterization step in a CRA is expected to include two parts to facilitate 

communication with two different audiences (Table III). The first part is an integrative 

analysis that synthesizes the different pieces of information characterizing the predicted 

risks. The second part, a nontechnical summary for lay audiences, discusses the results 

clearly, describes how the results can inform risk management decisions, and considers how 

the study limitations and uncertainties affect the use of the results.(10)

2.2.1. Integrative Analysis—The integrative analysis describes the technical aspects 

associated with the predicted risks and their uncertainties. It evaluates the quality and 

relevance of the collective information and identifies information gaps, important 
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uncertainties at the interfaces between different process steps, and the appropriateness of the 

different levels of analysis across the steps of the risk assessment. It also can highlight the 

important uncertainties within each CRA step from those that have already been identified.

The U.S. EPA CRA Framework(2) and Concepts document,(13) are among several reports 

that outline the set of steps commonly found in CRAs. (In focusing on risk characterization, 

this paper extends from the brief discussion of the integration step in the Concepts 

document.) As described in these documents, many CRAs focus on specific populations or 

communities and initially evaluate the population’s characteristics. Such evaluations are 

anticipated to be iterative because of stakeholder participation in the planning phase, with a 

refined population characterization that has the potential to identify several vulnerable 

populations. With such additional information, the exposure assessment and dose-response 

assessment could produce distinct results for each population. This adds to the complexity of 

a cumulative risk characterization and further highlights the value of simplifying methods. 

Some simplifications address joint toxicity and borrow from previous methods for chemical 

mixture risk, e.g., grouping chemicals by exposure media and toxicity (Table IV), while 

other simplifications involve categories of nonchemical stressors and population 

characteristics; these are further discussed with examples in Section 3.

Joint toxicity.: The concept of joint toxicity used here is the consequence of multiple 

exposures affecting the same outcome, which is distinguished from the composite of 

separate evaluations of multiple unrelated exposures or toxic effects. The NRC Phthalates 

Report(14) proposed that the term “common adverse outcomes” be the basis for such 

assessments, noting that multiple toxicity pathways “can lead to a common outcome” (or 

related group of outcomes) and observing that “a focus on only a specific [toxicity] pathway 

can lead to too narrow an approach in conducting a cumulative risk assessment” for 

chemical and non-chemical stressors. An evaluation of the potential for joint toxicity begins 

with spatial overlap, i.e., identifying populations that are exposed to multiple stressors. The 

joint toxicity evaluation then usually requires temporal overlap of either the exposures or 

effects (the latter is illustrated by persistent effects after the initial exposure ends). If there is 

temporal overlap, the potential for joint toxicity should be evaluated. If these temporal 

overlaps are considered implausible, then joint exposure and joint toxicity might not need to 

be quantified, although such judgments should be explained. If joint toxicity is not 

estimated, those multiple exposures or toxicities should still be evaluated individually and 

the overall impacts on health should be described.

Joint toxicity or risk for chemical mixtures usually begins with identification of a common 

toxic effect for application of component-based risk assessments.(15) The two main types of 

formulas included in the risk characterization phase of a CRA used for chemical mixtures 

are those based on dose addition (for toxicologically similar chemicals, such as those 

exhibiting the same modes of action) and those using response addition (for toxicologically 

independent chemicals, such as those exhibiting different modes of action). The most 

common formulas for similar chemicals are: (1) the hazard index (HI), used most often to 

evaluate the potential for noncancer effects from mixture exposures at contaminated sites 

(Equation 1) and (2) the total margin of exposure (MOE) for gauging the hazard associated 

with exposures to some pesticide mixtures.(16,17) These are risk characterization formulas 
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because they combine exposure estimates with dose-response estimates. For example, the HI 

formula is:

HI = ∑
i = 1

n Ei
RfV i

(1)

where, for the ith chemical, Ei is the estimated exposure level for the population being 

assessed and RfVi is the risk-based reference value with the same units as the exposure 

value. For example, when E represents estimated daily oral intake, the RfV can be the U.S. 

EPA’s reference dose (RfD) where E and RfD are in the same units of mg/kg-day.(18) An HI 

of 1 or lower indicates that noncancer effects are unlikely to be of concern. An HI greater 

than 1 leads to a more detailed evaluation beyond this screening step, which can involve 

calculating (segregating) the HI for each target organ or system affected by the chemicals 

assessed (15, 16, 19).

Information on joint toxicity of chemical mixtures often exists only for two-chemical 

mixtures.(20–22) The Agency for Toxic Substances and Disease Registry (ATSDR) and U.S. 

EPA have published binary weight-of-evidence (BINWOE) approaches to describe 

toxicological interactions between two chemicals for use in screening-level mixture 

assessments.(15,20) Both approaches evaluate the strength of the interaction evidence and its 

relevance to human health. The U.S. EPA (2000) approach(15) uses four ordered categories 

of evidence based on information quality and the extent of extrapolation from the key studies 

to interactions in humans: (1) clear relevance to humans with minimal extrapolation, (2) 

likely relevance to humans extrapolated from animal models, (3) plausible interaction 

direction but weak supporting evidence, and (4) inadequate interaction evidence or good 

evidence of no interaction. In contrast, the ATSDR (2004) approach(20) involves three 

detailed sets of categories: mechanistic understanding, toxicological significance, and 

scenario modifiers, with each containing ordered subcategories. The scenario modifiers set 

accounts for the use of surrogate information, e.g., in vitro instead of in vivo data.

A distinctive feature of those BINWOE schemes for toxicological interactions is they 

include specific categorical notations and a numerical score for each category. For example, 

ATSDR’s scheme characterizes the interaction evidence as I-A (with a score of 1*1=1) when 

unambiguous mechanistic data and direct evidence of toxicological significance exist, and as 

II-C (with a score of 0.71*0.32=0.23) when mechanistic data only exist on interactions of 

related compounds and when toxicological significance of the interaction is unclear. Each 

interaction BINWOE category and its score reflect a judgment of the extent of extrapolation 

required when using the available interaction information to modify the health risk estimate. 

This conveys a qualitative evaluation of the available evidence and suggests a level of 

confidence for the specific interactive effects addressed in a risk characterization.

