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Foreword

n April 1996, the National Institute for Occupational Safety and Health (NIOSH) and its part-

ners unveiled the National Occupational Research Agenda (NORA). NORA was developed by
NIOSH and more than 500 partners in the public and private sectors to provide a framework to
guide occupational safety and health research into the next decade. This effort to guide and coor-
dinate research for the entire occupational safety and health research community is focused on 21
priority areas. The areas are divided into three categories: (1) disease and injury, (2) work environ-
ment and workforce, and (3) research tools and approaches.

One of the identified NORA priority areas in the environment and workforce category is the study
of mixed exposures. Combining government researchers and industry experts, a NORA Mixed Ex-
posures Team was established to facilitate the study of occupational mixed exposures. Workers from
agriculture, construction, mining and other industries are commonly exposed to combinations of
chemical substances, biological or physical agents, and other stressors. Knowledge is limited of
the potential health effects of mixed exposures. Additional nonwork-related exposures (such as
the consumption of alcohol or tobacco or the use of insect repellents, cosmetics, or other chemi-
cals) and individual susceptibility also add to the complexity of exposure and resulting biological
responses. New approaches are needed to identify additive, synergistic, antagonistic, or potentia-
tion effects from multiple exposures (sequential or simultaneous). Identifying these effects can
help characterize worker exposure, conduct research at environmentally relevant levels, improve
laboratory and statistical analysis methods, and develop hazard controls that take into account the

components of the mixtures.

Research has shown that physiological interactions from mixed exposures can lead to an increase
in severity of the harmful effect. For example, exposure to noise and the solvent toluene results in
a higher risk of hearing loss than exposure to either stressor alone. Exposure to carbon monoxide
and methylene chloride produces elevated levels of carboxyhemoglobin, reducing the blood’s abil-
ity to carry oxygen in our bodies. The problem of mixed exposures is multifaceted, given the large
number of combinations that occur every day in a variety of workplaces and in our everyday life
experiences.

This report is the product of the NORA partnership team formed from experts inside and outside
the public sector. The NORA Mixed Exposures Team examined the literature, cataloged ongoing
research, and identified significant research gaps. Through examination of knowledge gaps and
opportunities to leverage overlapping interests, the team identified key areas in which new research
could significantly advance the science needed to develop future interventions. Those products,
once implemented, could be used to reduce the risk of occupational disease and injury to workers.
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The intent of this document is to articulate many of the issues involved with mixed exposures as
well as to recommend research strategies and define research priorities that could lead to improved
interventions for protecting workers from mixed exposures. We hope that this document will fa-
cilitate further dialogue about mixed exposures and generate keen interest among occupational
safety and health researchers to devote attention to this important research area. In particular, we
envision that this document could be used as the working paper for a future workshop on mixed ex-
posure research needs and could help stimulate new outcome-focused research proposals. NIOSH
will use the priorities outlined in this document (and refined through future workshops) as a tool
for directing our internal research program, and for guiding our extramural activities.

U

John Howard, M.D.
Director, NIOSH
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Executive Summary

W orkers are continuously exposed to a wide variety of chemical substances, biological agents,
physical agents, and other stressors encountered both in and out of the workplace. Each
stressor has the potential to cause a physiological effect, whether it is a prescribed pharmaceuti-
cal, consumed food, cleaning product, automotive exhaust emission, solvent, ultraviolet radiation,
noise, whole-body vibration, or social or psychological stress. Mixed exposures may produce acute
or chronic effects or a combination of acute and chronic effects, with or without latency. Other
exposures in combination with certain stressors may produce increased or unexpected deleterious
health effects, or they may combine or interact in the environment to create a new exposure risk.
Exposures to mixed stressors can produce health consequences that are additive, synergistic, an-
tagonistic, or can potentiate the response expected from individual component exposures. This is
the complex problem that faces environmental scientists and public health officials in setting and
carrying out public health policy for the general environment, consumer product and food and
drug safety, and the protection of workers. Because the issue of mixed exposures affects all of these
areas, it was selected as one of the priority areas of the National Occupational Research Agenda
(NORA) to leverage collaborative research efforts for better understanding the complex interac-
tions of mixed exposures.

The mixed exposures research agenda includes the elements generally found in public health re-
sponses: surveillance, evaluation and research, and controls and interventions. Health surveillance
is needed to identify mixtures with adverse health effects that cannot be explained by the toxicity
of the individual components in a mixed exposure. Exposure surveillance is needed to identify
workers exposed to mixtures with observed potential effects. To create manageable priorities for
research and worksite interventions, systems are needed for ranking mixed exposures on the basis
of knowledge about health effects and the degree to which exposure is likely to occur.

In addition, the research agenda describes a variety of evaluation tools that can be used to assess
the risk of exposure to various mixtures. Additional research is needed to develop better tools
for toxicity analysis, exposure-response modeling, and physiologically based pharmacokinetic and
pharmacodynamic (PB/PK and PB/PD) modeling. An approach based on observed health effects
and observed exposures is needed to control exposures to mixtures and to assure that protective
technologies are not compromised by multiple simultaneous exposures. For example, the service
life of respirator cartridges may be reduced by the presence of an interfering agent. Finally, the
research agenda identifies intervention opportunities and information dissemination needs to as-
sure that the outcomes of the developed research can be applied to preventing harmful effects of
mixed exposures.
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Because resources are limited, the Mixed Exposures Team identified several research needs as top

priorities. They are listed below:

Develop and implement new surveillance methods to identify the number of workers ex-
posed to these mixtures, the range of exposure concentrations, and health effects associ-
ated with the mixed exposures.

Develop research strategies that promote collaboration between occupational health pro-
fessionals and workers in ranking and characterizing mixed exposures within specific oc-
cupations and industries. Such assessment will also facilitate dissemination of research find-
ings.

Conduct research to better understand the toxicology (biological mechanisms) of mixed
exposures.

Develop methods to understand and integrate experimental data from the molecular level
to the whole organism. For example, researchers should develop the ability to use data from
proteomics” and genomics' studies and extrapolate these to whole body systems.

Develop methods that can be used to measure and predict deviations from additivity.
Develop and validate mechanism-based exposure-response models.
Develop the concept of the virtual human by means of PB/PK simulation.

Develop default parameters for mechanistically based risk estimation and extrapolation
models.

Develop biosensors or measurement technologies (such as micro-arrays with advanced sig-
nal processing) that indicate whole mixture toxicity.

Identify, validate, and characterize the health outcome for biomarkers of exposure and re-
sponse for workers exposed to mixtures.

Determine the effects of mixtures on engineering controls and personal protective equip-
ment (PPE); evaluating each mixture’s potential to adversely affect the protection provided
by the controls.

Through these research advances, policymakers and regulators may be better able to assess the true

risk involved in most occupational and environmental exposures that include multiple stressors

and mixed-chemical exposures.

“Proteomics: The study and analysis of protein structure and function.

fGenomics: The study of the structure and function of large numbers of genes observed simultaneously.
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Abbreviations

American Conference of Governmental Industrial Hygienists
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Agency for Toxic Substances and Disease Registry

Centers for Disease Control and Prevention

Code of Federal Regulations

central nervous system

Center to Protect Workers’ Rights

U.S. Department of Defense

deoxyribonucleic acid

U.S. Department of Energy

U.S. Environmental Protection Agency

gas chromatography-mass spectrometry

hazard index

lethal dose of a compound for 50% of the animals exposed

Maximum Workplace Concentration (Maximale Arbeitsplatz
Konzentration)

material safety data sheets

Mine Safety and Health Administration

National Institute of Environmental Health Sciences
National Institute for Occupational Safety and Health
National Occupational Research Agenda
Occupational Safety and Health Administration
polycyclic aromatic hydrocarbons

physiologically based pharmacodynamic



PB/PK
PPE
psi
QSAR

RfC

SARs
STEL
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TEF
TLV

TNO
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TTD
WOE

WPAFB

physiologically based pharmacokinetic

personal protective equipment

pounds per square inch

qualitative or quantitative structure-activity relationship
reference concentration

reference dose

structure-activity relationships

short-term exposure limit

Technical and Further Education (New South Wales)
toxicity equivalence factor
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(Netherlands Organization for Applied Scientific Research)
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target organ toxicity dose
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Background

The importance of mixed-exposure research
for controlling the occupational environ-
ment and the decision to address this issue
are driven by the following factors: (1) the
concern for the known and perceived health
risks from mixed exposures in the workplace,
(2) the existing regulatory mandates, and (3)
the current state of science.

Two examples of known or perceived health
risks with toxicological endpoints and conse-
quences from mixed exposures are (1) loss of
hearing because of noise and chemical inter-
action and (2) synergistic carcinogenesis of
asbestos and smoking. Other examples show
more uncertainty. The Gulf War syndrome
and the mixed-exposure-associated health
effects from jet fuel (JP-8) exposures are far
from clear. This lack of clarity stems from the
complex nature of the mixtures involved and
their related biological consequences. These
mixtures not only interact within the human
system, they can also undergo chemical trans-
formations in the environment. Examples
of this transformation are the conversion of
some chlorinated hydrocarbons into toxic
phosgene in the presence of ultraviolet light
and the enhanced transport of radionuclides
into the lungs when adsorbed by respirable
dust.

Regulatory mandates in 29 CFR* 1910.1000
provide exposure limits for air contaminants

*Code of Federal Regulations. See CFR in references.

Mixed Exposures

1 Introduction

in general industry. This regulation specifies
an exposure additivity formula to compute re-
duced workplace exposure limits for chemi-
cal mixtures. Lacking, however, are detailed
guidelines to help occupational hygienists
apply the additivity formula, determine its
appropriateness for different situations, and
identify the degree to which sufficient protec-
tion is provided. For example, little informa-
tion is available to guide occupational hygien-
ists on when to apply the exposure additivity
formula, when to consider the effects of mul-
tiple exposures as independent, and when syner-
gistic or antagonistic effects may be expected.

The U.S. labor force continues to grow both
as a percentage of the overall population and
in total number. In 1998, 138 million people
(67% of the population) made up the Ameri-
can workforce. The workforce is expected to
grow to 158 million in 2010 [Fullerton and
Toossi 2001]. The fundamental mission of
the National Occupational Research Agenda
(NORA) is to shape research aimed at deliv-
ering on the NIOSH vision to provide “
safety and health at work for all people.” With
more than 5,900 workers killed on the job in
2001 and far more dying prematurely of occu-
pational disease, we are short of realizing our
national goal of a safe and healthful workplace
for all [BLS 2002].

Over the past 20 years, the topic of mixture re-
search has witnessed a transition from outright
avoidance to carrying out simple, descriptive
studies of binary mixtures to planning and
carrying out sophisticated studies using new
technologies in biological and computational

1



Introduction

sciences. The complete elucidation of the hu-
man genome, the related developments in ge-
nomics and proteomics, and the exponential
growth of computational technologies pro-
vide essential opportunities to deal with the
effects of mixture exposures on complex bio-
logical systems. The current state of science is
right for addressing research in the complex
area of multiple stressors.

National Occupational
Research Agenda (NORA)

One of the principal goals for the NORA initia-
tive is to develop research priority areas lead-
ing to the protection of the workers’ health.
Since occupational exposures to chemical
mixtures and multiple stressors is the rule
rather than the exception, we are committed
to finding ways to tackle the complex area of
health effects of such mixed exposures.

The impetus behind the NORA Mixed Expo-
sures Research Agenda is the need to answer
three fundamental questions:

B How can we detect mixed exposure
effects and gain information suffi-
cient for scientifically based decision
making?

B How can we predict mixed exposure
effects?

B Which intervention or avoidance strat-
egies will be most effective for mixed
exposures?

In fact, all exposures are mixed exposures in
the sense that none occur in isolation from
exposures to other simultaneous or sequen-
tial stressors inside or outside the workplace.
Because NORA cannot plausibly address the
full universe of possible mixed exposures, the
scope of research targets must be limited.

9
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Thus the identification and prioritization of
key exposures is a very important step in de-
veloping a research agenda and protecting
the health of workers.

Identifying Mixed Exposures

Mixtures of concern may be identified by the
following three criteria:

B A large number of workers are ex-
posed to the mixture.

