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Historically, environmental health research has focused on study-
ing exposure to a single chemical or chemical class and its rela-
tion to a single health outcome. In reality, exposures do not occur
alone but involve a complex milieu of chemicals that may result
in one or more health risks. With the advent of exposomic techni-
ques for measuring a wide array of chemicals simultaneously1–4
and mixtures analysis techniques for evaluating the contributions
of multiple chemicals to health outcomes,5–7 a more comprehen-
sive and holistic evaluation of exposure and disease is now possi-
ble. Given this realization, it is not unreasonable to assume our
current risk assessment techniques evaluating risk on a single
chemical basis is outdated and likely an inaccurate representation
of the true risk from complex chemical exposures.

In the commentary by Savitz and Hattersley,8 the authors
address a complex issue in exposure science and epidemiology—
mixtures—and how data on mixtures can be used to inform and
maximize their usefulness in regulatory decision-making. As more
epidemiologic studies integrate mixtures analyses using advanced
statistical approaches, such as quantile g-computation,7 Bayesian
kernel machine regression,5 or weighted quantile sum regression,6
data on individual chemical effects are often relegated to less criti-
cal findings of these studies. To update the risk assessment para-
digm, Savitz and Hattersley present a framework for decision-
making for evaluating chemical mixtures.8

The proposed framework suggests common mixture groupings
based on product or exposure sources or common modes of action
or effects. The authors examine the advantages and disadvantages
of conducting studies on mixtures for advancing knowledge to
inform policies, and they offer a strategy for epidemiologists and
regulators to use in considering when and how to assess chemical
mixtures. The authors conclude that conventional methods for
assessing individual effects of chemicals remain preferable in cer-
tain situations. However, if the complexity and loss of generaliz-
ability that may occur when considering mixtures in a risk
assessment are justified by dramatic improvements in the assess-
ment, a mixtures approach may be warranted, especially if it is
hypothesis-driven rather than data-driven exploration.

As the authors indicate, a critical need still exists to examine
the individual effects of single chemicals to help discern the con-
stituents of exposure mixtures that could be the “bad actors” (or
main drivers associatedwith health end points) and to better inform
further mixtures analyses. However, this approach may be inad-
equate given that the total risk of multiple chemicals may not be

the sum of their individual risks. In fact, the few instances where
risk has been evaluated with simple mixtures, the combination of
chemicals appear to synergistically increase or attenuate associated
end points.9 Individual chemicals may behave differently when
present in a complex mixtures, which could enhance exposure,
uptake, or intake or alter distribution, metabolism, elimination, or
internal biological activity. These changes would not be captured
by simply adding risk. In these situations, exposomics or data-
driven techniques may be useful in identifying common metabolic
pathways affected by observed chemical mixtures in individuals,
especially when repeated temporal samples are measured. Many
mediating pathways, such as oxidative stress, inflammation, and
protein function, have been identified as common targets for
many environmental chemicals that may ultimately drive potential
adverse outcomes.

To illustrate, neurodegenerative diseases, such as Parkinson’s
and Alzheimer’s diseases, are believed to have common patho-
genic pathways, such as generation of reactive oxygen species
(ROS), oxidative stress, or altered protein structures especially
with misfolding, faulty degradation, DNA damage/mutations, mi-
tochondrial dysfunctions, and neuroinflammatory processes.10
Different chemicals, such as rotenone and dieldrin, may cause
epigenetic changes; manganese may alter protein folding; vana-
dium may produce excess ROS; and 1,1,1-trichloro-2,2-bis
(p-chlorophenyl)ethane (DDT) may induce oxidative stress.
However, they all synergistically work to alter mitochondrial
performance that may lead to disease development or exacerba-
tion.10 Exposomics may be able to identify chemicals that may
contribute to these alterations and may further impact disease
development. In ideal practice, all of the chemical contributors
would be considered when evaluating risk.

Adding to the complexity of using mixtures analysis in risk
assessment, Savitz and Hattersley highlight that significant spatial
and temporal variation in exposures occur. Current exposure
assessment methods may not adequately capture all exposures
to all subpopulations, limiting the generalizability of these findings
for risk assessment. For example, a mixtures approach could be
effective in a worker population experiencing similar primary
exposures, such as hairdressers who may come into contact with
hair products containing similar classes of chemicals. Still, such
results may not apply to the general population. Regardless, analy-
ses of multiple serial samples collected across broad regions or
populationsmay enable scientists to overcome this limitation.

Consideration of chemicals individually for risk assessments
also has the advantage of potentially identifying “regrettable sub-
stitutions” that may otherwise go unnoticed. For example, di-2-
ethylhexyl phthalate has been linked to adverse respiratory effects,
including increased risk of asthma morbidity, as has its replace-
ment product, di-2-ethylhexyl terephthalate.11 But realistically,
these substitutionswould be present inmixtures thatmay have syn-
ergistic biological effects as well.

Individual chemical risk assessment will always be necessary
to fully characterize a given chemical’s harm. However, it is im-
portant to consider mixtures in risk assessment because they are
more representative of real-world exposures and likely work col-
lectively to induce a disease state. Application of advanced
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statistical methods and exposomic techniques for mixtures will
continue to be useful and should be fully considered in the risk
assessment process. Savitz and Hattersley have thrown down the
gauntlet, and it is time for U.S. regulators to take up the challenge.
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