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Conceptual Models for Cumulative Risk Assessment
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In the absence of scientific
consensus on an appropri-
ate theoretical framework,
cumulative risk assessment
and related research have
relied on speculative con-
ceptual models.

We argue for the impor-
tance of theoretical backing
for such models and discuss
3 relevant theoretical frame-
works, eachsupportingadis-
tinctive “family” of models.
Social determinant models
postulate that unequal health
outcomes are caused by
structuralinequalities; health
disparity models envision
social and contextual factors
acting through individual
behaviors and biological
mechanisms; and multiple
stressor models incorporate
environmental agents, em-
phasizing the intermediary
role of these and other
stressors.

The conclusion is that
more careful reliance on
established frameworks will
lead directly to improve-
ments in characterizing cu-
mulative risk burdens and
accounting for dispropor-
tionate adverse health ef-
fects. (Am J Public Health.
2011;101:S74-S81. doi:
10.2105/AJPH.2011.300318)

FORMAL ASSESSMENT OF
combined health effects from ex-
posure to multiple environmental
agents dates back at least several
decades.! However, no cumulative
risk assessment conducted by the
US Environmental Protection
Agency (EPA) has explicitly in-
cluded nonchemical stressors
(e.g., psychological and social fac-
tors), such as dilapidated housing,
family conflict, and racial dis-
crimination.! Strategies to assess
cumulative risk fall into 2 general
categories: a “bottom—up” ap-
proach, which attempts to calcu-
late an aggregate risk estimate by
summing risks of individual con-
stituents, and a “top—down” ap-
proach, which works backward
from observed health effects to
disaggregate cumulative risk into
its component parts.? Currently,
principles and practices for con-
ducting cumulative risk assess-
ments are still in development,
and there is no empirically verified
theory guiding how best to com-
bine and then assess risks from
both chemical and nonchemical
stressors.>* In the subsequent
discussion, we examine why de-
cisions about theoretical frame-
works matter for cumulative risk
assessment, and identify 3 main
families of conceptual models that
can be used to understand and
estimate combined health risks
from environmental, social, and
psychological factors.

WHY THEORETICAL
FRAMEWORKS MATTER

A theoretical framework is
a formalized analytic schema that
organizes important assump-
tions, concepts, indicators, and
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propositions into an ordered pat-
tern that unambiguously delin-
eates postulated causal factors and
pathways. It functions as an in-
tellectual blueprint that guides at-
tempts to model and estimate cu-
mulative health risks. Without
such explicit theoretical ordering,
several problems can occur. First,
key assumptions remain implicit
and can easily escape scientific
scrutiny. Then, when the hypoth-
esized model fails to fit observed
phenomena, it is difficult to dis-
cern problems and devise solu-
tions. Second, without explicit the-
oretical guidance, the assumptions
that enable these combined assess-
ments—cumulating across chemical
and nonchemical stressors—can
be contradictory or raise ambigui-
ties that can only be resolved on an
ad hoc, piecemeal basis. Third,
absent explicit ties to theory, prag-
matic considerations such as data
availability can effectively steer the
analysis and dictate which factors
should be included and what re-
lationships should count as valid.
In the early stages of explora-
tion and development, conceptual
models (and their visual displays
in box-and-arrow diagrams) stand
in for formal theories to provide
a simplified inventory of concepts,
relations, and propositions that
can be linked to data. Those most
likely to find traction among in-
vestigators do more than bundle
propositions; they provide ratio-
nale and guidance for subsequent
empirical investigations and iden-
tify targets for policy interven-
tions. In effect, they stake out some
uncharted terrain for further as-
sessment, yielding not quite a map,
but a partial sketch of what can
be expected and where to look for
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it. These conceptual sketches nec-
essarily involve simplifications and
a sacrifice of information to achieve
their purpose. However, when
guided by a theoretical framework,
the modeling process retains its
coherence and grounding,

Our conventional conception of
“models,” according to Morgan
and Morrison,* places them
squarely between theories and the
data needed to test them. Models
are thought to function as media-
tors with both theoretical and
operational implications, but are
clearly distinct from either. Ideally,
a theory yields multiple models
that, in turn, generate sets of op-
erationally testable propositions.
Consistency with empirical data is
the chief reference criterion for
judging the model’s adequacy and,
ultimately, for supporting the
theory. In this scheme, there is
a sequential ordering of activities:
first comes development of theory,
then building of models, and fi-
nally testing with data.* In prac-
tice, of course, especially in newly
emerging problem areas, this se-
quence is rarely followed; theory
development is bypassed in favor
of proliferating conceptual models
that both serve as theory and
specify operational indicators.®