While the ATSDR application is mainly qualitative, the U.S. EPA approach to addressing 

interactions goes further in that the BINWOE scores change the magnitude of the HI; in the 

U.S. EPA approach, the BINWOE score is positive for greater than dose-additive interaction 

and negative for less than dose-additive interaction. When the evidence indicates greater 
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than dose-additive toxicity in the mixture, the EPA’s interaction-based HI (Equation 2) is 

increased over the usual HI.(15)

HIINT = ∑
j = 1

n
HQj ∑

k ≠ j

n
fjkMjkBjkgjk (2)

In Equation 2, each chemical’s HQ is modified by the pairwise evidence for interactions, 

i.e., the quantity in parentheses (see (19) for full explanation). At this time, data are 

insufficient for most chemical combinations to quantify the magnitude of even binary 

interactions (M in Equation 2), especially at typical environmental doses;(23) for this reason, 

a default magnitude value of 5 is used by U.S. EPA.(15) While substantial uncertainties exist 

and should be discussed in the risk characterization, a BINWOE approach can communicate 

what is known about chemical interactions, including information provided to an interested 

community such as those living near a hazardous waste site.(5) One improved approach over 

what either agency has adopted is to use the U.S. EPA interaction-based HI formula along 

with the more detailed ATSDR BINWOE scheme. That would quantitatively change the HI 

by using the scores in the multilevel BINWOE scheme of ATSDR, e.g., setting B=−0.23 in 

Equation 2 when the BINWOE category is II-C and the interaction is less than dose-additive. 

That cross-agency approach provides a stronger interaction-based HI than what either 

Agency’s approach would give alone.

Information on joint toxicity from chemical and nonchemical stressors is generally lacking 

or sparse. One suggested contribution is a weight-of-evidence (WOE) approach similar to 

the toxicological interaction BINWOE approach for chemicals. In particular, the WOE 

approach could focus on the degree of causal evidence linking a nonchemical stressor with a 

health endpoint or for identifying effect measure modification. Such evidence can be based 

on epidemiological concepts of causation(24,25) or those from evidence-based toxicology(26) 

but structured in a few general categories. One example characterizes the impact of 

environmental disasters on psychological stress with resultant impact on reproductive 

success.(27) The approach involves two categories: relevance and depth of understanding, 

where each is subdivided into three subcategories.(27)

Relevance:

A = direct, adequate causal evidence in humans for the scenario being assessed

B = adequate causal evidence in humans for a similar scenario (some stressor or the 

levels of the stressors differ but not substantively), although alternative noncausal 

explanations cannot be ruled out; adequate causal evidence in nonhuman mammals

C = suggestive evidence in nonhuman mammals with some concerns over relevance 

to humans

Depth of understanding:

1 = strong empirical or mechanistic/mode of action evidence (e.g., accurate model, 

key toxicological events are known)
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2 = moderate quantitative or mode of action evidence (e.g., empirical support but 

variation is high or some key events are unknown)

3 = limited or no biological underpinnings of the link to the effects of concern

To illustrate, consider the published example linking the extent of maternal exposure to 

hurricane destruction with the risk of fetal distress.(27) The evidence for hurricanes leading 

to psychological stress and fetal distress could be category A1 because of direct human 

evidence, including “biomarkers”, following hurricane strikes.(28,29) In comparison, the 

evidence for a different source of psychological stress (e.g., community violence, 

neighborhood traffic noise) causing fetal distress could be category B1, where “B” is 

because much of the human information on maternal stress is qualitative and could be for 

different adverse environmental conditions, and much of the quantitative data are from 

experimental animals.(30) The subcategory for understanding could be “1” because maternal 

stress is linked to specific biomarkers such as increased fetal cortisol, which is linked to fetal 

distress.(29)

Quantitative causal information for modeling health risk to exposures from both multiple 

chemicals and nonchemical stressors is rarely available. For this reason, a quantitative 

approach to estimating cumulative health risk usually cannot be performed. However, a 

modified HI may offer a partial solution. A recent example develops a cumulative hazard 

index to reflect the joint contributions of noise and volatile organics exposure to hearing 

loss.(31) Because it was generated as an extension of the chemical-based HI approach (see 

Equation 1), the first step involved setting reference values for exposure to noise that would 

correspond to the RfD used to assess oral chemical exposures. While this cumulative HI is 

only a simple risk characterization index of the potential for specific exposures to cause 

noncancer health effects, its application here to the combination of noise and volatile 

organics is supported by data and knowledge of the underlying biological processes that 

describe how both stressors are causally related to hearing loss.(32,33) Future applications of 

a cumulative HI would be strengthened if additional information was available on 

interactions. For example, studies concerning other stressors have observed an antagonistic 

effect of zinc on lead toxicity,(4) while others have reported the combined impacts of 

psychosocial stress and exposure to hazardous chemicals on asthma(34) and on blood 

pressure.(35)

The risk characterization step should identify key stressors and present estimates of 

cumulative risk. If the overall impact of multiple effects cannot be estimated, it is useful to 

present an array with separate risk estimates for each effect. The risk estimates presented 

could be quantitative if sufficient scientific data exist, but they will often be semiquantitative 

or qualitative and the conclusions could also be qualitative. Some general phrases for 

qualitative-based conclusions include: “Exposures are considered below levels of 

toxicological concern” or “Possible interactions involving poor nutrition and heavy metals in 

children suggest that certain vulnerable populations such as infants and young children with 

poor nutrition status could potentially experience adverse health effects.” To enhance the 

usefulness to subsequent decision making, all risk estimates should be presented specific to 

the effects of most concern to each identified population, along with the elements most 

influential for each risk estimate (e.g., for chemicals: the exposure pathway and route, 
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chemical group, and most important toxicological effect in the sensitive populations). Route 

is used here to define the physical interface through which human exposure to the chemical 

occurs, e.g., inhalation, oral (ingestion), or dermal contact. Exposure pathway is used here to 

describe the path a contaminant takes from its source through the environmental media (e.g., 

air, surface water, soil) to a point of contact with an individual, and the route through which 

that individual is exposed.

Uncertainty analysis.: The final part of the integrative analysis step involves evaluating the 

overall quality of the various analyses. Because uncertainties are to have been described in 

each part of a CRA, this evaluation should summarize the main sources of uncertainty, 

including measurement and methodological limitations, information loss from stressor 

groupings, and uncertainties due to reliance on a variety of extrapolations, such as using 

single-stressor toxicity assessments in dose-additive formulas when interactions cannot be 

quantified, or using structure-activity or in vitro studies for estimating some chemicals’ 

relative potency factors (RPFs) because their dose-response information is inadequate.(36) 

As with any uncertainty characterization, it is important to discuss the main assumptions 

used, including any mathematical models and default parameter values applied. Other 

possible sources of uncertainty include missing data, exposure assessment limitations, and 

use of uncertainty factors1. When the CRA involves many different types of stressors and/or 

effects, various approaches can be used to combine these disparate lines of evidence, which 

often include both animal and epidemiological data.(42–44) The approaches can vary widely 

and may include meta-analytical techniques, empirically based probability distribution 

methods for data-rich cases to Bayesian methods, or expert judgments. As an example of the 

latter approach, U.S. EPA’s multicriteria integrated resource assessment tool was applied to 

assist regulatory decision making on air quality using both stakeholder and expert panel 

involvement.(45)

Because of the variety of approaches likely to have been implemented, it is important to 

identify the methods used and describe any critical elements affecting the resulting 

synthesis. For quantitative assessments, if sensitivity analyses were conducted to identify 

and evaluate the assumptions most influential on the risk estimate, the implications of those 

analyses should be described, especially regarding the value of new information and 

alternative assumptions. Also important is consideration of those elements not included in 

the risk model that could influence the ultimate risk estimate. At this final stage of a CRA, 

recommendations are useful for identifying ways the assessment could be improved, such as 

collecting and analyzing new data, using different analysis methods or modeling approaches, 

replacing default uncertainty factors with stressor-specific values, or even changing the 

scope of the assessment.