B The health outcomes of exposure to
these mixtures are of a nature or mag-
nitude that cannot be explained with
our current knowledge of single expo-
sures.

B Exposures to these mixtures have
health outcomes predicted from
known effects of individual exposures
that are also known to occur together.

For the first criterion, Table 1 illustrates the
magnitude of worker exposure to some of
the most widely encountered workplace mix-
tures.

For the second criterion, identification is driv-
en by health problems. For example, a strong
interaction of asbestos exposure with ciga-
rette smoking was recognized after increased
lung cancer rates were observed among as-
bestos workers.

For the third criterion, identification is driven
by the knowledge of individual components’
physiological effects. An example of this is
exposure to methylene chloride with co-
exposure to carbon monoxide. Both agents
reduce the blood’s capacity to carry oxygen
by formation of carboxyhemoglobin, thereby
potentially increasing the risk of cardiovascu-
lar health effects.

Mixed Exposures
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Table 1. Common mixed exposures for workers.

Disease or outcome
(known or suspected)

Exposure agent(s)

Estimated number
of workers exposed

Fuels and combustion

> 10,000,000

products

Chemicals and noise

Welding fume

Asphalt fumes

Chemicals and radiation

Metalworking fluids

Cancer, chronic obstructive pulmonary
disease, pulmonary function changes,
chemical pneumonia, central nervous
system (CNS) effects, liver or kidney
damage, irritation of eyes, skin, or
mucous membranes

Hearing loss

Cancer, respiratory disease, metal
fume fever, eye damage, neurological
impairment

Irritation, chronic obstructive
pulmonary disease, cancer

Cancer, immune dysfunction, eye and
skin damage, CNS effects (from the
chemical exposures)

Contact or irritating dermatitis;
hypersensitivity pneumonitis (that is,
hypersensitive pulmonary alveolitis);
suspected to cause cancers of some
organs

4,700,000
760,000

470,000

400,000

340,000

Sources: National Occupational Exposure Survey and National Occupational Health Survey of Mining

[NIOSH 1990, 1991].

Any chemical, physical, or biological insult on
the body is a form of stress; therefore, multiple
stressors can include chemicals, drugs, and
physical and biological agents [Yang 2000].
However, the domain of multiple stressors
may be much wider and certainly should in-
clude psychological stress. Although some of
these stressors may have been studied indi-
vidually and reported in the literature, little
or no information is available about the pos-
sible combined actions of multiple stressors.
Stress is defined as a state of disharmony or
threatened homeostasis [Chrousos and Gold
1992]. If the homeostasis is disrupted because

Mixed Exposures

of physical or psychological stress including
social and socioeconomic stress, intricate neu-
ral and biochemical events in the brain and in
the endocrine and immune systems act jointly
to counter the effects of stress and to reestab-
lish homeostasis [Ember 1998]. If homeosta-
sis is not reset, debilitating illness can result.

Identifying mixed exposure hazards requires
a two-tiered approach. First, a better under-
standing of work processes and materials is
needed. Ideally, such information will be col-
lected as close to the workplace as possible.
The second tier of research (on which much



Introduction

of this report is based) involves development
of stronger scientific methods with which
to measure potential health effects result-
ing from mixed exposures. Mixed-exposure
research will require the development and
refinement of mathematical and physiologi-
cal models that can be used to estimate the
effects of stressors on whole body systems.
To be successful, substantial improvements
are needed in our knowledge of biological
mechanisms of toxicity, chemical structure-
function relationships, and dose-response
relationships. Such knowledge would in turn
lead to the development of biological screen-
ing tools and improve our ability to model
exposure-effect relationships. Advances in this
direction should be fostered, at least initially,
by focusing mixed model research on systems
that have already been defined.

Toxicological research and the complex sci-
ence needed to measure the combined heath
effects of multiple stressors on the human
body are limited by the quality of exposure
data. In other words, our understanding of
potential health effects resulting from mixed
exposures is only as good as our understand-
ing of what workers are exposed to through-
out their working lives. The fact that both
mixed exposures and exposure assessment
methods were among the top 21 research pri-
orities for NORA illustrates the fundamental
and interrelated importance of finding better
ways to understand real-world exposure pat-
terns in the modern work environment and
to determine associated health risks.

Scope

This document sets forth a research agenda
for occupational exposure to mixtures that
should serve as a blueprint for building a na-
tional research program. By identifying high-
priority research areas, this agenda should

4

influence the allocation of research resourc-
es. Developing a public health approach for
preventing disease and injury resulting from
mixed exposures is a daunting task. Workers
are commonly exposed to multiple agents—
as mixtures of agents, as separate simultane-
ous exposures, or as sequential exposures.
Mixed exposures present a seemingly intrac-
table problem for health professionals deal-
ing with occupational safety and health issues,
environmental health issues, and food and
pharmaceuticals to name a few. The present
substance-by-substance or stressor-by-stressor
approach to hazard control is inadequate.
The true risk to workers is likely to be un-
derestimated when considering each stressor
independently. This document identifies pri-
ority research needs for occupational safety
and health. For the various agencies and
stakeholders with an interest in mixed expo-
sures, this research agenda clarifies areas of
mutual interest, discusses new technologies
and research tools, and improves our com-
mon understanding for dealing with mixed
exposures.

For the purposes of this document, mixed
exposures include chemical mixtures as well
as mixed stressors such as exposure to physi-
cal agents (for example, noise, heat, radia-
tion, and vibration) or other physiological
stresses associated with work (for example,
psychological stress). Chemical mixtures
may be intrinsically complex mixtures (die-
sel exhaust, fuels) or identifiable component
mixtures (benzene-toluene-xylene) that are
sometimes called simple mixtures. Exposure
to these agents may occur simultaneously
or sequentially, producing cumulative risks
for workers. Outside the workplace, work-
ers will be exposed to other agents (such as
pharmaceuticals, food additives, alcohol, or
tobacco smoke) that may interact with vari-
ous workplace chemical and physical agents,
potentially creating new and unhealthful or

Mixed Exposures
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unsafe conditions. This document will not ad-
dress food and pharmaceuticals explicitly, al-
though the importance of these exposures is
recognized. In addition, issues related to indi-
vidual susceptibility (which a separate NORA
Team addresses) will not be the focus of this
document.

The research agenda described in the follow-
ing sections reviews various approaches that
have been taken to address the problem of
mixed exposures including hazard identfica-

Mixed Exposures

tion, effects, exposure and risk assessment,
and control.

With each approach, the team has identified
knowledge gaps and opportunities for inter-
vention. Finally, in recognition that resources
are always limited, the final section of the re-
search agenda seeks to identify principles for
prioritizing mixed-exposure research as well
as a few high-priority activities that, if com-
pleted, would provide the greatest leverage in
offering useful public health guidance.



B 2 Analysis of Research Needs

Identifying Mixture
Hazards

Identifying and characterizing mixed-exposure
hazards have always been challenging. How-
ever, as we continue to shift away from a
manufacturing-based economy, the challenge
will be even greater. The National Academy
of Science report entitled Safe Work in the 21st
Century—LEducation and Training Needs for the
Next Decade’s Occupational Safety and Health Per-
sonnel [Institute of Medicine 2000] identifies
several trends and projections related to the
U.S. workforce:

B The proportion of workers over age
55 will increase in the next decade,
as will the number of workers in the
youngest group (aged 16 to 24).

B Workers are likely to hold more jobs
and will change jobs more often than
in past generations; work is more
likely to be contracted out than in
past years.

B With the exception of construction,
the goods-producing sector of the
economy (mining and manufacturing)
shrank in the 1990s.

B Millions of service-sector jobs—
including health care—were added to
the economy during the same period.

Given these trends, chronic occupational
disease is likely to be of growing importance
as the age span of the workforce increases.

6

We know from existing surveillance data that
exposures encountered at an early age can
have life-threatening consequences well af-
ter exposures have ceased. The death of two
sandblasters from silicosis in 1998, each with
less than 5 years of employment as sandblast-
ers, serves as a tragic illustration of this fact
[CDC 1998]. One of the deceased workers
was employed as a sandblaster in his twenties
between 1984 and 1988. He died at age 36.
The second worker was only 30 when he died.
He had started working as a sandblaster at
about the age of 18 between 1986 and 1990.
Fortunately, most young workers will live long
enough to pursue a variety of occupations.
However, the lifetime exposure profiles of
such workers will be increasingly complex as
younger workers cycle into and out of differ-
ent jobs and the job materials and processes
change. Without better control of health haz-
ards, the risk of chronic disease will also in-
crease as workers enter the workforce at an
earlier age and leave at a later age.

To get a clear view of exposure potential with-
in the workforce and prioritize research ar-
eas, we must draw on the knowledge of those
doing the work. Occupational hygienists, epi-
demiologists, toxicologists, and occupational
health professionals will continue to be of crit-
ical importance in the development of expo-
sure assessment strategies and analysis of data.
However, understanding how work is done,
what materials are used, and which mixed-
exposure hazards pose the greatest concern
in the workplace make up the foundation
on which all other research rests. Therefore,
central in our research agenda should be the

Mixed Exposures
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development and use of research methods
and partnerships that involve workers more
actively in the research process. Two methods
that have been successfully used toward this
end are participatory research methods and
research that involves the training and use of
workers as shop-floor gatherers of both qualita-
tive and quantitative exposure data.

Participatory research involves a co-learning
process in which research subjects and pro-
fessional researchers become active partners
in the process of identifying occupational
health problems and interventions that are
likely to take hold within the group being
studied. The general approach involves more
emphasis on developing a system for address-
ing problems as they arise in a real-world con-
text [Rosecrance and Cook 2000; Schurman
1996]. Such methods hold great promise in
tackling the very complex and idiosyncratic
problem of mixed exposures.

The practicing occupational hygienist in the
field has long known the value of talking to
workers to understand a given work process.
In addition, the Occupational Safety and
Health Administration (OSHA) and Mine
Safety and Health Administration (MSHA)
standards such as the Hazard Communica-
tion Standard or other agentspecific stan-
dards and well-known diseases such as asbes-
tosis have increased worker awareness and
interest in occupational health. However, the
complexity of process materials and problems
with hazard communication tools such as ma-
terial safety data sheets (MSDSs) limit work-
er knowledge of mixed-exposure hazards. A
study carried out by Worksafe Australia and
the New South Wales Technical and Further
Education (TAFE) involving apprentice paint-
ers describes the limitations of MSDSs in the
context of solvent thinners [Winder and Ng
1995]. In their review of MSDSs for 20 paint
thinner products, 83 chemical solvent ingre-
dient names were listed as hazardous ingre-

Mixed Exposures

dients. These 83 ingredients were reported
as present in wide ranges (as opposed to a
percentage of the by-product formulation),
making precise product formulation unclear.
In addition, the 83 trade-specific or generic
thinner components could be reduced to 32
solvents or 6 classes of solvents. The authors
emphasize the importance of product formu-
lation in characterizing exposure risk. They
also conclude that information about mixed-
solvent exposure is lacking and that educa-
tional programs are needed to help workers
understand various chemical formulation risks.

Although the above research focused on
paint thinners, the painting trades in general
offer a rich illustration of the complexity of
mixed-exposure risk. Industrial painters, for
example, routinely begin their jobs by blast-
ing steel surfaces covered with coatings (usu-
ally lead-based). Abrasives such as silica sand,
steel grit, and copper or coal slag are used to
blast old paints off steel and concrete surfaces
using high pressures (about 100 pounds per
square inch [psi]). The dust generated as a
result will consist of an array of hazardous
agents (including fibrogenic dusts or metals),
depending on the abrasive and substrate. The
individual metals and dusts can cause a wide
range of serious health effects; however, the
combined effects of these agents have not
been studied. Paint systems that are applied
to the freshly prepared surface produce paint
mists and solvent vapors that are even more
complex mixtures of hazards.

The construction industry serves as a good
model for mixed exposures. In this industry,
both old and new sources of exposure pose
a threat to a wide range of trades and oc-
cupations. For example, pipe fitters may be
exposed to the fumes of new high-nickel al-
loy welding rods while working on construc-
tion of new semiconductor facilities, and on
another job they may be exposed to asbestos
applied to process piping a generation ago.
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Masonry workers repairing old mortar joints
are exposed to dust containing silica as well
as to hazardous materials mixed into the mor-
tar decades ago. Regardless of the source of
mixed-exposure hazards, they translate into
the potential cause for future occupational
disease.