When models take on multiple
functions, as well as provide a fo-
cal point for research activity, as
they have in this context, they
become difficult to evaluate.®
The adequacy of the model may
depend more on its performance
in problem framing than on any
particular explanatory leverage
it provides. We typically judge
models of this kind based on their
reasonableness or face validity;
that is, whether their proposed
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causal ordering is plausible and
whether they incorporate con-
cepts of interest. Empirical validity
is also a consideration, but most
speculative models of the kind
used in cumulative risk research
and assessment can only be
judged indirectly, based on partial
evidence that applies to one por-
tion of the model at a time. In the
end, much of the collective judg-
ment about the adequacy of any
particular model is left to depend
not so much on definitive empiri-
cal tests as on certain subjective
qualities of the research, such as
the reputational capital of the
model’s authors, the disciplines in-
volved, institutional sponsorship,
and reliance on familiar arguments
to support its selection of indicators.
Whether policy stakes and
sponsorship interests influence the
specification of the model itself, as
opposed to the framing of the
problem or the inclusion of partic-
ular variables, is an open question.
Still, it would be difficult to claim
that values play no role in defining
a particular causal order. The crit-
ical question is “how large a role do
they play”? Beyond the values of
the investigators often made ex-
plicit in reported results, there is
also a question of how the choice of
methodological approach unduly
influences model content and the
kinds of relationships that are ac-
tually tested. Some attribute the
priority afforded biological pro-
cesses over social processes to be
a product of the explanatory
framework that guides epidemio-
logical practice.”® Schofield, for
example, argues that instead of
treating the social realm as a static,
contextual factor impinging on
individual behavior, the same at-
tention given to biological mech-
anisms needs to be applied to
mapping the dynamics of social
processes.” The potential for a va-
riety of values, some ethical, others
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methodological, to affect the
model’s design reinforces the point
made earlier that cumulative risk
assessment models do not serve as
mediators between theory and
data, but rather embody elements
of both without necessarily intend-
ing to do so.

Presently, the concept of cu-
mulative risk is being framed and
quantitative indicators defined
according to the metaphor of
multiple stressors that operate
through mediating vulnerabilities
to evoke receptor response. The
meaningfulness and utility of
any proposed stressor indicator
depends on the pattern of rela-
tionships it maintains with other
variables of interest; which is to
say, it is contingent on an assumed
theoretical framework. The
framework sets expectations about
each indicator’s random error,
about their correlations with other
measures, and about their con-
nection by inference with unmea-
sured constructs. This means that
when the framework changes, so
does the meaning and utility of its
indicators. For researches and risk
assessors, the first-order problem—
which is the appropriate theoretical
framework?—should be resolved
before addressing the second-order
problem—which measurement
assumptions and associated indica-
tors are best suited to the applica-
tion at hand?

FRAMEWORKS AS
“FAMILIES’’ OF
CONCEPTUAL MODELS

It is desirable to locate sets of
empirical findings within a larger
context of a “family” of conceptual
models with explicit links to a
particular theoretical framework—
where family refers to resem-
blances among conceptual models
that share the same theoretical
roots. In this way, key suppositions
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can be made explicit, and conclu-
sions about the strength of the
evidence from any particular
model can incorporate judgments
about results from the larger fam-
ily of models, relative strength of
family ties, and common assump-
tions about causal orderings.
Within the general field of cumu-
lative risk research, the multiple
stressor metaphor provides some
guidance. Multiple stressor models
consider health inequality to be

a product of exposure to some
well-defined set of environmental
stressors. Nonetheless, when it
comes to including nonchemical
stressors, there are 2 better estab-
lished families of conceptual
models that offer the advantages
of an extensive theoretical frame-
work and numerous applications.
Social determinant models regard
health principally as a product

of social factors, and health dis-
parity models depict it as more a
product of biological and contex-
tual interactions.

Considering multiple stressor
studies as a family for purposes of
comparison, all 3 families have
anumber of elements in common.
All 3 are motivated by the injus-
tice of unequal distributions of
health risks and morbidity and
mortality across social groups; trace
the origins of health inequality to
some features of social inequality
and identify poverty and its effects
as playing a major role; incorporate
contextual factors and other fea-
tures of place into their models;
and posit pathways between the
social realm and the physical domain
that pass through psychological
mechanisms. Despite considerable
overlap in modeling strategies,
each family’s distinctive traits must
be taken into account when ap-
plying it to a particular cumulative
risk assessment.