1Uncertainty factors have been used by U.S. EPA and ATSDR to account for several extrapolations (or scaling) or other uncertainties 
in the data, such as interspecies scaling and accounting for sensitive population subgroups.(37–41) For example, the EPA defines 
uncertainty factors as “one of several, generally 10-fold, default factors used in operationally deriving the RfD and RfC from 
experimental data. The factors are intended to account for (1) variation in susceptibility among the members of the human population 
(i.e., inter-individual or intraspecies variability); (2) uncertainty in extrapolating animal data to humans (i.e., interspecies uncertainty); 
(3) uncertainty in extrapolating from data obtained in a study with less-than-lifetime exposure (i.e., extrapolating from subchronic to 
chronic exposure); (4) uncertainty in extrapolating from a LOAEL rather than from a NOAEL; and (5) uncertainty associated with 
extrapolation when the database is incomplete.”
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Simplifications and assumptions are especially important in a risk characterization because 

they are often the basis of report summaries used in risk communication, and so 

understanding their uncertainties is important. While an uncertainty discussion is also 

included in the Risk Characterization Summary, it is in the Integrated Analysis section 

where details are presented. For the simplifying approaches such as stressor grouping by 

exposure and/or toxicity (see Section 3.2), or the use of composite numerical indices that 

incorporate both environmental and population covariates (see Section 3.3), the uncertainty 

analysis should discuss why certain stressors or covariates were included (e.g., each one’s 

WOE regarding the effects of concern, both for relevance and depth of understanding of 

causality). It is also important to present the possible impact on the assessment of those 

stressors that were excluded. The Technical Documentation for the U.S. EPA’s EJSCREEN 

tool has excellent examples of presenting uncertainties and limitations when an index is used 

in a cumulative risk characterization.(46)

2.2.2. Nontechnical Risk Characterization Summary—The nontechnical summary 

of the risk characterization is critical for communicating the results to some stakeholders. 

This summary should include the main findings regarding potential health effects (likelihood 

and severity), identification of populations likely affected, the stressors of primary concern, 

and the key uncertainties. These results are interpreted in the context of the assessment goals 

established during the planning, scoping, and problem formulation step, including an 

examination of how relevant the available information was to the problem being addressed. 

For example, if the initial concern were a geographical area with a high incidence of a 

particular disease, then evaluating the relationships between specific exposures in that local 

population to that disease would be relevant to the risk assessment objectives and, ultimately, 

to the plausibility and stakeholder acceptance of proposed risk management decisions based 

on such analyses. Finally, U.S. EPA’s Risk Characterization Handbook(10) identifies four 

principles as key to effectively communicating the risk characterization: transparency, 

clarity, consistency, and reasonableness. While these apply to the technical summary as well, 

they are particularly germane to the nontechnical summary.

2.3. Evaluating the Success of the CRA

The evaluation of success of a CRA involves an objective examination of how well the 

results address the assessment goals, including any feedback from the risk assessors, 

stakeholders, and decision makers involved in the CRA. The level of the analysis should 

match that recommended in the planning, scoping, and problem formulation step, or an 

explanation should be provided if it does not. The evaluation of a cumulative risk 

characterization can be guided by a checklist designed to consider the often-complicated 

demands of this integrating portion of the CRA. Table II presents the example questions 

suggested in Section 2.2 to assist developing the risk characterization. These same questions 

could also be used to evaluate how successful the CRA was in addressing the scope and 

goals, including the quality of the data and methods used. These questions can be applied to 

all of the stressors considered (Table I).

The analysis of uncertainties is pivotal in determining whether the goals of the CRA have 

been met. Many uncertainties are of only minor concern for a qualitative or semiquantitative 
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(e.g., screening-level) assessments, but they can be key determinants of the relevance and 

accuracy of a quantitative cumulative risk assessment. If the results do not sufficiently 

address the goals, iteration through one or more of the previous steps may be warranted, 

including reconsideration of the planning, scoping, and problem formulation step. For 

example, if childhood asthma is a concern in an urban community that is not well explained 

by chemical exposures alone, the CRA also might evaluate the potential interaction between 

smog and nonchemical stressors such as psychological stress from living in a high-crime 

area,(34) and the uncertainty analysis might focus on the relevance (e.g., how extrapolatable 

other study results are to the current population of interest), quality and uncertainties 

associated with that reported interaction.

3. EXAMPLE RISK CHARACTERIZATION APPROACHES FOR CRAs

This section presents three approaches that offer ways to address certain challenges 

associated with characterizing risks for CRAs. In addition to the increased complexity of 

CRAs, including more exposures and health effects to consider, these measures are often 

disparate in nature, which as noted above complicates the generalizability of study results 

when applied to a different exposure or target population. Targeted small-scale epidemiology 

studies have been recommended as a preferred approach for collecting data on the health 

effects associated with specific exposures to multiple stressors and buffers.(47, 48) (The term 

buffer is used here to represent agents and activities that benefit health or increase resilience, 

such as good nutrition, physical activity, and healthy weight.) However, the cost of such 

studies is often an obstacle, which means that few studies have been undertaken that directly 

address CRA complexities. With the more direct exposure measures and combinations of 

stressors and confounding factors that are examined in epidemiological studies, it is more 

important for statistical modeling challenges to be considered (e.g., Type II errors from 

insufficient statistical power to detect associations or statistical interactions, multi-

collinearity amongst mixtures).(49, 50) Principal components regression and meta-regression 

analyses may offer solutions to some of these challenges.(51, 52) As with risk characterization 

of chemical mixtures, another helpful strategy is to use information on individual stressors 

and pairwise interactions to quantify risk estimates for the different stressor combinations.