The mining industry also serves as an excel-
lent model for mixed exposures. In this in-
dustry, miners may be exposed to the par-
ticulate matter released from diesel engines
that is combined with an irritant gas such as
nitrogen dioxide and an asphyxiant such as
carbon monoxide. Miners may also be ex-
posed to mixtures of solvents in cleaners or
to metals and thermal degradation products
generated during welding. And like in other
industries, these mixed exposures translate
into a potential cause for both present and
future occupational disease.

The historical one-chemical-at-a-time approach
to occupational health is inadequate. Safety
and health practitioners using substance-by-
substance or hazard-by-hazard approaches
generally make conclusions about worker risk
or lack of risk without sufficient caveats about
the inability to evaluate additive or synergistic
effects. However, the problem of understand-
ing the true health effects of real-world mixed
exposures is mind-boggling unless systems are
in place for clarifying research priorities with-
in major occupational groups. Workers and
organizations that represent or train them are
essential building blocks for developing such
systems. To accurately assess mixed-exposure
potential, professional researchers must col-
laborate with workers, the organizations that
train and represent them, and entities that
influence how work is done. Collaboration
between scientists, engineers, management,
workers, and others is needed for identifying
and ranking exposure hazards. Use of such
approaches has been described in the litera-
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ture [Anderson-Murawski et al. 2002; Feron
et al. 1995b].

Screening methods may be used to system-
atically evaluate multiple exposures. First,
known occupational exposures are ranked by
frequency of occurrence. Then combinations
are ranked by the frequency with which two
or more exposures occur together. Finally,
the resulting list of combinations is reviewed
to identify those for which present knowledge
suggests that interactions may occur.

A key criterion for identifying mixed-exposure
research priorities is the anticipated outcome.
Ideally, the NORA Mixed Exposures initiative
would result in the evolution of a much im-
proved ability to predict important potential
mixed-exposure threats in materials before
they enter into commerce. Of course, this pre-
sumes that new combinations of such stress-
ors would be known and reviewed in advance,
and that employers would act on such knowl-
edge. The likelihood of this scenario depends
on the degree to which workers, occupational
safety and health professionals, and those in
industry responsible for selecting work pro-
cess and materials are involved in the hazard
prioritization process.

Another gap is the need to provide informa-
tion about common mechanisms of toxicity.
The American Conference of Governmental
Industrial Hygienists (ACGIH) specified that
for chemical mixtures, one should total the
exposure-dose contributions from multiple
agents that affect the same organ system. Only re-
cently (1998) has the ACGIH published the
Critical Effects associated with each chemical
in their threshold limit value (TLV®) book-
let [ACGIH 2003]. However, when there are
more than one critical effects listed, it is un-
clear on which effect(s) the TLV was based.
In addition, the mechanism of action is not
specified in the TLV book. Thus, the docu-
mentation for each TLV must be consulted

Mixed Exposures



Research Needs

for this information. Likewise, the Food
Quality Protection Act of 1996 (Public Law
104-170) requires the U.S. Environmental
Protection Agency (EPA) to consider all non-
occupational sources of exposure, including
drinking water and exposure to other pesti-
cides with a common mechanism of toxicity when
setting tolerances. These approaches create a
need for additional knowledge about toxicity
mechanisms in addition to which organ sys-
tem might be affected.

New Knowledge Needs

B Develop a greater understanding of
historical and current mixed expo-
sures by occupation within targeted
industries, including underserved and
growing sectors such as construction.

B Develop research strategies that pro-
mote collaboration between occupa-
tional health professionals and work-
ers in ranking and characterizing
mixed exposures within specific occu-
pations and industries.

B Develop and implement new sur-
veillance methods to determine the
number of workers exposed to vari-
ous mixtures, identify the range of ex-
posure concentrations, and identify
health effects associated with mixed
exposures.

B Develop information about occupa-
tional hygiene practice to determine
(1) the extent to which occupational
hygienists, compliance officers, medi-
cal personnel, and other occupation-
al safety and health professionals use
mixed-exposure information, and (2)
whether they make any adjustments
for the combined effect; either as ad-
ditive or synergistic effects.

Mixed Exposures

B Develop information about common
mechanisms of toxicity. A database
of known mixtures and their mode-
of-action could assist occupational
hygienists.

B  Conduct research on in-place mixed-
exposure hazards as encountered in
the mining, construction, service, and
manufacturing sectors.

B Conduct research on new materials
that introduce new mixed-exposure
hazards into the workplace; for ex-
ample, high-nickel alloy welding rods,
concrete additives, and slag and min-
eral abrasive material.

B Conduct surveillance research to de-
scribe the severity of the effects from
mixed exposures.

B Gain a better understanding of the
ability of nonchemical stressors to af-
fect an exposed person’s tolerance of
exposure to chemicals.

B  Gain a better understanding of the
ability of chemicals to affect an ex-
posed person’s tolerance of physical
agents to such as noise.

Potential for Intervention

B Once mixed-exposure issues are
identified, research priorities can
be set on the basis of factors such
as (1) the frequency with which the
exposures occur and the number of
workers affected, (2) the severity of
the effects, and (3) the likelihood
that research will effectively prevent
occupational disease.

B  New information will lead to the de-
velopment of information tools (for
example, more informative and ac-
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curate MSDSs), education and work-
based systems for recognizing and
characterizing mixed exposures, im-
proved analytical methods, better
sampling methods, and more compre-
hensive and systematic approaches to
collecting exposure data.

B Partnerships for intervention will be
developed and will include unions, ap-
prenticeship and training programs,
materials engineers, and industry orga-
nizations. These partnerships will iden-
tify, create, and market engineering
controls for reducing mixed-exposure
risks.

B  Control technology research will be
aimed at broader hazard focus areas—
for example, dust-control systems that
eliminate multiple hazards or substi-
tute materials that do not introduce
new hazards.

B Existing mechanisms can be more ef-
fectively used for characterizing and
controlling mixed exposures. These
mechanisms include joint labor/man-
agement committees and process
hazard analysis systems, which are re-
quired in a number of industries under
the OSHA Process Safety Management
Standard.

Effects Studies

Experimental and epidemiological research
on mixed exposures addresses two interre-
lated issues:

B Understanding, predicting, and screen-
ing effects of specific mixed exposures

B Predicting and screening key effects
across a broad range of exposures
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Knowledge gained in both areas is used to
improve risk assessment and mitigation mea-
sures. Many research tools and strategies ad-
dress both issues. For example, recent advanc-
es in mechanistic models and cellular and mo-
lecular research tools (such as genomics, pro-
teomics, and bioinformatics) have enhanced
our ability to address questions about possible
health effects in the areas of both specific and
generalized mixed exposures.

Other methods and tools focus more on one
type of mixed-exposure issue. For example,
research targeted for specific mixed expo-
sures commonly employs basic toxicological
strategies such as cellular, animal, and human
studies to focus on exposure patterns, me-
tabolism, response mechanisms, biomarkers,
susceptibility, and health outcomes. Such re-
search typically relies on exposure-dose-response
relationships to identify and characterize inter-
actions. It tends to be retrospective, typically
addressing existing or historic exposures.
But such research can also be applied to an-
ticipated or hypothesized exposures. On the
other hand, research targeted for generalized
application typically focuses on developing
more rapid, effective, and inexpensive ways
to predict interactions across a variety of ex-
posures, and it often involves cellular models,
physiologically based pharmacokinetic (PB/
PK) and physiologically based pharmacody-
namic (PB/PD) models, chemical structure-
activity relationships (SARs), and mathemati-
cal tools and data analyses for generalizing
relationships across classes of stressors and
exposures that lead to different classes of ef-
fects. Such research tends to be prospective,
although known interactions may serve as a
starting point. In either case, it is important
to consider multiple effects beyond the criti-
cal (most sensitive) effect to evaluate possible
combined responses to multiple stressors
and exposures.

Mixed Exposures
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Experimental Approaches

Mixed exposures are too complex and vari-
able to prescribe any single approach as most
appropriate for understanding related health
effects. Research in this area must offer a way
to focus on key health issues considering an
overwhelming number of permutations of
types and sequences of exposure to multiple
stressors in the workplace, as well as interac-
tions among workplace and nonworkplace
exposures. The fundamental methods and
tools used for this research build on those
used for other basic and applied research,
and improvements will certainly continue in
concertwith advances in those research fields.
However, the uniqueness of mixed exposures
warrants targeted research to understand and
predict combined human responses. This re-
search strategy will involve both adaptations
to existing approaches and the development
of new methods and tools for characterizing
joint health effects and their key contributors
and modifiers.

Experimental and epidemiological research
opportunities span a wide range of biologi-
cal levels and study species—from molecular,
cellular, and tissue studies to whole-animal
studies, and from microorganisms and stan-
dard test animals to human subpopulations
and populations. These studies, together with
mathematical and visualization approaches,
can be used to evaluate and predict pos-
sible human responses to multiple stressors
and exposures. For example, especially use-
ful for mixed-exposure research are physi-
ologically based mathematical and statistical
approaches such as PK/PD models. These
represent integrated exposure-dose-response
relationships including response surfaces and
integration of approaches to group classes of
interactions, toxicity endpoints, stressors, and
exposure types.

Mixed Exposures

Laboratory Research

Cell Models

Cell culture systems using either established
cell lines or primary cultures are attractive be-
cause of their simplicity and low cost. A wide
range of cellular response phenomena can
be observed through assays of cell function,
general cytotoxicity (that is, survival, multi-
plication, surface adhesion, confluency, etc.),
phenotypical changes, gene expression, and
protein production. Cell models are also use-
ful for studying interactive mechanisms such
as P450 interactions in PB/PK models [Olin
2004]. They may also be useful as bioassays,
assessing whole mixtures. The teaming of
cell models with rapidly developing molecu-
lar biology investigative tools is expected to
play a significant role in research on mixed
exposures. Large-scale studies on the nature
of chemical interactions, studies aimed at
lumping responses among chemical classes,
and high-volume prospective screening of
chemicals for interactions will probably rely
more on using cultured cells than on intact
animals.

Cell models have limitations as well as advan-
tages. Immortalized cell lines are necessarily
altered from their source cells. Primary cul-
tures have limited life spans. No culture tech-
nique fully mimics the in vivo environment.
The value of information derived from cells
in culture corresponds directly to the level of
confidence that in vitro responses reflect the
in vivo responses and dose-response relation-
ships. Although intracellular phenomena can
be identical in the two settings, responses that
are influenced by other cells in vivo may not
be reflected well in cultures of a single cell
type. This issue places a premium on validat-
ing cell responses against in vivo responses to
avoid generating large databases on mixed ex-
posures of uncertain applicability to humans.
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Animal Models

The use of intact animals allows adverse ef-
fects and interactions among exposures to be
evaluated in the presence of the integrated
responses from all organ and tissue systems.
Although responses occur in single cells, ad-
verse health effects in intact persons seldom,
if ever, occur without the participation of mul-
tiple cells, tissues, and organs in pathogenic,
defensive, or reparative responses. Animals
can be studied using nearly the full range of
morphological, physiological, and biochemi-
cal assays applied to humans. In many cases,
large databases are available for comparison,
although caution must be exercised to con-
sider differences among the animal strains
and experimental designs used in different
studies. Intact animals are probably the only
model adequate for evaluating mixed stress-
ors (other than chemicals), such as physical
stressors (for example, extreme cold or heat,
exercise, radiation), personal factors (for ex-
ample, nutritional deficiencies, aging, etc.),
hormonal changes (for example, menstrual
cycles, pregnancy), biological stressors (for
example, infectious agents), and psychologi-
cal stressors. Intact animals are also required
to study reproductive (for example, fertil-
ity, teratological) and postnatal development
and growth phenomena, although the latter
is seldom a workplace issue.