In the sections to follow, we
consider each of 3 distinctive (but

overlapping) theoretical frame-
works, which have been recast for
our purposes as general families
of models. We discuss the distin-
guishing traits of each family and
pick a representative member of
the family—a conceptual model
drawn from the literature—that
shows some promise for the ad-
vance of cumulative risk research.
We then consider the merits of
mingling models across families as
a strategy for enrichment, and
conclude with the difficult prob-
lem of deciding which model is
best.

SOCIAL DETERMINANT
MODELS

A stylized version of a social
determinant conceptual model is
depicted in Figure 1. It traces the
source of health inequalities to
social inequality, defined as the
unequal distribution of economic
and social resources and the op-
portunities for access to them.
Causal pathways move to the right
through material conditions, social
engagement and psychological
factors on to physiological and
behavioral responses, and then to
health status. As material condi-
tions worsen, both social engage-
ment and psychological coping are
adversely affected, prompting
pathophysiological processes and
behavioral adaptations that ulti-
mately lead to impairment and
increased risk of premature death.
Much of this model has been
tested empirically in a piecemeal
fashion, and results were incorpo-
rated into a 1998 World Health
Organization commission report
on social determinants.™

Proponents argue that the im-
pact of social inequality on popu-
lation health is reflected in
a strong and consistent empirical
association that appears across
levels of social organization, from
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nations to neighborhoods, and
with only small variation based on
alternative ways of measuring rel-
ative inequality and health.'*'
Critics contend that the observed
effects are compositional rather
than contextual**™” That is to say,
that in geopolitical units with high
relative inequality, there will be

a higher proportion of poor people
who face more serious health risks
and that this proportion drives the
observed relationship. The impli-
cations of this criticism for the
social determinant approach are
profound. If absolute income and
not relative inequality are behind
health inequalities, then social
factors give way to material ones.
As House pointed out, then there
is no longer a need for pathways
through social engagement, in-
cluding levels of cohesion and
social capital, and the psychologi-
cal effects of relative deprivation
are moot."” Today, the issue re-
mains unsettled.

As a theoretical framework, the
social determinant family offers
the richest set of conceptual re-
sources, grounded in a generation
of research across components
and variations in its basic models.
The most recent effort to char-
acterize the overall framework

FIGURE 1—A social determinant conceptual model.

diagrammatically appears in Fig-
ure 2. Note that the position of
the macro level social and political
context assumes a larger profile
than in the stylized version (Figure
1), and social class remains a cen-
tral determinant.

HEALTH DISPARITY
MODELS

The health disparity family of
models overlaps with the social

determinant approach but reor-
ders the causal pathways so that
social inequality and its proxies
are no longer the primary driving
factors. Instead, emphasis shifts to
a variety of social and contextual
conditions and their impact on
health outcomes through individ-

ual behaviors and biological re-
sponses.'*%® The legacies of the
social determinant approach, such
as the inclusion of psychological
and physiological pathways, and

the elaboration of social context
are still here. More generally, this
approach influenced (and was
influenced by) the form of eco-
logical models in epidemiology
and also altered the balance of
emphasis in population-based
studies toward social, as opposed
to individual characteristics, linked
to health.

The health disparity framework,
depicted in the summary graphic of
Figure 3, was developed jointly by
the Centers for Population Health
and Health Disparities (CPHHD).*'
A conceptual model from this
family, developed by the Healthy
Environment Partnership (HEP) in
Detroit, Michigan,?? appears in
Figure 4. The HEP model is a more
conventional box-and-arrow ver-
sion of the CPHHD framework
(Figure 3). The HEP model takes
the stacked boxes shown in the
CPHHD graphic and creates an
ordered sequence of effects moving
from fundamental factors through
intermediate to proximate. Where
the CPHHD framework posits di-
rect effects among each of its 4
major categories and disparate

Distribution of health
and well-being

Health-Care System

Source. World Health Organization.'®
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FIGURE 2—The social determinant theoretical framework from the World Health Organization.
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health outcomes, the HEP model
variant arranges the categories in
a strict order with fundamental
factors operating through interme-
diate factors, and intermediate fac-
tors acting through proximate fac-
tors. The openness of the CPHHD
framework carries over in this
model, permitting a subordinate
reciprocal effect that can operate in
the opposite direction—proximate

FIGURE 3—The health disparity theoretical framework supported by the National Cancer Institute.