3.1. Hazard Index for Multiroute Exposures

The HI (see Equation 1) is a decision tool that helps characterize the potential for noncancer 

effects from exposures to chemical mixtures.(15,16) This concept is illustrated in the 

following hypothetical scenarios evaluated for hazardous waste sites, which predict future 

exposures to multiple contaminants originating from the site to help inform cleanup 

decisions. For example, consider an abandoned site with several waste pits, from which 

chemicals could leach to underlying groundwater that flows offsite over time. In this 

hypothetical exposure scenario, for a nearby community, this groundwater source is used for 

drinking water. The estimated daily oral intake (E) of each chemical in that groundwater is 

then compared to its oral RfD or other acceptable (safe) intake level (see Equation 1). This 

ratio is called the hazard quotient (HQ), and, equivalent to Equation 1, for an exposure 

involving n chemicals the HQs are summed to estimate the HI for this drinking water 

exposure pathway.

MacDonell et al. Page 11

Risk Anal. Author manuscript; available in PMC 2021 July 27.

E
PA

 A
uthor M

anuscript
E

PA
 A

uthor M
anuscript

E
PA

 A
uthor M

anuscript



Many environmental exposures involve more than one exposure route or pathway, such as 

inhalation of contaminated urban air and ingestion of contaminated food or water. An HI 

that considers exposures to multiple chemicals by multiple exposure routes or pathways can 

be termed a multiroute or multipathway hazard index, MHI (sometimes called a cumulative 

hazard index).(13, 16) For ease of notation in this manuscript, “route” will usually be used, 

even though “pathway” can be equally applicable. This distinction can be important. If the 

concern is exposure from contaminated tap water, then three exposure routes could be 

considered: ingestion (drinking the water), dermal (bathing), and inhalation (bathing and use 

of indoor steam-producing appliances such as dishwashers and washing machines) for 

volatile compounds. The tap water exposure pathway assessment then involves three route-

specific assessments that are combined into the MHI.

The modification of the HI approach then begins with a route-specific HQ for a single 

chemical:

HQjk = Ejk
RfV jk

(3)

where

HQjk = hazard quotient for the jth chemical, kth exposure pathway

Ejk = exposure for jth chemical, kth exposure pathway

RfVj = the health risk reference value for jth chemical, kth exposure route

Route-specific RfVs used by EPA include the RfD for oral exposures and the reference 

concentration (RfC) for inhalation exposures. This MHI can be determined two ways, each 

generating the same numerical estimate. In the first case, where the risk concern focuses on 

individual contaminants, a multiroute HQ (MHQ) is calculated for each chemical across all 

m routes (see Equation 4), then the MHI is derived from the sum of all n chemical-specific 

MHQs (see Equation 5).

MHQj = ∑
k = 1

m
HQjk (4)

MHI = ∑
j = 1

n
MHQj (5)

In the second case, if the risk concern focuses on affected environmental media (e.g., 

contaminated soil, contaminated groundwater), the HIs are calculated by route (indexed by k 
in the following formula) and then the m route-specific hazard indices are summed to obtain 

the MHI:
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MHI = ∑
k = 1

m
HIk = ∑

k = 1

m
∑
j = 1

n
HQjk (6)

Consider the results from these two alternatives. In the first calculation sequence, if one or a 

small set of chemicals accounts for most of the MHI (based on their MHQs in Equation 4), 

then risk management options might involve controlling the sources of those chemicals (e.g., 

the waste pits that represent the source of those chemicals in the waste site example). In the 

second approach (inner sum in Equation 6), the initial calculation allows exposure routes 

(e.g., oral ingestion) or exposure pathways (e.g., oral and inhalation exposure from tap water 

use of drinking and showering) to be compared. If one pathway-specific HI (e.g., the HI for 

tap water ingestion and steam inhalation) dominates the MHI, then risk management options 

could focus on that medium and potential exposure options (e.g., consider an alternate water 

supply). These alternative calculations help identify the importance of various chemicals 

across affected media and the exposure routes and pathways by which people might be 

exposed, to help inform the associated risk management decision.

A multiroute HI calculation for a screening-level CRA can be illustrated for a hypothetical 

community whose water is supplied by a nearby river, from which they also eat fish. If the 

water were contaminated by surface discharges from a nearby waste site containing the 

volatile and semivolatile compounds shown in Table V, a simplified CRA might consider 

three exposures: ingesting fish, ingesting drinking water, and inhaling volatile compounds 

released from the water while showering or bathing. The assessment then involves applying 

standard toxicity values to calculate chemical/media- and route-specific HIs, which can be 

used to identify key chemicals and exposures for potential emphasis by risk management 

options.

For the example shown in Table V, the oral route includes contaminated fish and tap water. 

The combined oral HI reflects the four chemicals and two media in that set. The sum of the 

multiroute HIs (4.1 + 0.44) is 4.5 (bottom right); the primary route of concern is oral 

exposure (drinking water and ingesting fish), with a combined HI of 4.1 (3.5 + 0.57); the 

primary contributor is dichloroacetic acid. If the example had not included this chemical (or 

if its concentration were much lower), the MHI would still exceed 1 because of the other 

three chemicals. That MHI would then be segregated by organ/system to determine if the 

exposures still collectively contributed to an organ-/system-specific HI above 1.

If this hypothetical community received its household water from groundwater rather than 

the river, then the exposure assessment would not include drinking tap water supplied by the 

river or inhaling volatiles released to indoor air from that water. In this case, the river water 

would only be associated with an HI below 1 from fish ingestion, so no further assessment 

of the river water would be warranted beyond this screening HI. However, if the 

groundwater were also contaminated with similar compounds, and that water served as the 

source of the residential water supply, the CRA would then assess drinking water ingestion 

and inhalation of volatile compounds released from that water while showering or bathing. 

(Note that for simplicity, dermal exposures were not included in these example calculations.)
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An MHI evaluation that includes risk estimates for multiple effects can lead to an increased 

focus on potentially susceptible population groups. For example, if certain contaminants in 

air were linked to an increased incidence of asthma attacks in children and young adults, and 

if certain contaminants in both air and water were linked to adverse reproductive effects, 

then the inhalation pathway would be of primary concern to asthmatics, while both 

inhalation and ingestion could be of concern to women of childbearing age. Young asthmatic 

women of childbearing age might then be of increased concern because of their vulnerability 

to both effects.

When one toxicological effect is common across multiple exposure routes, then the exposure 

analysis can shift to emphasize internal tissue dose, as this is one approach for integrating 

chemical exposures across multiple exposure routes.(13) In that case, multiroute exposures 

would be of primary concern for systemic effects rather than portal-of-entry effects (an 

example of the latter is effects on the nasal passage from inhaling a chemical; those would 

not be relevant to oral exposure of that chemical). Systemic effects reflect integrated 

toxicokinetic and toxicodynamic processes occurring beyond that entry point. Note that 

exposure route-specific health effects are not necessarily toxicologically independent even if 

restricted to portal-of-entry effects. In general, when multiple effects are indicated, 

interactions between effects can occur, particularly for high-dose, acute-duration exposures. 