Statistical Tools

To address mixed-exposure issues, the re-
search tools must be deployed in experimen-
tal designs tailored to the question being
asked or the hypothesis being tested. The
large number and complexity of potentially
important mixed exposures place great pre-
mium on the design of fundamental research
strategies aimed at understanding and pre-
dicting the effects of combined exposures. No
single research strategy will meet the need. A
number of different strategies have been used

12

in the past [Mauderly 1993], and continued
development in this field is needed. This sec-
tion briefly describes common fundamental
strategies for mixed-exposure research. These
examples are illustrative but not exhaustive.
All of these strategies have both strengths
and limitations, and any of them could be
the best, depending on the question being
asked and the resources at hand. In general,
the same fundamental strategies could be ap-
plied whether the issue is combinations of dis-
similar (for example, physical and chemical)
or similar exposures (for example, complex
chemical mixtures in a single exposure me-
dium). It is important to note that continued
development of research strategies is needed,
as well as development of research tools.

Research Organized Around Prioritized
Lists of Exposures

Another strategy is to prioritize a larger but
still limited list of exposures and use a range
of experimental protocols to verify the as-
sumptions of additivity or independence of
effects of the exposure combinations [Feron
1995b]. This is primarily a prioritization strat-
egy; most, if not all, of the other strategies de-
scribed in this section could be applied to the
list of exposures. This strategy is useful for fo-
cusing research on key components of highly
complex mixtures. However, this strategy de-
nies the complexity of the real exposures, re-
lies on foreknowledge of the most important
components, and faces overwhelming, even if
limited, permutations.

Studies of Sequences of Exposures

Mixed-exposure issues include sequences of
multiple exposures as well as multiple simul-
taneous exposures. Several experimental de-
signs can be used to study sequences, but the
unifying feature is the administration of expo-
sures at different times [Mauderly 1993]. The
experiments may involve simply reversing the
order of two exposures, or they may incor-
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porate a factorial design in which single ex-
posures, simultaneous combined exposures,
and the two (or more) sequential exposures
are administered. Like any factorial design,
sequential experiments become intractable
when the number and thus the possible se-
quences of exposures increase.

Dissection of Effects of Complex
Exposures

This strategy focuses on apportioning causa-
tion among multiple (typically many) compo-
nents of mixed exposures [Mauderly 1993].
It begins with a known effect and a known
or assumed combination of exposures, and
it attempts to identify the causal factors. This
strategy has proved useful in many cases—and
especially for mixtures for which the mecha-
nism of action is similar (for example, muta-
tions). However, the strategy depends on the
ability to reproduce the exposure (that s, the
mixture) and its isolated components. This
strategy can also be resource-intensive if the
number of components is large, the separa-
tion difficult, or the biological test system
complex. Experimental designs that aim to
determine the components of a mixture re-
sponsible for an effect are often termed bio-
directed fractionation [Schuetzle and Lewtas
1986; Kleinman et al. 2000; Rudell et al. 1999].

Multivariate Analysis of Variable-
Exposure Versus Response Databases

This strategy focuses on statistical analysis of
matrices of exposure-response data in which
identical measures of response are applied
to multiple mixed exposures that differ in
composition. The approach takes advantage
of differences among the exposures (for ex-
ample, in the composition of the exposure
material) to identify the components most
strongly associated with the effect(s). In a
sense, this strategy is similar to bio-directed
fractionation, except that it depends on varia-
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tions in the complex exposure rather than on
dissection of a constant complex exposure.
The biological response system can range
from simple (for example, single mutation in
cultured cells) or complex (for example, mul-
tiple health outcomes in animals or humans).
This strategy can address complex exposures
and can use either epidemiological or labo-
ratory data. However, its success depends on
the consistency of populations and response
measures across exposures, the accuracy with
which individual exposures are known, and
the degree of detail and similarity with which
the different exposures are characterized
[Eide et al. 2002; McDonald et al., in press].

Epidemiology

In research on mixed exposures, appropriate
roles will exist for studies involving humans
or data collected from humans, as is the case
for research on single occupational and en-
vironmental exposures. Valuable data on
subclinical responses can be obtained from
humans exposed experimentally (that is, clin-
ical studies) to concentrations and combina-
tions of physical and chemical exposures con-
sidered to be without significant risk—with
appropriate precautions and involvement of
institutional review boards. Perhaps the most
common human research is epidemiology, in
which adverse health outcomes are linked to
exposures retrospectively or prospectively.

All epidemiological studies deal in mixed
exposures, along with the other contribut-
ing factors. The challenge to our research
methods is to identify the exposures that con-
tribute to the disease process and distinguish
them from exposures that do not contribute.
This is particularly difficult for epidemiologi-
cal studies with mixed exposures because de-
tailed exposure data is usually lacking, the
relative concentrations of the mixture com-
ponents will be variable over time, and the ef-
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fects often involve chronic disease endpoints
with long latency periods.

Epidemiological studies can be broadly cat-
egorized by purpose as descriptive or analyti-
cal. Descriptive studies involve observation of
demographic, secular, or geographic trends
in the occurrence of health outcomes. Ana-
Iytical studies attempt to determine the re-
lationship between outcomes and exposures
or other risk factors and require clear speci-
fication of the outcomes and risk factors of
interest. These risk factors include individual
occupational exposures but more frequently,
combinations that constitute mixed expo-
sures. Epidemiological studies are generally
either cohort or case-control, distinguished
by whether the populations are first defined
by exposure (cohort) or by health outcome
(case-control). Cross-sectional and prospec-
tive studies can be especially suitable for
examining mixed exposures. By design in a
cross-sectional study, exposure and outcome
measures are assessed simultaneously. Direct
access to the study subjects and to the envi-
ronments in which they may be exposed to
potential causal factors allows detailed as-
sessment of the components of mixed expo-
sures.

Modeling Approaches

In mixed-exposure research, it is important
to obtain quantitative information about the
time-course fate and locations of chemicals
and metabolites in the body (that is, PK) and
time-course of receptor interactions and tox-
ic responses (thatis, PD). Such information is
important for understanding the mechanistic
basis for interactions among chemicals and
thus predicting interactions and extrapolat-
ing from cell and animal studies to humans.
Mixed-exposure research must include stud-
ies integrating computational technology
and mathematical/statistical modeling with
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mechanistically based, time-course toxicology
studies. This field is rapidly evolving and lends
itself well to taking strong advantage of recent
advances in cellular/molecular biology, math-
ematical models of biological responses, and
mathematical lumping strategies for aggre-
gating responses to classes of chemicals. The
potential for significant advances in this field
have been described by Yang et al. [1998].

A principal aim of dose-response modeling
is to develop predictive tools for health risk
assessment—that is, to be able to extrapolate
likely biological effects observed in experi-
mental situations to realistic human exposure
situations (for example, to low doses, differ-
ent species, routes of exposure, etc.). Such ex-
trapolation is possible only with a quantitative
understanding of the underlying mechanisms
of absorption, distribution, metabolism, and
elimination. The importance of understand-
ing mechanisms for the effects of mixtures is
twofold:

B To understand behavior of individual
components (as a baseline)

B To understand interactions between
components

Over recentyears, perhaps the mostimportant
development in this area has been the devel-
opment of methodologies for PB/PK model-
ing of the chemical behavior in the body that
takes into account the underlying physiology
of the species of concern.

Physiologically Based Pharmacokinetics
(PB/PKs)

PB/PK modeling is an approach that attempts
to predict biological effects from the perspec-
tive of the entire biological system; it allows
for development of a biologically accurate
toxicokinetic description of an experimental
mode that incorporates flow and dose rela-
tionships, realistic tissue volumes, solubility
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parameters for individual species and chemi-
cals, and metabolic pathways with measured
kinetic parameters. PB/PK models take the
known pharmacodynamics of the chemicals
(identified through in vitro studies or studies
in other species) and information about pos-
sible interactions and use that known infor-
mation to predict the overall toxic effect level
of any dose or ratio of the mixture. These
models take into account all the processes
of a cell that could influence toxicity, includ-
ing transport processes, diffusion exchanges,
metabolic and eliminatory clearances, and re-
ceptor binding.

This technique can be used to extrapolate
data between chemicals or to generate pre-
dicted chemical interactions that may be
tested in the laboratory. This approach can
be more resource efficient than traditional
testing for multiple possible mixtures, many
of which may prove not to have had any rele-
vant interactions [Bond and Medinsky 1995].
Chemical-specific factors such as blood-tissue
and tissue-tissue partition coefficients, elimi-
nation rate constants, and metabolic rate con-
stants are determined in vitro and then used
to create the predictive model.

PB/PK models can be adapted to make toxi-
cokinetic predictions for specific organisms or
target organs, and the model can be used in
some circumstances to predict the concentra-
tions necessary for a toxic effect. PB/PK mod-
eling is also useful in making flow and dose
predictions. Although modeling does not re-
place well-planned laboratory experiments, it
is a useful tool that can facilitate experiment
planning, optimize the use of laboratory data,
and help design cost-effective studies [Blan-
cato 1994].

PB/PK models have been developed for sev-
eral components of the jet fuel JP-8 (such as
benzene, xylene, toluene, and nonane). In
addition, models of the interactions of up to

Mixed Exposures

five component mixtures of chemicals have
been studied [Haddad et al. 1999; Tardif
et al. 1997]. A key result of these studies is
that a complete description of the interactive
processes can be obtained by simultaneously
tracking all the binary interactions in the mix-
ture (thatis, interactions of one chemical with
another). Higher-order interactions are auto-
matically taken into account in this way. Anal-
ysis of the blood kinetic data suggested that
competitive metabolic inhibition of P450 2E1
was the most likely interaction mechanism
for these compounds, and the metabolic in-
hibition constants for each binary interaction
were determined. These results can be gen-
eralized to an arbitrary number of similarly
acting mixture components (such as the hy-
drocarbon components of fuels) by consider-
ing such complex mixtures as pseudo-binary
systems consisting of the compound of inter-
est plus a single interacting complex vehicle
with well-defined composite properties. Such
composite properties (such as inhibition
constants in the present example) are model-
based statistical averages of the values for each
interacting component. Such pseudobinary
systems could be investigated by modifying
the techniques developed for true binary in-
teractions such as response surface analysis
(see Mathematical Modeling Tools below).

Qualitative or Quantitative Structure-
Activity Relationships (QSARs)

Approaches using QSARs attempt to predict
the effects of a chemical mixture by mak-
ing analogies with other similar compounds.
They are useful for chemical mixtures for
which limited dose-response data are avail-
able. SARs identify a common substructure
or similarity in form among compounds with
similar modes of toxic action; they then use
the presence of this substructure in another
mixture of unknown toxicity to predict tox-
icity in that compound. QSARs attempt to
define quantitative structure parameters that
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correlate with an experimental concentration
that produces the identical effect, such as an
LD, (the lethal dose of a compound for 50%
of the animals exposed). QSAR techniques
are used to predict vital chemical parameters
for unknown compounds such as partition
coefficients, metabolic rate constants, and
elimination constants as well as possible phar-
macodynamic parameters such as binding
affinities and maximum turnover velocities
for target enzyme systems. QSAR techniques
can also help to determine parameter values
for PB/PK models (for example, partition
coefficients and penetration coefficients),
especially those to which the model output
is not particularly sensitive. Thus the need
for experimental determinations is consid-
erably reduced. The QSAR techniques are
limited by the availability of underlying
structure-based data used by the models.

Lumping Analysis

The technique known as lumping analysis is
borrowed from the petroleum industry, in
which chemicals with defined similarities are
lumped together into pseudo components
that represent the entire group to make anal-
ysis scientifically manageable. This technique
allows modeling approaches on very large
mixtures (20 or more components). The
sheer numbers of mathematical manipula-
tions required for such mixtures would oth-
erwise prove overwhelming to most comput-
er systems. The complexity of the analysis is
reduced by treating compounds with similar
structures or mechanisms of actions as one
chemical.

A new approach called structure-oriented
lumping has been developed to model the
composition and chemistry of complex mix-
tures at a molecular level. The central con-
cept is to represent an individual molecule
or a set of closely related isomers as a math-
ematical construct of certain specific and re-
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peating structural groups. A complex mixture
such as petroleum can then be represented as
thousands of distinct molecular components,
each having a mathematical identity. This en-
ables the automated construction of large,
complex reaction networks with tens of thou-
sands of specific reactions for simulating the
chemistry of complex mixtures. Furthermore,
the method provides a convenient framework
for incorporating molecular physical prop-
erty correlations, existing group contribution
methods, molecular thermodynamic proper-
ties, and the structure-activity relationships of
chemical kinetics in the development of mod-

els [Quann 1998].