through intermediate to distal fac-
tors. This appears as a hedge of
sorts, keeping relationships open
until the covariance among empir-
ical indicators can be examined.
Ultimately, the CPHHD framework
guiding this application serves as
a menu rather than as a recipe.
Going from the framework to
the HEP model, a few of the sub-
categories change relative position
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and some drop out altogether.
Social relationships migrate from
being an intermediate contextual
effect to the proximate category,
essentially getting a step closer
to having a direct effect on health
risk. Psychosocial factors are
organized into their own subcate-
gory, whereas the CPHHD frame-
work spreads them between indi-
vidual risk factors and biological

responses. Individual demograph-
ics, including age, education, and
race, drop out as indicators for
health risk. The most important
omission, from a social determinant
perspective, is the exclusion of any
measures of income or socioeco-
nomic status. Socioeconomic in-
equality is included as a fundamen-
tal distal factor, but poverty and
income do not appear in the
model. Clearly, within the health
disparity family of models there is
considerable latitude for rearrang-
ing priority among causal factors,
even if the logic does not change.

MULTIPLE STRESSOR
MODELS

The multiple stressor models
incorporate potential environ-
mental pathways for analyzing
health inequality more explicitly
than the previous 2 families. Al-
though the multiple stressor ap-
proach shares some categorical
concerns with social determinant
and health disparity models, this
family’s conceptual origins are
found in ecological risk assess-
ment.**** The key feature of
these models is the presence of
stressors and stress at multiple
intermediary locations in the
modeling space. The mechanisms
are assumed to be analogous to
the ways stress operates in eco-
logical and other biologic systems,
with consequent disruptive ef-
fects on the functioning and well-
being of a particular system.*®

There are 2 immediate conse-
quences of these assumptions
worth noting. First, the stress—
response arc can displace consid-
eration of any complicated inter-
actional mechanisms associated
with social relations, actor agency,
and other nonmaterial contingencies.
Second, what counts as stress and
stressors by analogy includes
“Any. .. entity that can induce an
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adverse response.”2® Although
the candidates for ecosystem
stressors may be well defined and
measures of ecologic stress fully
articulated, once we move to social
settings, it becomes difficult to
know what to exclude. The ability
to assign priority to certain sources
and effects becomes a function
of being able, first, to step outside
the ecological model analogy and,
second, to translate available re-
sults back into the stress-receptor
orientation. There is some advan-
tage in being able to move from
social kinds of stressors to biolog-
ical ones and remain in the same
register. For example, it makes it
easier for risk assessors to consider
social systems as a causal factor
contributing to health inequalities.
However, the need to stretch the
stress-receptor model to accommo-
date social phenomena raises ques-
tions about whether the multiple
stressor family represents an ad-
vance over the other 2 frameworks.
Another key feature of this type
of conceptual model is its explicit
link to race and discrimination
as a primary source of health
disparities, as mediated through
community and individual level
factors. Consistent with the HEP
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FIGURE 4—A health disparity conceptual model.

model presented previously (Fig-
ure 4), segregation is specified as
a community level manifestation
of discrimination. Research
showed the pivotal role played by
discrimination,?” and the focus in

many multiple stressor models on
discrimination was motivated, in
part, by environmental justice
concerns. One advantage of juxta-
posing multiple stressor models
with models from other frame-

Race/
Ethnicity

+

Residential
Location

‘/m,

works is to establish an explicit
and promising link between re-
search conducted by social and
biomedical scientists and that
conducted by ecologists and envi-
ronmental health scientists.®

A stylized representation of
the multiple stressor family is the
exposure—disease model proposed
by Gee and Payne-Sturges*°
shown in Figure 5. Paralleling
the model families described pre-
viously, this speculative model
organizes potential factors affect-
ing health inequality into a causal
ordering. The model retains its
modularity and nominal clustering
of like concepts. Arrows move in
one direction, in this case, from
race/ethnicity through collective
and individual level factors to
health effects. The model features
stress and stressors as mediating
factors and organizes them into
a twofold distinction between

Environmental

Source. Gee and Payne-Sturges.??
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communities and individuals. The
notion of vulnerability is also in-
troduced, which permits some
variation in predicted damage
based on previous exposures and
capacity to resist, adapt, or cope.
The exposure—stress—effect
framework, developed by Mo-
rello-Frosch and Shenassa®® and
depicted in Figure 6, parallels in
inclusiveness the theoretical
frameworks shown previously. It
posits that both chemical and
nonchemical stressors contribute
to individual stress and allostatic
load (cumulative impact over time
of adaptive processes to acute
stress). Allostatic load, in turn, in-
creases individual vulnerability,
thereby contributing to subse-
quent health disparities. As part
of its logic, this framework distin-
guishes between community and
individual level stressors, buffers,
and related health outcomes.