For example, one effect could influence an exposure or uptake of a stressor (e.g., another 

chemical) by a different exposure route either by altering physiological processes (e.g., a 

food allergy restricting airways) or by affecting personal behavior (e.g., noxious odors from 

airborne contaminants resulting in mouth breathing and subsequent swallowing of the 

contaminants).

Multiroute and multieffect assessments are improved when information exists connecting 

these stressors and toxicities to specific populations. Information is often lacking on multiple 

stressors due to insufficient data on joint exposures among sensitive populations or on joint 

toxicity. This can result in conservative approaches such as assuming the exposures and 

toxicities apply to the entire population. This multiple stressor nature of a CRA can also lead 

to other uncertainties such as variable data quality (e.g., different measurement error 

structures across different exposure estimates) and variable data availability across the 

exposure routes of concern. The MHI application is usually strengthened if epidemiological 

studies, for example, are available that examine exposures by all routes for the stressors of 

concern or that include multiroute dose estimates (e.g., biomonitoring data that integrate 

internal doses across exposure pathways and routes).

When this MHI approach is used for screening-level assessments, all endpoints and their 

related stressors can be included in the MHI with its value interpreted the same way as the 

standard HI (i.e., at or below 1 indicates an acceptable condition, above 1 indicates further 

evaluation is warranted). When sufficient interaction information exists, the HQs (e.g., 

fourth column of Table V) can be adjusted using an appropriate construct such as EPA’s 

interaction HI (Equation 2). Greater than additive interaction evidence does exist for methyl 

mercury with Aroclor 1254/1260 but the evidence is fairly weak, which results in a low 

score that would not substantially change the HQs or overall MHI value.(53) Whenever 

considerable uncertainty exists for one chemical or exposure pathway that dominates the 
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MHI, obtaining additional information can substantially improve the utility of the results for 

guiding an appropriate risk management decision. In the example of Table V, 

bromodichloromethane is the only chemical contributing to the inhalation HI, with its HQ = 

0.44. While that value seems low enough not to be of concern, it is based on a subchronic 

inhalation reference value because no chronic value is available.(54) Often subchronic 

reference values are several-fold higher than their chronic counterparts, so a true chronic 

inhalation HQ for bromodichloromethane might be high enough that the HQ would exceed 

1, thus obtaining chronic data might be a valuable improvement.

3.2. Grouping Stressors by Exposure and Toxicological Effect

U.S. EPA (13) proposed that grouping diverse stressors prior to assessing risks can simplify 

some complexities associated with CRAs. When assessing chemical mixtures, this approach 

initially entails developing CRA exposure groups based on the affected media and timing of 

specific exposure combinations, including duration and intermittency of exposures/effects.
(55) CRA toxicity groups are then developed using toxicological and epidemiological 

information to evaluate whether the chemicals in question share a common toxic mode of 

action, causing the same primary or secondary health effects or influencing those effects 

through toxic interactions. The intersection of the CRA exposure and toxicity groups leads 

to the development of integrated CRA groups (hypothetical example provided in Table V). 

The chemicals in an integrated CRA group plausibly have exposures that overlap sufficiently 

in terms of pharmacokinetics or pharmacodynamics (e.g., persistent tissue damage) and 

exhibit interactions or cause the same health outcome(s).

This simple grouping concept, focusing on the toxicity and/or exposure pathway, is 

appealing because it achieves a simpler scenario, making the CRA more tractable and 

subsequent results easier to communicate. Grouping also provides opportunities to focus on 

the particular combination of stressors likely to affect a population. Grouping by overlapping 

exposure might also suggest possible interactions, e.g., chemical and physical processes 

affecting fate and transport of pollutants within or across environmental media. Grouping by 

common toxicological effects or effect precursors has been used successfully with chemical 

mixtures, such as the dose-additive RPF approach that has been applied to mixtures of 

toxicologically similar pesticides (e.g., U.S. EPA(17)) and to mixtures of dioxin-like 

chemicals(56). Those RPF dose addition approaches achieve another simplification, by 

expressing the multichemical exposures for the similarity group in terms of the equivalent 

exposure of an index chemical. As with all simplifications, caution is needed when 

implementing such an approach, and it is important to articulate the underlying logic and 

any data supporting such judgments about grouping. For example, inappropriately excluding 

a relevant stressor or factor, such as a large population fraction with concurrent occupational 

exposures, could lead to an underestimate of risk. Generally, uncertainties associated with 

such groupings need to be identified and the implications of incorrectly including or 

excluding a stressor on the predicted cumulative risks need to be described.

Stressors grouped because their exposures overlap in time and location could affect the same 

populations (i.e., such overlaps can be experienced by populations exposed to the same 

contaminated medium, e.g., drinking water). For any health effects in common, the risk 
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characterization should address the multiple exposures (e.g., using the HI or MHI). When 

the stressors in the group are each associated with a single but different health effect, the risk 

characterization should address the potential for occurrence of multiple effects in the same 

set of people.

3.3. Use of Indices for Screening by Multiple Factors and Conditions

The multidimensionality of a CRA often could lead analysts to communicate predicted risks 

using different kinds of summaries that clearly and efficiently summarize and communicate 

results for the risk manager, the stakeholders, and subsequently for the general public. 

Indices can reduce dimensionality of a CRA, especially important when a single index can 

represent several risks derived from disparate measures of exposure and/or effect. High 

dimensional data and risk estimates can be difficult to understand. The HI for chemical 

mixtures (described previously) is among the simpler and better-known indices used in 

cumulative risk characterization, reducing the multiple exposure levels and toxicity-based 

values to a single numerical value to inform decisions on safety versus further investigation.