Mathematical Modeling Tools

Factorial Design Studies

The most common strategy for studying
mixed exposures is to determine the effects
of combinations of two particular exposures
using a simple factorial exposure matrix. This
strategy focuses on whether the combination
of two exposures yields greater or lesser than
additive effects compared with the single ex-
posures. An appropriate biological system is
exposed to exposure A, exposure B, or the
combination of A+B, often accompanied by a
sham control exposure. This is the most direct
approach for testing hypotheses about spe-
cific two-factor interactions and mechanisms
of interactions. A simple factorial design can
be applied in experiments using response
models ranging from very simple, short-term
assays (for example, cells) to long-term, com-
plicated models (for example, life-span carci-
nogenicity or noncancer animal bioassays).
However, this strategy is seldom used for ex-
ploring interactions among more than two
or sometimes three exposures. When toxicity
studies become too complex, a step-wise ap-
proach may be used. For example, if whole re-
sponse surfaces are to be studied for mixtures
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of five or more chemicals, factorial designs
become too complex. To manage this situa-
tion, simplified statistical designs, for exam-
ple, fractional factorial designs, can be used
as a starting point to study deviations from
additivity. Thus, the response surface analyses
can be economized [Groten et al. 1997].

Isobole Analysis

An isobole is a counter line that represents
equivalently effective quantities of two agents
or their mixture and was used as early as 1870.
A hypothetical straight line can be developed
for additivity and concave lines (upward for
synergism and downward for antagonism) for
interactions. The isobole approach is widely
used to evaluate the effects of binary mixtures.
This method is tedious and tends to produce
large standard deviations. The approach also
requires large data sets, the precise doses of
each of the components in the mixture, and
the existence of extensive studies with the
single compounds to yield reliable results. In
addition, the analysis can be done only when
clear effects levels are observed [Cassee et al.
1998].

A similar approach constructs theoretical
dose-response curves for dose-additive and
independent combinations of components
and compares them to the observed re-
sponse. Although this method requires less
data and is more straightforward than the
isobole approach, it still requires complete
dose-response curves with fixed concentra-
tions and statistical interpretations [Cassee et
al. 1998]. A related approach is response sur-
face analysis, which sometimes allows more
rapid analysis of the toxicological effects of
mixtures with many fewer animals.

Zero-interaction response surfaces describe
dose-response relationships for which no
interactions between multiple exposure
concentrations exist. They define zero in-
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teraction according to a particular criterion
throughout the complete dose range. This
means that they can replace the tedious ex-
perimental determination of dose-addition
isobolograms (isoboles are specific cross sec-
tions of response surfaces). They predict ex-
pected combination effects from single-agent
dose-response relations but not combination
effects that are not zero-interactive. Response
surface methods have been incorporated into
a number of commercially available comput-
er programs, such as CombiTool [Dressler et
al. 1999].

In addition to their application in the design
of experiments (see above), response surface
techniques can be used as a visualization tool
to elucidate the kind and extent of compo-
nent interactions. Experimental data can be
directly compared with zero-interaction re-
sponse surfaces to assess the likelihood and
direction of possible interactions, depending
on whether they lie above or below the sur-
face. In addition, response surfaces can be
constructed to take into account an interac-
tion mechanism (hypothesis) and can thus be
used for exploring the validity of hypotheses
for mixtures interactions.

A major limitation of response surfaces is that
they readily represent the combined effect of
only two compounds or classes of compounds,
although the possibility exists of using similar
methods to visualize interactions of a particu-
lar chemical with the rest of the (complex)
mixture as a whole.

Other Mathematical and Statistical
Tools

Other approaches are also being developed
to identify the structural classes of chemicals
and combinations of chemicals within com-
plex mixtures that contribute most strongly
to biological effects. Several are adaptations
and variations of multivariate analyses [Eide
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2001]. For example, regression modeling
of mutagenicity data from highly complex,
petroleum-derived mixtures of polycyclic
aromatic hydrocarbons (PAHs) using partial
least squares projection to latent structures
was found useful for associating mutagenicity
with a limited number of chemicals and predict-
ing responses to other mixtures [Eide etal. 2001].

Rapid development is occurring in the mod-
eling of highly complex biological data, driv-
en in part by the tremendous volume and
complexity of data produced by contempo-
rary genomic/proteomic technologies. The
bioinformatics field is developing rapidly,
and many of the resulting data displays and
analytical strategies aimed at identifying re-
sponse associations (that is, cluster analyses)
will be useful in research on mixed exposures.
Many of these techniques use visualization of
graphical response surfaces.

New Knowledge Needs

B Achieve better understanding of the
toxicology (biological mechanisms)
of mixed exposures at doses relevant
to current exposure concentrations.

B Develop new methods to understand
and integrate experimental data from
the molecular to the whole organism
level.

B Develop the ability to use data from
proteomics or genomics studies and
extrapolate these to whole-body sys-
tems.

B Develop and validate mechanism-
based models and predictive tools for
use in improving current risk assess-
ment processes for mixtures.

B Develop improved cell models for
large-scale studies of the nature of
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chemical interactions that lump re-
sponses by chemical classes.

B Improve statistical tools to identify
mixed effects from available epidemi-
ological data.

B Develop the concept of the virtual hu-
man via PB/PK simulation.

Potential for Intervention

B Understanding and predicting pre-
cursors of adverse effects will lead to
earlier and more effective interven-
tion strategies.

B Improved forecasting of interaction ef-
fects from mixed exposures using less
costly, cellular-based screening tools
and computer modeling.

B Improved risk assessment and mitiga-
tion or intervention methods.

Exposure Analyses

Risk is estimated by integrating a health as-
sessment and an exposure assessment, thus
making high-quality exposure assessments es-
sential. Achieving this requires improvements
and the integration of methods, measure-
ments, and models for exposure. Research
in these areas has been recommended or is
under way for individual stressors [NIOSH,
2002]; and in some cases, the findings can be
applied directly to mixed exposures. Howev-
er, in many cases, mixed exposures present a
unique challenge. Exposure analyses need to
be incorporated into epidemiological studies
to obtain robust associations or to eventually
achieve knowledge of cause-effect relation-
ships. Knowledge of exposure needs to be ap-
plied to the design of more realistic animal
toxicological studies. Better exposure analysis
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is needed to estimate the number of people
exposed to mixtures, the agents to which
they are exposed, and the duration and time-
course of the exposure. From these estimates,
dose-response models for complex mixtures
may predict adverse effects. Exposure analy-
ses also identify the sources and pathways
most likely to contribute to risk, facilitating
efficient and effective interventions.

Methods

Methods enable measurements, making methods
of fundamental importance. When contem-
plating what methods are needed, the goal
of the exposure analysis must be kept in
mind because this drives the approach. For
example, is the goal associated with routine
monitoring to identify releases or low-level
frequent events? Is it part of an epidemiology
study and if so, how quantitative does it need
to be? Is it part of a survey, how quantitative
does it need to be, and does the source need
to be identified? Does the exposure analysis
need to be highly quantitative or are there
surrogate indicators or questionnaire items
that are adequate?

Complex Chemical Mixtures

Measuring single chemicals and complex
mixtures of chemicals have similar elements.
However, complex mixtures present addition-
al challenges, especially in collecting samples,
preparing and extracting samples for mea-
surement, and measuring the compounds
present. The first step, collecting a repre-
sentative sample, is quite difficult primarily
because the inherent variability and hetero-
geneity of mixtures (chemically, physically,
spatially, and temporally) create challenges.
For example, a sampling method optimal for
an aerosol mixture rich in nonreactive hygro-
scopic materials is different from one rich in
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nonreactive volatile organic compounds. This
problem calls for the development of new
sampling technologies capable of sampling
mixtures with improved precision and accu-
racy that are as representative of the original
environment as possible. Obtaining a repre-
sentative assessment of a worker’s exposure is
complicated further when the potential exists
for absorption through the skin. Ultimately, a
form of biological monitoring; for example,
of blood, urine, or exhaled breath, may be re-
quired to estimate a worker’s total exposure
by all routes.

The next stage is preparing the collected sam-
ple for measurement. Analytic procedures for
pure chemicals in a pure water or simple or-
ganic matrix are highly developed. However,
environmental and occupational matrices
are complex. For example, a procedure that
works well with a breath sample, will likely not
work well for an aerosol sample. Consider the
case of extracting a mixed sample with chem-
icals varying widely in solubility and other
physicochemistries.

The final step is to take the measurement.
Newer technologies, whether they are bio-
logically (as in biosensors or biomarkers) or
chemically based (as in more advanced mass
spectometry technologies growing from tra-
ditional analytic chemistry approaches) can
also be quite difficult for mixtures. In spite
of major advances, some classes of substances
are still difficult to identify quantitatively. For
example, only a very small fraction of the or-
ganic components of ambient aerosols have
been chemically identified. Thus, it may be
possible to measure only a portion of the mix-
ture. If this portion causes the health effects,
this is acceptable. However, false negatives
might result, weakening reliance on such pro-
cedures.

The analysis of complex mixtures of substanc-
es is still a daunting task. High-resolution
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chromatography and mass spectrometry are
examples of current techniques commonly
applied to the analysis of complex mixtures.
Combining such technologies to form multi-
dimensional techniques provides even more
powerful analytical tools. For example, gas
chromatography-mass spectrometry (GC-MS)
is well established for characterizing and quan-
tifying the various volatile chemicals that con-
stitute mixtures such as petroleum distillates.
Techniques for characterizing and quantify-
ing the nonvolatile, polar, and thermally la-
bile components of complex mixtures are less
well developed and need to be elaborated.

The broad application of sophisticated ana-
lytical technologies to the analysis of complex
mixtures is hindered by the expense of the
equipment and the need for highly skilled
operators. Also, the time required for chro-
matographic analysis, which is based on dif-
ferences in partitioning of the various sample
components between a mobile and station-
ary phase, increases with increasing mixture
complexity. The development of new tech-
nologies, such as microsensor arrays, holds
the promise of providing rapid, specific re-
sponses to a variety of significant endpoints,
such as those based on electrochemistry and
immunochemistry.

Measurements/Monitoring

Various approaches can be used to measure
exposures. First, emphasis needs to be on de-
ciding the exposure metrics. This includes
identifying the full spectrum of stressors be-
ing measured (for example, inhaled chemi-
cals, noise), the time frame (for example,
exposures to chemicals having acute effects
or peak-exposure effects should be measured
over short averaging times), organization of
work issues (such as extended or novel work
schedules), and identifying data quality ob-
jectives (for example, precision and accuracy
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needed, sample size needed). However, given
the state of the science, these elements are
often difficult to determine. Without more
knowledge of exposure variability, it can be
difficult to decide on an optimal measurement
strategy. For example, is it better to measure
a large number of workers once or a small
number of workers frequently? Another key
question is whether a stationary monitor can
adequately represent worker exposures or are
personal exposure measurements required.
Most likely, the answer depends on the ex-
posure scenario. This must be determined in
advance so that the optimal approach can be
chosen.

Exposure Modeling

All exposure scenarios cannot be measured
for reasons such as limited finances and lim-
ited availability of measurement methods.
Hence, exposure modeling is necessary. Op-
timal models are built using a combination
of measurement data and theoretical infor-
mation and are evaluated with measurement
data. Modeling becomes even more impor-
tant with mixtures because of the difficulty
(and in some cases the impossibility) of mea-
suring complex mixtures. For example, expo-
sures could be better predicted if a complex
exposure model were available based on the
chemicals in the environment of interest; the
physiochemical properties of the chemicals;
the relevant fate, transformation, and distri-
bution characteristics under realistic condi-
tions; and activity patterns of the potentially
exposed people. With a scientific basis to esti-
mate the number of people likely to have ex-
posure to other stressors (for example, noise,
certain pharmaceuticals), the total exposure
would be better understood as input into
health models for eventual risk assessment.

A need exists for research on mixed expo-
sures that (by virtue of their chemical or
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physical properties) react in the work envi-
ronment (before entering the body), produc-
ing a more hazardous chemical or resulting
in greater ease by which the agent enters the
body. For example, a mixed exposure involv-
ing ultraviolet light and certain chlorinated
hydrocarbons can produce the toxic agent
phosgene [Ng et al. 1985; Wang et al. 2002].
Another example is the mixed exposure in-
volving fine particles and radon gas that can
result in increased lung burden of alpha and
beta radiation emitters.