In contrast to the social deter-
minant and health disparity
frameworks, this family introduces
a parallel set of exposure mecha-
nisms and juxtaposes them onto
the hierarchy of stressor—stress
relationships. Although this makes
explicit the physical mechanisms
connecting environmental pollut-
ants to health disparities in par-
ticular neighborhoods, it is not
matched by a similar level of
specification for the cascade of
events by which community level
stressors and related stress trans-
late into individual levels stressors
or stress. Here, more systematic
reliance on other frameworks can
have its greatest effect. Are there
hierarchical effects best modeled
as multilevel, nested relationships
as in disparity modeling? Likewise,
are there relevant structural
effects that are irreducible to
individual characteristics or psy-
chological processes as in social
determinant models? In either
event, close scrutiny of the
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theoretical framework becomes
a key to progress.

CONCLUSIONS

Much of the work in the field of
cumulative risk is informed by
a special class of models referred
to s speculative, because they
function primarily as conceptual
aids and heuristics rather than as
testable analytic schemas. Succes-
sive rounds of speculative model-
ing has influenced the direction
of cumulative risk assessments
and related research as much or
more than any particular set of
empirical results. These models
can make assumptions about
plausible links explicit and can
simplify. The challenge is how to
make them more susceptible to
testing, so that empirical findings
become more systematic and rep-

licable. One answer is to move
away from speculative models
altogether and adopt formal mod-
eling that provides for compre-
hensive specification and for joint,
simultaneous estimation of most
parameters. Urban sociologists, for
example, made extensive use of
formal models, deployed in struc-
tural equations, to test for the
impact of neighborhood effects on
problem behaviors.®' To be sure,
the stakes are higher with a formal
model, because disappointing
empirical results can lead to its
outright rejection. Depending
on the estimation method, the
more conservative strategy of
segment-by-segment testing and
incremental refinement may be
largely ruled out.

A second option is to follow the
path taken by the CPHHD?® for
disparity research. They con-

structed an extensive inventory of
concepts and posited certain the-
oretical relationships (see Figure
6); empirical components were
then fashioned into models and
tested by funded research centers.
One problem with this approach is
the possibility that a key feature
with pivotal theoretical signifi-
cance might be unintentionally
omitted. In this instance, all
modeling was eventually tied to
empirical indicators, and replica-
ble procedures were used for data
assessment. The problem then
becomes how the various model
pieces are assembled together,
especially when they happen to be
rivals making different claims.
The third, and perhaps least
satisfying, option is to develop
guidance on best practices for
modeling in cumulative risk re-
search. To be useful, this exercise
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FIGURE 6—The multiple stressor theoretical framework cited by the US Environmental Protection Agency.
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must begin with some clarity as to
the model’s expected function. Is
it heuristic, structural, analogous,
metaphoric, operational, or test-
able? Once that is settled and,
assuming some structural modu-
larity (e.g., independent subsets of
relations), the viability of a partic-
ular model may rest on the em-
pirical testing of a small set of
relationships. Although there are
no conclusive tests for overall
model validity, the weight of evi-
dence regarding acceptance or
rejection of the model itself can be
inferred from a focused research
program, even if postulated rela-
tionships and causal pathways can
only be evaluated one at a time.
This follows the logic of identify-
ing bases of corroboration and
relying on multiple sources and
hybrid tests, a path common to
modeling in the social determi-
nants framework.

Overall, the choice of a guiding
theoretical framework (or family
of models) is pivotal for realistic
and reliable assessment of health
risks from human exposure to
a combination of chemical and
nonchemical stressors. The un-
derlying conceptual model, and
the framework that supports it,
affects virtually every aspect of
cumulative risk assessment, in-
cluding decisions about

—_

. identification of independent
and dependent variables, as well
as the specification of interrela-
tionships among confounders
and cofactors;

2. which indicators or surrogate
measures should be used to
characterize the impact of mul-
tiple stressors on a community;

3. the degree to which the link
between exposure to multiple
stressors and related health ef-
fects can be quantified,;

4. how vulnerability factors exac-

erbate or modulate effects of
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chemical and nonchemical
stressors;

5. the distribution of nonchemical
stressors across geospatial units
and population groups, and

6. whether an index or profile can
be constructed to represent cu-
mulative risk from multiple
stressors for a particular com-
munity or population.