Indices can usefully represent risks associated with stressors and buffers that are difficult to 

quantify. Some indices may also be better suited to differentiate the impact of related 

stressors that may be occurring at different contextual levels. Several stressors and various 

population-level characteristics influence environmental health risks but are not easily 

incorporated into a quantitative CRA. Frequently, some stressors and factors are not relevant 

for regulatory intervention or are not amenable to measurement. Population-level 

characteristics in particular are often only identifiable based on either indirect or surrogate 

measures or simple categorical classifications. The former include demographic 

characteristics and markers of socioeconomic status (e.g., income level and educational 

attainment), while the latter include race (often a surrogate for socioeconomic stressors) and 

community-level factors (e.g., exposure to violence and access to medical care). Some 

environmental justice (EJ) investigations have used spatial statistics to investigate 

correlations between single health endpoints and various factors, such as estimating cancer 

risks from air toxics influenced by population-level characteristics including socioeconomics 

and race,(57) and determining retrospective descriptions of the joint influence on childhood 

asthma of air pollution and exposure to violence.(34)

Screening-level CRA methods based on semiquantitative approaches have fewer data 

requirements than quantitative risk estimation methods and thus offer more promise for 

wider use in combining information on chemical and nonchemical stressors along with 

population characteristics. Recent assessments have used indices in regulatory and risk-

related contexts, such as to identify communities at higher health risk.(46,58) Environmental 

index formulas have a long history in science and regulation, originally applied to air and 

water pollution at the state and national levels.(59,60) Many of the properties listed for an 

ideal water quality index are also valid with current approaches to cumulative risk 

characterization: ease of use, inclusion of widely available variables, and the balance 

between oversimplification and technical complexity.(60) Some CRA approaches develop 

one group of indices for environmental conditions and another group for individual or 

community characteristics, and then combine these into an overall index to help identify the 
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most vulnerable populations and/or most impacted environments.(61) For example, one 

version, California’s CalEnviroScreen, develops multiple environmental indices and multiple 

community or demographic indices and then calculates the overall score as the product of a 

“pollution burden” score and a “population characteristics” score. The first score reflects 

seven indicators of chemical exposures and five indicators of environmental effects, while 

the second score reflects three indicators of sensitive populations and four indicators that 

represent socioeconomic factors.(58,62) In contrast, the U.S. EPA’s EJSCREEN approach 

develops separate indices for each of 12 environmental indicators, with each index 

representing the product of the index for the selected environmental indicator and the 

demographic index and population count for the selected geographic area.(46)

The Cumulative Environmental Vulnerability Assessment (CEVA) is a different approach 

that has been applied in California.(63,64) The environmental and population indicators are 

developed separately in this method. The Cumulative Environmental Hazards Index (CEHI) 

reflects three groups of information on measured or potential chemical exposure. The Social 

Vulnerability Index (SVI) reflects six factors; five consider demographics and 

socioeconomics, and one is a community factor (close proximity to an in-patient health care 

facility). As part of the CEVA, the CEHI and SVI scores are then ranked and the population 

areas with joint scores of medium-high, high-medium, or high-high are considered to 

identify environmental justice areas, (i.e., populations in the San Joaquin Valley that are 

potentially at higher environmental health risk than the state average).

As with the chemical HI, these cumulative indices are not risk estimates (as projected 

incidence or severity of toxic effects) but are indicators of a level of concern related to the 

potential for higher exposure and vulnerability in specific communities and populations. 

Most of the documentation for the indices described do acknowledge their limitations, but 

some of those are embedded in other discussions or not clearly identified. For example, the 

technical manual for the EJSCREEN tool(46) notes that the environmental data are mainly on 

air pollutants or accidental releases, so concurrent exposures from other media (e.g., 

drinking water) or sources (e.g., drift from nearby agricultural spraying of pesticides) are not 

reflected. To help address that limitation, the EJSCREEN website includes additional 

information source linkages for those missing exposures. One deficiency common to several 

index approaches, which is identified in the EJSCREEN documentation, is the missing 

characterization of the existing health condition of the population.

The technical details supporting specific environmental health indices vary and can be 

confusing. Some descriptions of such indices detail the steps from raw data to subindex 

calculations to the final composite index. For most indices, what is missing is an indication 

of the scientific support for including those stressors, (i.e., the evidence linking those 

stressors to the health endpoints of concern). For example, the U.S. EPA’s EJSCREEN tool 

combines environmental with demographic information into a single overall index. The 

EJSCREEN Technical Documentation(46) has sections on “Rationale for Inclusion” for 

several environmental indicators, but no counterpart sections for any of the demographic 

indicators. More common is summaries of correlations or links between demographics or 

other population characteristics and certain health endpoints of concern. Rarely is there 

quantitative evidence of the extent of the combination effect of environmental exposure and 
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demographics on health. The EJSCREEN documentation has one good example, but of a 

qualitative description: “Blood lead’s association with cardiovascular outcomes appears to 

be stronger among Mexican Americans and non-Hispanic blacks than non-Hispanic whites.”

In general, a major uncertainty with cumulative risk indices is the lack of a “common 

currency.” This commonality could include some standard descriptors that can apply to the 

body’s responses to chemical and nonchemical stressor exposures, and standard terms for 

describing the quality of evidence of the interaction between population characteristics and 

the stressors regarding vulnerability to toxic effects. While this is a significant research need, 

it is possible to envision the development of compilations of responses to combinations of 

specific population factors and chemical exposures forming a database for cumulative risk 

assessors. Possibly one could include in that database a structured WOE approach, like the 

one proposed by Rider,(27) to characterize the degree of causal evidence linking a 

nonchemical stressor and chemical stressor with a health outcome or for identifying effect 

measure modification. With consistent concepts and terminology, such a structured approach 

would also be useful for risk communication, such as explanations of why certain stressors 

and characteristics were included or excluded.

Although some of the uncertainties are not well understood for the aforementioned indices 

and the approaches to assigning scores, the results do identify general patterns and the more 

extreme situations, providing support for priority setting and, in some cases, specific 

program investment decisions. For example, CalEPA used the EnviroScreen results to 

identify disadvantaged communities that were then specifically targeted to receive 

investments of proceeds from the State’s cap-and-trade program.(65) These investments were 

aimed at improving public health, quality of life, and economic opportunity in the 

communities identified as most burdened, while reducing pollutants associated with climate 

change.(66) Recent investments include programs for waste diversion (recycling), 

agricultural land preservation, and urban forests in these targeted communities.(67)

4. DISCUSSION AND CONCLUSIONS

The risk characterization step for a CRA is more complicated than for conventional risk 

assessments. One obvious reason is related to the inherent complexity of considering a 

higher number of stressors and buffers that may be included. For example, a relatively 

simple EJ study of the influences on cardiovascular mortality included only two air 

pollutants (total suspended particulates and sulfur dioxide, SO2), one comparative index (a 

deprivation index based on income, unemployment rate, and high school completion rate), 

and proximity to traffic.(68) Despite this narrow scope, the analysis included three univariate 

models, two bivariate models (deprivation and traffic, deprivation and pollution), and the 

trivariate model, along with further analyses of effect measure modification by presence of 

chronic obstructive pulmonary disease. It is easy to understand the efforts made to develop 

simple formulas and decision aids.