New Knowledge Needs

B Develop and validate new sampling
technologies with defined accuracy
and precision, especially with respect
to representativeness to the environ-
ment being sampled.

B Develop biosensors (microsensor ar-
rays) or measurement technologies
that provide direct indication of tox-
icity (biological relevance) of mixed
exposures.

B Develop improved separation and
sample preparation procedures.

B Develop a protocol for determining
the adequacy of a questionnaire ap-
proach or a surrogate indicator ap-
proach to exposure analyses of mix-
tures. Provide criteria to characterize
the adequacy of such an approach.

B Develop more portable, rapid, au-
tomated, affordable, and sensitive
methods for measuring chemical mix-
tures, including screening methods
for classes of chemicals.

B Understand major exposure variabili-
ty factors that are critical components
of measurement strategies.
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B Develop models of exposure to com-
plex mixtures that include environ-
mental transformations that alter the
toxicity or change the uptake of the
agent by the body.

Potential for Intervention

B Better exposure assessment methods
will improve recognition of prob-
lems.

B Understanding environmental inter-
actions can assist in devising practical
solutions.

B Monitoring exposures will determine
whether the solutions were effective.

Biomarkers

The term biomarkeris used quite broadly to re-
fer to indicators of exposure, effect, or sensi-
tivity that are measured in biological samples
or systems. Biomarker measurements have a
high potential value because they are made
with human samples; whether that value is re-
alized is a function of how well the biomarker
is understood. For example, some people in-
terpret the presence of a chemical in blood as
an indication of an adverse effect. For some
well-studied chemicals, such as lead or car-
bon monoxide, blood levels can be equated
to different degrees of health risk. However,
for most chemicals of interest, the methods
to accurately measure the biomarker and the
relationships of a biomarker to effects and to
sources of the chemical are unknown. Some
measurable biomarkers may be indicators of
a health effect, while others are simply indi-
cation of past or present exposure. Similar
examples could be given for biomonitors of
health, whether they are relatively simple (for
example, a symptom questionnaire) or com-
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plex (for example, full medical exam). Deoxy-
ribo nucleic acid (DNA) adducts have been
studied for years, but what does the presence
of a certain level of DNA adducts mean?

Genomics is rapidly enabling the develop-
ment of more information about a person’s
genetics, but it will still be necessary to deter-
mine, for example, whether a particular ge-
netic array of metabolizing enzymes places a
worker at higher risk. Genomics, proteomics,
and other related technologies could also be
useful to screen for changes in gene expres-
sion in persons working in one environment
versus another. Although the literature on
promising biomarkers is growing, the ability
to interpret them in terms of health risk and
prevention is not nearly commensurate; and
there are significant ethical issues related to
obtaining and applying genetic data.

Applying the concept of biomarkers to studies
of exposures to complex mixtures can greatly
aid in understanding the consequences of
such exposures and may help identify the ac-
tive components. These issues can be difficult
when studying specific agents but become
even more complex as the exposure com-
plexity increases. However, the advantage of
applying biomarker data is that a finite num-
ber of responses or health outcomes may be
categorized. By carefully working backward
from the response to the exposure, it may be
possible to identify events, markers, or chang-
es that can be monitored or used to predict
outcome, or used to design prevention plans.
Exposures for which identical metabolic in-
termediates are produced could provide use-
ful mechanistic information.

Most risk characterization approaches for
mixtures rely on estimations of risk of a few
components of the mixture. This creates
significant uncertainty and variability. By di-
rectly measuring adequately characterized

22

biomarkers, it is possible to more effectively
predict, measure, and intervene in adverse
health events.

New Knowledge Needs

B Identify, develop, validate, and char-
acterize the health outcome for bio-
markers of exposure and response for
workers exposed to mixtures.

B Identify chemicals that produce iden-
tical metabolic intermediates in the
human body for priority study.

B Develop methods to measure in bio-
logical media a larger number of
chemicals and other stressors likely to
be related to mixed exposures.

B Develop data from a national human
exposure survey that focuses on expo-
sure and its relationship to effects and
the sources of exposure that may lead
to risk. Because a suite of chemicals
would be studied, many real-world
mixtures would be identified.

Potential for Intervention

B Biomarkers are especially important
for intervention strategies for mix-
tures since they are rarely fully mea-
sured and are rarely fully understood
in terms of risk. By being the biologi-
cal integrator of mixtures exposure and
effects, such markers could be useful
if validated to show they are integrat-
ing accurately across mixtures.

B Biomarkers that are interpretable can
be applied to identify (1) the need for
intervention (for example, a risk has
been identified), (2) the persons in
the group who may be more affected
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or more susceptible and therefore
need to be followed closely, and (3)
the effectiveness of the intervention
(for example, Did reducing source
emissions or using protective gear re-
duce effects?).

Risk Assessment
Methods

A pre-eminent need in the field of mixed-
exposure research is to develop scientifically
valid risk assessment strategies that can facili-
tate establishing protective regulatory stan-
dards and risk management procedures. Ide-
ally, to determine the toxicity of any chemical
mixture, one would determine the range of
possible exposures and test the complete mix-
ture for these exposures. Traditional risk as-
sessment of individual agents or stressors has
relied on toxicological tests such as the 2-year
rodent bioassay, a laborious and expensive
procedure. With the infinitely large number
of chemical mixtures in the environment, risk
assessment methods that rely on the conven-
tional methodologies and approaches are not
feasible because of the immense resources
required. The challenge for mixed-exposures
risk assessment is to develop alternative meth-
ods that can take the data available for chemi-
cals or mixtures and make scientifically valid
predictions for priority mixtures of relevance
to occupational and environmental expo-
sures.

Risk assessment for mixed exposures is lim-
ited by the availability of data. To meet the
mandate and limitations imposed by various
laws, individual chemicals, stressors, or bio-
logical agents have been tested, and one rare-
ly finds studies that have data on evaluation of
multiple health effects in the same organism.
Thus, studies are needed in which multiple
health effects have been assessed in the same
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animal or human populations, representative
of real life epidemiological studies.

One approach that could be applied to com-
plex mixtures of varying composition is to
identify all the chemicals in a mixture, deter-
mine the toxicity of each, and have available
complete information regarding the possible
interactions of all components of the mixture
over the expected exposure ranges. For com-
plex mixtures, data are typically inadequate
to make predictions with certainty: not all
components of the mixture may be identi-
fied, the proportions of components may not
be known, information about possible inter-
actions between components will be rare, and
epidemiologic data on human health effects
are often missing. Risk assessment in the area
of chemical mixtures, therefore, is character-
ized by making judgments in the face of mul-
tiple unknown factors.

Whole-Mixture Approach
(Mixture Treated as a Single
Toxic Agent)

Whole-mixture testing considers the mixture
as a single entity and conducts a standard
health risk assessment for the chemical mix-
ture in the same way that one is conducted
for a single chemical. It is the simplest way to
study the effects of a mixture, because the sole
information needed to apply this method is
the dose-response curve of the whole mixture
in the organism desired.

Dose-response data on the whole mixture as
a single entity are ideal for risk assessment
because the extrapolations are minimal. This
method has been used for the risk assessment
of cigarette smoke, diesel exhaust, and mix-
tures of groundwater contaminants. Influenc-
es of possible interactions among the com-
ponents of the mixture are included because
the whole mixture has been tested. However,
this approach cannot identify any toxicologic
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interactions or the causal mechanisms for the
observed toxicity. Whole-mixture procedures
are best for mixtures that maintain fairly con-
stant composition and exposure concentra-
tion throughout the expected timeframe of
the exposure. Dose-response data for whole
mixtures, however, are rarely available, in
part because most legislative promulgations
have been oriented toward single-chemical
exposures. Even if such data are available, ex-
trapolation across routes or from high to low
dose may be required, introducing uncertain-
ties. No information about the identity of the
mixture components is obtained, and testing
of all relevant potential mixtures (for varia-
tions in dose or proportions) is impossible.

Similar-Mixture Approach

The similar-mixture approach uses data on a
well studied, but toxicologically similar mix-
ture to estimate the risk from the mixture.
Mixtures are usually judged to be toxicologi-
cally similar based on composition or ob-
served toxicological properties. Mixtures may
have the same components at different ratios,
some common components but some unique
ones, or one or more additional components
when compared with the original [51 Fed.
Reg." 34014(1986); EPA 2000]. The main
toxic effects should be the same for the sur-
rogate and mixture.

Group of Similar-Mixtures
Approach

A different kind of similar-mixture approach
is called the comparative-potency method
[Lewtas 1985]. In this approach, the human
toxicity of the mixture is estimated from that
mixture’s toxicity in a nonhuman study by
multiplying by a proportionality constant that
is estimated from data on the other mixtures

TFederal Register. See Fed. Reg. in references.
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in the similarity set. This approach is empiri-
cal, requiring human dose-response informa-
tion for the main adverse health effect for a
mixture that is toxicologically similar to the
one in question.

Although this approach includes interaction
effects, it focuses on only one health effect, so
it may not provide an adequate evaluation of
the overall health risk. In addition, full infor-
mation about similar mixtures is rare, so this
approach may not be readily useful in most
risk assessment situations. This method has
not been used extensively, so its general valid-
ity and applicability are still undetermined. It
has primarily been used with carcinogens.

Component-Based Mixture
Approaches

Asingle component ofa chemical mixture may
be a relevant index of toxicity when that com-
ponent is suspected to account, qualitatively
and quantitatively, for most of the toxicity. For
example, photochemical pollution is typically
indexed by the level of ozone, the principal
oxidant. The concentration of ozone is used
for both health and regulatory purposes with
regards to the mixture, and ozone levels are
widely used in toxicologic investigations as a
surrogate for the mixture sample. Another
example is the use of benzo-pyrene as an in-
dicator for the carcinogenic potential of mix-
tures of PAHs. This approach is useful, under
the appropriate conditions, because only the
dose-response information for the indicator is
required. Ideally, a marker of exposure to a
complex mixture should be (1) unique to the
mixture in context, (2) present at a consistent
ratio to other components, (3) readily detect-
able at lower concentrations, and (4) measur-
able with good accuracy at a reasonable cost.
Obviously, the disadvantage of this approach
is that the potential toxicity of other mixture
components is ignored.
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Mathematical Models of Joint
Toxicity

Component-based risk assessment of simple,
identified mixtures can be improved by us-
ing physiologically based models reflecting
PK/PD of the component chemicals. Risk es-
timates can be tailored to exposure situations
and worker characteristics by incorporating
time-dependent exposure patterns and physi-
ological factors appropriate to the situation.
For such modeling methods to be implement-
ed as standard practice, a set of central and
health protective default parameters must be
used in the absence of chemical-specific data.

Risk characterization from PK/PD models
should include a description of the uncer-
tainties. Parameters in these models are rarely
measured independently, so that biologically
based models usually include default or esti-
mated parameters. Uncertainties in the risk
application should then address model fit,
judgments of relevance of supporting data
(if extrapolation is used), and biases (for ex-
ample, use of protective assumptions or con-
fidence limits).

Toxic Equivalency Factors

This approach is appropriate when the com-
ponents of a mixture are all congeners or
isomers of the same chemical and have been
used extensively for risk assessment with PAHs,
halogenated aromatic hydrocarbons, and en-
docrine disruptors. Itis used to provide an es-
timate of the potency of less well studied com-
ponents in a mixture relative to the potency
of a component that has undergone more
extensive testing, termed the index chemical.
Each component’s exposure is converted into
the toxicologically equivalent exposure of the
index chemical by scaling by the relative po-
tency. The scaling factor is called the toxicity
equivalence factor (TEF). The mixture ex-
posure is then calculated by summing these
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equivalent exposures to obtain the mixture
exposure in terms of the equivalent index
chemical exposure [EPA 2000].

This approach requires complete knowledge
of the mixture composition and assumes that
all components act through the same biologic
pathway, the exposure concentrations of the
individual chemicals are additive, the dose-
response curves for different congeners are
parallel, and the chemicals act on the same
organs over the doses studied. Using EPA’s
definitions of interaction, this approach then
assumes no interactions between isomers and
that a single TEF is valid for all types of toxic
effect. The principal use of this approach in
occupational exposures has been in investi-
gations of mixtures of volatile organic com-
pounds, often a suspected culprit in incidents
of sick-building syndrome, and for mixtures
of dioxins.