The bottom line is that explicit
attention to relevant theoretical
frameworks, as part of a program
of continuous improvement in
modeling, is necessary to under-
stand, assess, and ameliorate dis-
proportionate cumulative risk
burdens. Organizations, such as
the EPA, who are developing cu-
mulative risk assessment guid-
ance, would be well advised to
address, explicitly, the theoretical
framework under which these as-
sessments will be done and to
consider the import of their cor-
responding assumptions.
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Cumulative Risk Assessment for Combined Health Effects
From Chemical and Nonchemical Stressors

\ Ken Sexton, ScD, and Stephen H. Linder, PhD

Cumulative risk assess-
ment is a science policy tool
for organizing and analyzing
information to examine,
characterize, and possibly
quantify combined threats
from multiple environmen-
tal stressors.

We briefly survey the state
of the art regarding cu-
mulative risk assessment,
emphasizing challenges and
complexities of moving be-
yond the current focus
on chemical mixtures to
incorporate nonchemical
stressors, such as poverty
and discrimination, into
the assessment paradigm.
Theoretical frameworks
for integrating nonchemical
stressors into cumulative
risk assessments are dis-
cussed, the impact of geo-
spatialissuesoninterpreting
results of statistical analyses
is described, and four as-
sessment methods are used
to illustrate the diversity of
current approaches.

Prospects for future prog-
ress depend on adequate re-
search support as well as
developmentand verification
ofappropriateanalyticframe-
works. (Am J Public Health.
2011;101:S81-S88. doi:10.
2105/AJPH.2011.300118)

EXPOSURE TO MULTIPLE
environmental agents, including
biologic, chemical, physical, radio-
logic, and psychosocial stressors,
can, under the right circumstances,
modify the toxic effects of these
same agents acting alone so that
combined outcomes are either
antagonistic (less than additive) or
synergistic (more than additive)."™*
There is empirical evidence that
interactive effects from exposure
to a mixture of environmental
stressors can contribute to three
categories of adverse health ef-
fects: (1) those where exogenous
agents interfere with normal de-
velopment and distort physiologic
function, such as neurobehavioral
abnormalities and sex steroid
hormonal disruption; (2) those
where exogenous agents cause di-
rect cellular damage, such as neu-
rodegenerative diseases and can-
cer; and (3) those that contribute
to illness through a combination of
both physiologic disruption and
cell damage, for example, in car-
diovascular disease.! Because tra-
ditional risk assessment has not
routinely taken account of the
potential for combined effects
from exposure to diverse envi-
ronmental factors, like those
found in the real world, there is
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growing urgency about the need
to develop effective and practical
tools for assessing cumulative
health risks.”~

Cumulative risk assessment is
a procedure for organizing and
analyzing relevant information to
examine, characterize, and possibly
quantify the combined harmful
effects from exposure to a mixture
of environmental stressors.”®
The National Research Council®
recently noted that although the
need to evaluate combined risks
from environmental stressors is
becoming more acute, current
practices do not adequately in-
corporate nonchemical stressors
and important aspects of vulnera-
bility into the assessment process.
In the following, we provide a
brief overview of the diversity of
methods used to estimate cumula-
tive health risks, distinguishing
between traditional chemical-
specific tools and the more recent
approaches used to incorporate
nonchemical stressors. Prominence
is given to techniques that integrate
psychological and social stressors,
along with concepts of vulnerabil-
ity, into the risk estimation proce-
dure. The importance of spatial
scale for analysis and interpretation
of results is discussed, and practical

applications of cumulative risk as-
sessment are reviewed.

TECHNIQUES FOR
CHEMICAL MIXTURES

In 1986, the Environmental
Protection Agency (EPA)' issued
guidelines for evaluating health
risks from chemical mixtures,
which were updated in 2000™ and
expanded in 2006."* The guide-
lines specified that when evaluat-
ing health effects, the first priority
was to use evidence for the mix-
ture of concern when it existed. If
that was unavailable, the next
highest priority was to use infor-
mation about a similar mixture
and, if no such information
existed, the subsequent highest
priority was to evaluate pairwise
interactions between mixture
constituents. Finally, if none of the
preceding data were available,
the default option was to assume
that constituent interactions were
additive. The 1986 guidelines
made a distinction between dose
additivity, where the mixture con-
stituents had the same mechanism
of action and the same health
effects, and response additivity,
where mixture constituents had the
same health effects but different
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