During the Planning, Scoping, and Problem Formulation phase, a CRA might seem 

intractable because of the need to synthesize very different types of information regarding 

stressors. Some of the stressor exposure and toxicity data might rely on scientific judgments 
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instead of empirical data. Further, there might be many uncertainties when integrating the 

health effects associated with different types of stressors. Gee et al.(69) observed that a key 

obstacle to conducting CRAs is often the scarcity of essential data, such as quantitative 

descriptors of interactions that have been qualitatively shown to be important. In the problem 

formulation phase of the CRA, missing or desirable information can be identified, such as 

evidence for interactions based on toxicokinetics or dynamics, and exposure information.(70) 

Often that realization about important data gaps occurs during the analysis phase of the 

CRA. The risk characterization then must derive conclusions and recommendations that are 

based on incomplete information, and characterizing the potential importance of such 

information can be challenging.

The procedures described for assessing cumulative risk include some elements that enhance 

the likelihood of success and relevance of the risk assessment. The first is the involvement of 

key participants, including stakeholders, risk managers, and risk experts, throughout the 

process. Stakeholder involvement early in the CRA process, in the Planning, Scoping, and 

Problem Formulation phase, facilitates the integral risk communication steps later in the 

process. Input from community groups or specific populations who might be perceived as 

being at risk also can help focus the scope of the CRA especially for site-specific concerns 

or targeted combinations of stressors, thus helping assure stakeholders that their concerns 

will be investigated. Consensus on the evaluation process to be applied for a given CRA and 

on the main information sources to be used can substantially improve the likelihood of 

completion and success of the CRA as well as acceptance and utility of the results. 

Transparency regarding the methods and related decisions also contributes to a more 

collaborative sense of ownership of the results and the ensuing risk management decisions. 

Further, the option to revisit the Planning, Scoping, and Problem Formulation phase during 

development of the CRA itself reinforces the iterative and cooperative nature of the process, 

as well as the intent to improve the CRAs and the decisions that follow whenever feasible.

Some specific conclusions can be drawn about the cumulative risk characterization step. The 

basic step has two parts: an integrative analysis that contains the risk estimates and can be 

highly technical, and a risk characterization summary that focuses on recommendations and 

uncertainties. For CRAs, this represents an expansion of the basic risk characterization step 

for conventional assessments, beginning with outputs from the previous steps, such as the 

population profile and chemical groups considered. The risk characterization context 

includes multiple stressors that might be a combination of chemical, biological, and physical 

agents to which people could be exposed via multiple routes, and other stressors (such as 

social and economic) that could further contribute to various health effects. Different 

interactions among stressors and interactions with other environmental conditions and 

population-specific characteristics are also assessed. Because CRA results are expected to be 

used by risk managers to make a practical decision, the transparency of the presentation of 

the results, including the uncertainty analysis, is particularly important, as is the scientific 

“soundness” of the planning and scoping process, data sources, analytical techniques, and 

logic used to make various technical decisions. It is important to keep in mind that CRAs 

may extend well beyond the identification of individual pollutants and their effects to also 

include personal and community conditions that can affect overall vulnerability. It is not 

surprising then that several CRAs have involved EJ concerns, and that one of the important 
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conclusions can be the identification of population groups that might be particularly 

vulnerable to the exposures and health effects of interest. Finally, the cumulative risk 

characterization might suggest alternatives for the risk manager that cross the legal or 

political boundaries of health agencies, (e.g., to go beyond chemical cleanup and consider 

improvements to health care and many other types of collaborative interventions).(71)

In summary, the characterization of cumulative risk is more complex than for a conventional 

risk characterization in many ways, often because of missing data or a lack of understanding 

of the various stressor or stressor-factor combinations and their interactions. Important 

differences from a conventional risk characterization include:

• Results and recommendations for decision makers could be multifaceted; (e.g., it 

might be difficult to identify a single stressor or exposure pathway or critical 

effect that is the primary contributor to the risk estimate).

• Results could be based on groupings of stressors, exposure pathways, and 

effects, where such groupings are at least partially based on subjective 

judgments. More detailed analyses could then be conducted for those stressor 

groups and other factors considered important to health outcomes that are 

amenable to risk management options (e.g., to be reduced if stressors or 

enhanced if buffers).

• The uncertainty analysis might be predominantly qualitative (including the 

overall uncertainty characterization) because of (1) the simplifying procedures 

used; (2) the default assumptions applied to address missing information, 

including interactions and multiple effects; and (3) exposure measures and factor 

descriptions that often are qualitative, uncertain, or incompletely capture the 

range of the exposure or factor occurrence in the population. Quantitative 

uncertainty analyses may also be included and would be of value to decision 

makers, but may be limited in scope due to data gaps or limited to specific 

aspects of the CRA.

The risk characterization step of a CRA can aid in identifying important missing information 

and research needs as well as explaining their impacts on the interpretation of the results. 

For example, in addition to identifying populations that might be more highly exposed (and 

possibly at greater risk), the risk characterization can identify important exposures that are 

not quantified and discuss the consequent limitations of the estimates provided.

In addition to an overarching uncertainty analysis and the integrated exposure and dose-

response analyses, the risk characterization phase also contains an overview and critical 

evaluation of the CRA process. Because the risk characterization contains both a technically 

sophisticated synthesis and a nontechnical summary, it is developed to be accessible to all 

interested parties. By grouping stressors according to exposure and toxicity characteristics, 

the conceptual problem can be simplified to help make the analysis more feasible, with 

potential for improving the risk communication and focusing the risk management options. 

Much work remains in describing various nonchemical stressor exposures and in 

understanding the potential for interactions including joint toxicity of chemical and 

nonchemical stressors. The risk characterization approaches highlighted here are intended to 
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provide a starting point for encouraging the preparation of CRAs, especially as further 

information becomes available from measurements of complex environmental conditions 

and associated human exposures and effects.
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Table I.

Examples of Nonchemical Stressors and Associated Health Outcomes

Stressor Types Example Stressors Example Health Outcomes

Physical: Thermal Cold temperature Hypothermia, lethargy-confusion, frostbite

Heat Hyperthermia, heat stroke, heat exhaustion, respiratory disorders

Acoustic Vibration Tissue injury, Raynaud’s syndrome

Sound Hearing loss (synergistic with solvents)

Noise Poor sleep, stress response, allostatic load

Radiation Ionizing radiation Cancer; developmental effects

Biological: Pollen, mold, pet or pest allergen Respiratory irritation, asthma, stress response, allostatic load

Bacteria, viruses, parasites
Infectious and contagious diseases, weakened immune system (note 
this can also result from other stressors, such as psychological stress, 
chemical and physical exposures)

Psychosocial: Under- and unemployment; home violence, 
instability; racism/discrimination Poor sleep, stress response, allostatic load

Limited access to or use of healthy food 
resources

Poor nutrition, obesity, cardiovascular disease, diabetes, 
developmental effects

Limited access to or use of health care 
resources

Stress response, allostatic load, disease progression, developmental 
effects

Crime, including violent crime Stress response, allostatic load
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Table II.