Hazard Index (HI)

Risk assessment of mixed exposures often
combines pieces of information that differ
widely from each other. Exposure data for
some stressors may be only as time-weighted
averages, while others reflect daily activity pat-
terns. Toxicity data for some chemicals may
allow estimation of probabilistic risk for one
endpoint, while only providing qualitative
descriptions of other endpoints. It is possible
to develop the risk characterization using the
original information in a high-dimensional
matrix, but such a summary will be difficult
to evaluate and communicate. One approach
to diverse multivariate facts is the decision in-
dex, used as an action level for regulatory ac-
tion or occupational health intervention. The
advantage of a decision index is the simplic-
ity in converting highly multivariate technical
information into a single number. The most
common example used for health risk is the
HI for mixture risk.
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Although specific for a single affected target
organ, each HI is based on multiple studies of
multiple chemicals, often involving multiple-
test animal species and test exposure concen-
trations and highly varied measures of toxic-
ity. The HI is a rough implementation of dose
addition, in which all component chemicals
are assumed to be toxicologically similar. The
HI is the sum of single chemical exposure
concentrations, with each scaled by its rela-
tive toxic potency, most often implemented
by using the ratio of the exposure concentra-
tion to the corresponding acceptable concen-
tration (for example, TLVs for long-term ex-
posures or short-term exposure limits [STEL]
for short-term exposures), commonly called
the hazard quotient.

This summation of scaled component con-
centrations has its regulatory origin in the
ACGIH formula that was adopted by the
ACGIH in 1963. This was incorporated
into OSHA regulations [29 CFR 1910.1000
(d)(2)] shortly after passage of the Occupa-
tional Safety and Health Act of 1970. By the
ACGIH formulation, the additive hazard in-
dex approach is only used when substances
act on the same organ system [ACGIH 2003].
Note again, that the ACGIH criterion of same
organ system is somewhat different from the
criteria described by the Food Quality Protec-
tion Act, that the components have the same
mechanism of toxicity.

The version of the HI developed by the EPA
Superfund Program Office is by far the most
common approach used in conducting mix-
ture risk assessments in the field, aided in
part by the ready availability of reference
doses for oral exposures and reference con-
centrations for inhalation exposures, which
are used for the scaling factors. When the cal-
culated HI value for a mixture exceeds 1, it
reflects a health risk similar to that involved if
an individual chemical exceeded its concen-
tration limit by the same extent. The EPA rec-
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ommends that a separate HI be calculated for
each toxic effect concerned [EPA 2000]. In
addition, Feron et al. [1995a] proposed com-
bining a hazard hierarchy scheme with the HI
approach by selecting the top 10 chemicals
in a complex mixture with regard to toxicity,
and then combining the relative toxicities of
each into a single measure of relative risk for
the mixture.

The main disadvantage of a simple index is
that the uncertainties in its calculation are
largely hidden. Another key disadvantage is
in quantifying what are often scientific judg-
ments. For example, the HI implemented
under Superfund is a number whose deci-
sion threshold is usually given as 1.0, so that
when HI>1, additional action is indicated. A
numerical estimate of the uncertainty in the
HI value would help interpret the need for
additional action.

Target Organ Toxicity Doses

The use of an acceptable level in the relative
toxicity scaling factor (for example, 1/TLV
or 1/reference dose [RfD]) may be overly
protective in that the RfD (or reference con-
centration [RfC]) is based on the critical ef-
fect, defined as the toxic effect occurring at
the lowest dose. When the HI is calculated for
a different, less sensitive effect, the RfD will
be too low, so the factor (1/RfD) will over-
estimate the relative toxicity, and the HI will
be too large. One alternative that avoids this
critical effect conservatism is to use a toxicity-
based exposure concentration that is specific
to the target organ and is derived similarly
to an RfD (or RfC). For oral exposures, this
value is called the target organ toxicity dose
(TTD) [Mumtaz et al. 1994]. The formula
for the HI would be identical, with the TTD
replacing the RfD. For inhalation exposures,
a similarly defined target organ toxicity con-
centration (TTC) could be used. This same
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approach can be applied to HIs for shorter
exposures by using the effect-specific data ap-
propriate to the shorter exposure period of
concern.

The TTD is not a commonly evaluated mea-
sure, and no official EPA activity is deriving
these values as for the RfD and RfC. This al-
ternative should be considered when there is
sufficient reason to believe that the overesti-
mate of the HI caused by use of RfDs is sig-
nificant to the interpretation of the mixture
assessment. In that case, TTDs can be derived
for the mixture components by following the
scientific steps used in deriving an RfD. The
evaluation of quality of the candidate toxicity
studies and the choice of uncertainty factors
should parallel those steps in the RfD pro-
cess. One difference in the uncertainty fac-
tors concerns the factor for completeness of
the database used for RfD development. For
example, if no two-generation study existed
for a chemical, there could be an additional
uncertainty factor used to obtain the RfD, be-
cause the RfD must protect against all toxic
effects.

However, when a renal TTD is developed, no
additional factor would be used because the
data would only include renal effects.

Any TTDs derived for a mixture assessment
must be clearly documented, including the ar-
ray of studies considered, the study and dose
selected for calculation, and the uncertainty
factors chosen. When the critical effect of a
chemical is the effect being described by the
HI, the RfD and TTD will apply to the same
target organ and so should be the same un-
less the TTD is based on newer information.
When data for one or more components are
not sufficient for deriving their organ-specific
TTDs, their RfDs should be used and noted
as a source of possible overestimation of the
HI. These recommendations and discussions
also apply to HIs for shorter exposures and to
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TTCs as replacements for RfCs in an HI for
inhalation exposures.

Estimation of Interactions

This approach attempts to characterize syn-
ergism or antagonism in a mixed exposure
based on putative interactions between the
components. Effect modification is consid-
ered to have occurred when the combined
effect of two or more exposures is larger or
smaller than the anticipated effect predicted
by the exposures individually. Strict criteria
for using and evaluating this approach have
yet to be developed; statistically significant
data will require very large numbers. It has,
however, been effectively used to study the
combined effects of agents known to be inde-
pendent risk factors for disease, for example,
cigarette smoking and asbestos.

Better laboratory and analysis tools for identi-
fying synergism and antagonism are needed.
Testing of more contemporary chemicals is
also needed. The combined synergistic effect
of environmental chemicals with regards to
endocrine disruption has not been adequately
studied. There is also a need to better define
the concepts of synergism and potentiation
and to raise awareness of varying mathemati-
cal concepts of additivity [Simmons 1995].

Interaction-Based HI and the
Weight of Evidence (WOE)

The HI approach does not account for inter-
actions that may occur within the mixture.
Toxicologic interactions have been mostly
studied with binary mixtures. One way to in-
clude interactions in a mixture assessment
is to modify the noninteractive assessment
by knowledge of these binary interactions;
a tacit assumption is then that higher order
interactions are relatively minor compared
with binary interactions. Although some mix-
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ture data exist [Lof and Johnson 1998], few
studies quantify interaction, and even fewer
quantitatively describe the dose-dependence
of the interaction. Consequently, for an ap-
proach to be able to use available data, some
qualitative procedure is needed for judging
the impact of the potential toxicologic inter-
actions. The WOE approaches used by the
EPA and the Agency for Toxic Substances and
Disease Registry (ATSDR) are an attempt to
qualitatively combine empirical observations
and mechanistic considerations [Mumtaz
and Durkin 1992].

The WOE approach determines the most
plausible influence of one chemical compo-
nenton the toxicity of another chemical in the
mixture for a given exposure scenario. Factors
in the determination include the direction of
the interaction (adverse effect, greater than,
less than, or equal to additive effects), mecha-
nistic support (how an interaction might have
occurred), toxicological observations (di-
rectly demonstrated, inferred from a related
compound, or unclear), modifying factors
(exposure sequence and/or duration), limi-
tations, uncertainties and references [Han-
sen et al. 1998]. Confidence in the prediction
is greater when the mechanism by which the
interaction may occur is well characterized. A
rating matrix can also be developed when the
other determinations are made. Binary mix-
tures will have comparatively simpler ratings
than a mixture with more components and
a complex rating matrix. The WOE is poten-
tially useful for a variety of chemical mixtures,
but it is an approach that has not been ad-
equately validated by experimental or epide-
miological data.

The interaction-based HI uses the WOE ap-
proach to modify the HI calculation. The
EPA procedure modifies an earlier method
[Mumtaz and Durkin 1992]. The WOE de-
terminations are converted into numerical
scores, and then combined with functions
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of the component exposure concentrations
and the component hazard quotients to give
an HI that incorporates the pair-wise inter-
actions. The formula is modular so that im-
proved dose-interaction relationships can be
easily incorporated. Published interaction in-
formation, however, does not usually include
interaction magnitudes, only the direction
of interaction (for example, synergism) so
that evaluating the accuracy is difficult. The
HI-WOE method works only when the HI ap-
proach works. The HI approach is based on
the principle of additivity. The principle of
additivity is recommended for those toxicants
that have similar mechanisms of action. Thus,
the HI-WOE approach works for toxicants
with similar mechanisms of action and not for
dissimilar mechanisms of action [Mumtaz et

al. 1998].

Occupational Exposure Limits

Fewmixed-exposure regulatorystandards have
been established because assessment methods
for mixed exposures have been based on ex-
trapolation rather than direct toxicological
data [Mumtaz et al. 1995]. The current chal-
lenge for environmental and occupational
scientists is to provide a sound, scientific basis
that enables policymakers to substitute cur-
rent, simplistic, single chemical standard set-
ting with real-life, mixture-oriented standard
setting [Feron et al. 1995a]. The European
Maximum Workplace Concentration (known
as Maximale Arbeitsplatz Konzentration or MAK)
Commission refrains from setting scientifi-
cally based occupational exposure concentra-
tions for complex mixtures because they feel
that meaningful standards are not possible
given the inadequacy of the data [Bartch et
al. 1998].

Another approach for regulating exposure
to mixtures is contained in the OSHA and
MSHA Hazard Communication Standards
[29 CFR 1910.1200] and [30 CFR 47], respec-
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tively. These standards prescribe labeling and
worker training for substances with recog-
nized potential for producing health effects
in workers. The Hazard Communications
rules provide the following logic for dealing
with mixtures:

B If the mixture is tested as a whole, use
the results of testing.

B If it is not tested as a whole, the mix-
ture

—has the same hazard as any of its com-
ponents that are present at a concen-
tration greater than 1%, and

—is carcinogenic if it has any carcinogen-
ic components present at a concentra-
tion greater than 0.1%.

B If evidence shows that an individual
occupational exposure limit has been
exceeded, use those data.

B If there are scientifically valid data
for physical hazard elimination, use
those data.

New Knowledge Needs

B Develop procedures for evaluating
the utility and uncertainties of whole-
mixture data in risk estimation.

B Develop methods that can use data
from specific chemicals or mixtures to
enable scientifically valid predictions
about unknown mixtures.

B Develop methods to test the validity of
risk assessment based on comparative
potency analysis.

B Develop methods to test the validity
and applicability of the hazard index
approach for dealing with occupa-
tional exposure settings.

Mixed Exposures

B Develop methods that can estimate
the impact of components of whole
mixtures in terms of synergism, po-
tentiation, or antagonism, including
estimates of interaction thresholds.

B Develop methods to (1) extrapolate
interaction results to mixtures with
different component ratios, or dif-
ferent total dose and (2) extrapolate
from in vitro to in vivo as well as across
routes to estimate risks and protective
exposure limits.

B Develop mechanistically based default
parameters for risk estimation, in-
cluding default estimates of pair-wise
interaction magnitude as well as PK/
PD model parameter distributions for
worker populations.

B  Compare and evaluate alternative risk
assessment methods by identifying and
applying standard data sets representa-
tive of worker exposures.

Potential for Intervention

B Improved risk assessment data will en-
able improved risk management deci-
sions and actions.

B Improved methods for risk assess-
ment can be used to assure that cor-
rect public health decisions are made
when assessing exposure settings.