Questions to Guide Risk Characterization for a CRA

A Population(s) and Health Effect(s) of Interest

1 Are the important cause(s) of the health effect(s) identified?

2 Are susceptibilities or vulnerabilities of the population to exposures or effects described?

3 Do their locations or exposure patterns/activities change over the time frame assessed?

4 Do risk estimates for the population align with community concerns identified during planning and scoping?

5 If the CRA were initiated by a health effect, is it adequately addressed in the risk characterization?

6 Is the health effect(s) of concern in fact elevated in the community?

7 Are health effects observed in the community biologically plausible and consistent with toxicology or epidemiology data collected in 
other communities or populations?

8 How much detail and accuracy is lost in combining across health effects?

9 Do causal analyses adequately address epidemiological concepts of causation or those from evidence-based toxicology?

10 If the causal agents cannot be identified or if there is too much uncertainty, are the research gaps and specific types of studies needed 
adequately described?

B Multiple Sources and Exposure Levels

1 Are potential contributing sources identified? Has source tracking (forensics) or apportionment been delineated?

2 Have the nature and amount of stressors released by various sources been adequately characterized?

3 Are there other potential sources of these stressors in the community?

4 Has the environmental fate/behavior of the stressors been adequately evaluated over the time frame of interest?

5 Have changes in the composition of the mix of stressors or exposure pathways over the time frame of interest been addressed?

6 Have the relevant exposure pathways been identified?

7 If environmental or biomonitoring data initiated the CRA, are levels in the community elevated?

8 Are the spatial and temporal scales of the analysis consistent across each analytical component?

9 Do exposure levels and units from the dose-response data match estimated exposure ranges? Are the levels of understanding, accuracy, 
and detail for exposure and toxicity metrics sufficiently consistent?

10 Could alternative mitigation options change the mixture composition or total exposure level/dose?

C Toxicities, Groupings, and Extrapolations

1 If an index stressor or surrogate marker has been used to characterize exposure, how does that contribute to uncertainty in the assessment?

2 Can toxicological interactions be described at least in terms of direction (i.e., would they be expected to increase or decrease the risk in 
specific populations)?

3 Can the toxicological interaction magnitude be estimated for the most important stressor-pathway combinations?

4 How many toxicological interactions cannot be quantified, and how does this influence uncertainty of the CRA?

5 If no single stressor, exposure, or health effect is the predominant factor contributing to the overall risk, is the array of possible 
combinations of factors adequately presented?

6 Could stressors, exposure pathways, and effects be grouped differently? Does the grouping approach used avoid double counting?

7 Considering the information lost, what impact does reducing all measures to the lowest common level for grouping and composite 
analysis have on the results?

8 How much extrapolation is required, and how dependent is the extrapolation on default values?

9 Is the strength of support for the assumptions and default parameters used reflected in the CRA?

10 How do the composite estimates (e.g., index chemical equivalent dose, dose-additive predicted response, and EJ index) compare with a 
summary where each factor, chemical exposure, or response is presented separately?
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Table III.

Elements of a Cumulative Risk Characterization

Characterization Element Special Emphases for CRAs

Assessment goals
Clearly state the CRA goals, including the initiating factor/s (or impetus) for the assessment.

Identify anticipated uses of the CRA (e.g., guiding consideration of alternate risk management actions).

Type of CRA

Identify whether the CRA is qualitative, semi-quantitative, or quantitative. (When the type of CRA is 
determined prior to identifying specific goals and risk management decisions, this element may be combined 
with the preceding one.)

Ensure that the level of analysis matches the CRA type (e.g., screening vs. full risk) and is consistent 
throughout.

Exposures to combined 
stressors

Identify the population and geographic areas of interest.

Describe the environmental conditions and exposure scenarios, considering the stressors, pathways, 
population characteristics, and additional factors that could affect exposures (i.e., exposure modifying factors) 
and health outcomes (i.e., effect measure modifiers including susceptibilities, vulnerabilities, buffers). 
Develop the population profile.

Describe the models used to assess exposures, accounting for the time frames of interest (including any 
critical exposure windows), and considering interactions that can affect fate and transport.

Joint toxicity and health 
effects from combined 
stressors

Describe the data and models used to assess joint toxicity and effects from the relevant stressors considered 
(including effect measure modifiers), and provide context for the baseline health status of the population of 
interest.

Provide estimates of the cumulative risk predicted from combined stressors across relevant exposure routes 
and durations, accounting for population-level characteristics.

Uncertainty characterization, 
sensitivity analysis

Examine the influences of study assumptions and limitations on the CRA results, such as the use of 
alternative toxicity values or different approaches for quantifying exposure levels for nonchemical stressors. 
Identify the strength of evidence for interactions (including toxicological) and for the relevance of those 
interactions to the population(s) of concern.

Describe (either qualitatively or quantitatively) the quality of the data used to assess the relationships between 
the stressors (and their combinations) and the predicted health effects, including whether risks are suspected 
to vary among different populations. In addition to performing quantitative sensitivity analyses, this 
uncertainty characterization could discuss the influence of chemical or nonchemical stressors that may be 
difficult to quantify or that cannot be integrated into the main analysis due to limited data, but that should still 
be included as part of a qualitative judgment of potential hazard.
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Table IV.

Example Organization of Four Exposure Groups into Exposure-Toxicity Groups

Target Organs/Systems
to Guide

Toxicity Groupings

Exposure Groupings
a

1. Same Media,
Same Time 2. Same Media, Different Time 3. Different Media, Same Time 4. Different Media,

Different Time

1. Brain Group 1,1 Group 2,1 Group 3,1 Group 4,1

2. Liver Group 1,2 Group 2,2 Group 3,2 Group 4,2

n. (Organ/System) Group 1,n Group 2,n Group 3,n Group 4,n

a
The first column group is a common scenario for joint toxicity: same media, same time.
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Table V.

Estimated Hazard Quotients (HQs) and Hazard Indexes (HIs) for Hypothetical Residential Exposures to 

Chemicals from a Surface Water Source

a
BDCM = bromodichloromethane, DCA = dichloroacetic acid, MeHg = methyl mercury.

b
The toxicity reference values are for chronic exposures from U.S. EPA’s Integrated Risk Information System,18 except for the BDCM inhalation 

value; that value is derived from subchronic exposure data, which increases the uncertainty underlying an inhalation HQ estimate for chronic 
exposures. Note that where available, current IRIS values should be used in regulatory applications. Dose additivity is assumed for this screening 
HI estimate. The calculated HQ and HI values are presented to two significant figures.

c
A dash ( – ) indicates the value is not calculated (because a standard reference concentration has not been established for DCA).
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