B Summary index methods may provide
a useful approach for controlling ex-
posures in workplaces.

Controls

The preferred methods for protecting work-
ers from hazards are engineering controls
(such as ventilation, isolation, and substitu-

29



Research Needs

tion); administrative controls (such as rotat-
ing workers’ tasks) are also recommended.
Generally, an engineering control will be
equally as effective for all components of
mixed exposures. However, in instances such
as substitution, the choice of the substitute
material could create a new hazard by creat-
ing a new exposure situation and creating a
multiple, nonsimultaneous, mixed exposure
with the original agent. Use of administrative
controls, such as rotating workers to different
jobs or tasks, can create this same scenario of
multiple nonsimultaneous exposures. Mixed
exposures could defeat filtration controls, for
example if an electrostatic filter is simultane-
ously exposed to humidity, gases, and vapors
that affect the filters’ electrostatic charge, it
may be degraded to reduce its efficiency to
filter particles. Mixed exposures often occur
in agriculture, construction, and other work-
places where engineering controls are not
feasible. In these workplaces, personal pro-
tective equipment (PPE) is often used.

The use of respirators and biological and
chemical protective clothing for protection
against mixed exposures presents a unique
challenge. First, mixtures can have an effect
on the efficiency of air-purifying respirators.
Gases and vapors can degrade electrostatic fil-
ter media, decreasing filter efficiency. Gases
and vapors trapped on the surface of a par-
ticle can off-gas from the filter media where
they are captured. Combinations of gases and
vapors can decrease service life on a cartridge
or—even in cases for which adsorption of one
gas/vapor is preferential—render the car-
tridge useless against other gases/vapors in
the mixture. Studies on chemical protective
clothing have indicated that breakthrough
times at one contaminant concentration of a
mixture is not predictive of the service lives of
the clothing when different concentrations of
the component are present. Also, studies of
chemical mixtures on biological and chemi-
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cal protective clothing can show a synergistic
effect on breakthrough times [Mickelsen and
Hall 1987; Mickelson et al. 1986].

Additionally, protective equipment can cre-
ate a mixed exposure. Respirators and bio-
logical and chemical protective clothing both
can cause physiological and psychological
stress for the wearer. In fact, the most pro-
tective gear may present the greatest set of
stressors. Self-contained breathing appara-
tus can weigh up to 35 pounds and increase
workloads up to 20 percent. Heavy protec-
tive clothing, such as firefighter ensembles,
can increase heat stress and the worker’s
cardiac demand. Psychological responses to
respirators and full body ensemble respons-
es include phobias such as claustrophobia.

In 1998 in Chicago, the Control Technology
and Personal Protective Equipment NORA
Team held a workshop—Control of Work-
place Hazards for the 21st Century. Several
of the knowledge needs identified apply to
mixed exposures. The workshop recommend-
ed the following:

1. Perform research to determine change-
out schedules for cartridges and fil-
ters. This is particularly important for
mixtures in which the presence of
one contaminant will affect the ability
of respirators to protect against other
contaminants in the air. Four methods
should be explored: laboratory testing,
work place testing, sensors (for exam-
ple, end-of-service-life indicators), and
mathematical models.

2. Evaluate physiological and psychologi-
cal responses to workplace tasks and the
wearing of respirators in order to mini-
mize stressors. The evaluation should
consider interaction with oxygen up-
take, dead space carbon dioxide con-
centrations, comfort, effects on hearing
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and communication, thermal stress, and
phobias.

Develop state-of-the-art monitoring equip-
ment and technologies that can be used
in conjunction with PPE for mixtures.
For example, improve laboratory and
field testing methodologies including
establishing end-of-service-life indica-
tors and advanced real-time biological
and chemical monitoring technologies
such as micro sensors, colorimetric tech-
niques, analytical techniques, and field
detectors that are effective in mixed ex-
posures.

Investigate physiological and psychologi-
cal factors associated with the PPE and
the environment to reduce the effect of
mixed stressors. For example, investigate
practices for reducing the impact of heat
stress or extreme cold.

Explore decontamination procedures that
are effective against mixtures.

New Knowledge Needs

B  Determine the effect of mixture com-
ponents (including nontoxic engi-
neering controls and PPE, that is,

Mixed Exposures

the potential effect on the efficiency
and durability of the factors such as
humidity) on equipment against other
toxic components in the mixture.

B Determine the physiological and
psychological stresses generated by
PPE and potential interaction with
exposures that result in spite of or
because of using the PPE.

B Develop and evaluate decontamina-
tion methods for engineering controls
or PPE used as protection from mixed

exposures.

Potential for Intervention

B Appropriate engineering controls or
PPE will be selected and used against
mixed exposures.

B Stressors from the use of PPE will be
minimized.

B  Manufacturers will have an incentive
to produce improved engineering
controls and PPE that are effective for
reducing or eliminating exposure to

mixtures.
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B 3 Priorities for a Research Agenda

The preceding sections have outlined re-
search needs for hazard identification, ef-
fects studies, exposure assessment, biomark-
ers, risk assessment, and controls. Because
research funds are limited, and many worthy
needs have been identified, the NORA Mixed
Exposure Team recommends the following
research needs as among the highest priori-
ties. These priorities were developed based
on the following criteria (evaluated using the
background in the preceding sections):

1. The lack of available data, with research
not elsewhere supported.

2. The possibility that research would make
a difference for worker protection.

3. The research should improve our basic
understanding of mixed exposures.

On the basis of these criteria, the NORA
Mixed Exposures Team recommends the fol-
lowing high priority research topics (NOTE:
This list is not in a priority order.):

B Develop and implement new surveil-
lance methods to determine the num-
ber of workers exposed to specific
mixtures, identify the range of ex-
posure concentrations, and identify
health effects associated with mixed
exposures.

B Develop research strategies that pro-
mote collaboration between occupa-
tional health professionals and work-
ers in ranking and characterizing
mixed exposure within specific oc-
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cupations and industries. Such assess-
ment will also facilitate dissemination
of research findings.

Conduct research to better under-
stand the toxicology (biological mech-
anisms) for mixed exposures.

Develop methods to understand and
integrate experimental data from the
molecular to the whole organism lev-
el. For example, developing the abil-
ity to use data from proteomics and/
or genomics studies and extrapolate
these to whole body systems.

Develop methods that can be used to
measure and predict deviations from
additivity.

Develop and validate mechanism-
based exposure response models.

Develop the concept of the wvirtual
human via PB/PK simulation.

Develop default parameters for mecha-
nistically based risk estimation and
extrapolation models.

Develop biosensors or measurement
technologies (such as micro-arrays
with advanced signal processing) that
indicate whole mixture toxicity.

Identify, develop, validate, and char-
acterize the health outcome for
biomarkers of exposure and response,
for workers exposed to mixtures.
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B Determine the effects of mixtures on
engineering controls and PPE; evalu-
ating the mixtures’ potential to ad-
versely affect the protection provided

by the controls.

Clearly, awareness is growing both in the
United States and worldwide of the need for
meaningful research on the toxicology and
health risk assessment of mixed exposures,
not only in the occupational context but for
environmental, pharmaceutical, and clinical
exposures as well. A strong commitment of
resources, as well as deliberate strategic plan-
ning, is required to define research agendas
and design studies that will effectively provide
for risk assessment and reduction of mixed

occupational exposure hazards.

When studies are proposed within the pri-
ority areas outlined above, or for any of the
other research needs described elsewhere in
this report, the following factors should be

considered in selecting the test mixtures:

Mixed Exposures

B Ability to detect interactions or joint
toxicity, that is, beyond that predict-
ed based on individual component
toxicity;

B  Number of affected workers who will
benefit;

B Severity of combined effect under study.

Application of these principles should help
avoid the promotion of studies of specific bi-
nary mixtures that have limited utility for ad-
vancing the science or improving prevention
and interventions for many workers but have
some particular academic interest.

Conclusions

The topic of mixed exposures is broad. The
vast number of permutations, considering
studies of binary mixtures alone is astronomi-
cal. To promote long-term progress in un-
derstanding the basic principles of action for
mixed exposures, the team hopes these pri-
orities will lend focus to a very complex area.
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Appendix

Appendix
Glossary of
Key Mixed Exposure Terms*

To facilitate communication, it is essential that the key mixed-exposure terms are defined. The
need for agreement of definitions takes on added importance when communications among sev-
eral scientific disciplines, numerous agencies (government, nongovernment, U.S. and internation-
al), professional associations, and the public are necessary. Many terms require understanding to
shape the mixed-exposures research agenda. This Appendix is provided to reduce potential confu-
sion when discussing mixed exposures and this report.

The list of terms requiring definitions was generated from a review of the literature. Certain defini-
tions were adapted in an attempt to make them more applicable to occupational health.

Additivity When the effect of the mixed exposure is equal to the sum of the effects
of the individual components. The terms effect and sum must be explicitly
defined. Effect may refer to the measured response or the incidence of ad-
versely affected species. The sum may be a weighted sum (see also dose ad-
ditivity) or a conditional sum (see also response additivity).

Antagonism When the effect of the mixed exposure is less than that suggested by the
component toxic effects. Antagonism must be defined by identifying the
type of additivity (dose or response addition) from which the combination
effect deviates.

Chemical Refers to a reaction between the components that has formed a new chemi-
antagonism cal. The toxic effect produced is less than that suggested by the components’
toxic effects.

Chemical Groups of components that are similar in chemical structure and biologic

classes activity, and that frequently occur together in environmental samples, usu-
ally because they are generated by the same industrial process. The compo-
sition of these mixtures is often well controlled so that the mixture can be
treated as a single chemical. Dibenzo-dioxins are an example.

"Adapted from Hertzberg et al. 1998.
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Chemical Any set of two or more chemical substances. May also be referred to as a
mixture whole mixture or as the mixture of concern. (See also complex mixture and
simple mixture.)

Chemical When a reaction between the components has occurred and a new chemi-

Synergism cal is formed, the toxic effect produced is greater than that suggested by the
components’ toxic effects and may be different from effects produced by any
of the components by themselves.

Complex A mixture containing so many components that any estimation of its toxicity

mixture based on its components’ toxicities contains too much uncertainty and error
to be useful. The chemical composition may vary over time or with different
conditions under which the mixture is produced. Complex mixture compo-
nents may be generated simultaneously as by-products from a single source
or process, intentionally produced as a commercial product, or may coexist
because of disposal practices. Gasoline is an example.

Component Single chemicals or stressors that make up a chemical mixture or mixed
exposure. Chloroform is an example of a component in a disinfection by-
product mixture.

Dose When the effect of the combination is equal to the effect expected from the

additivity equivalent dose of an index chemical or other stressor (chemical or other
stressor as the basis for standardization of toxicity of components in a mixed
exposure). The equivalent dose is the sum of component doses scaled by
their potency relative to the index chemical or stressor.

Exposure Contact of a chemical, physical, or biological agent with the outer boundary
of an organism. Exposure is quantified as the concentration (or intensity for
physical agents) of the agent in the medium in contact integrated over the
time duration of that contact.

Inhibition Refers to the mechanism whereby exposure to one stresor that alone has no
effect on a certain biologic activity reduces the adverse effect associated with
exposure to another stressor.

Mixed Exposures to either chemical mixtures, different substances at different
exposures times, simultaneous exposure to multiple substances, or simultaneous expo-
sure to a chemical substance and another stressor.
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Multiple Exposure to chemical substances at different times or simultaneous expo-

exposures sure to more than one chemical substance and another stressor. Simultane-
ous exposure to chemical solvents and noise is both a mixed and multiple
exposure. Daily exposure to benzene is a multiple exposure.

Potentiation Refers to the mechanism whereby exposure to one stressor that alone has
no effect on a certain biologic activity increases the adverse effect associated
with exposure to another stressor.

Response When the response (rate, incidence, risk, or probability) of effects from the
additivity mixed exposure is equal to the conditional sum of component responses as
defined by the formula for the sum of independent event probabilities.

Simple mixture A mixture containing two or more identifiable components, but few enough
components that the mixture’s toxicity can be adequately characterized by
a combination of the components’ toxicities and the components’ interac-
tions.

Synergism When the toxic effect of the mixed exposure is greater than that suggested
by the component toxic effects
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