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Abstract

Background: The Cefic Mixtures Industry Ad-hoc Team (MIAT) has investigated how risks from combined
exposures can be effectively identified and managed using concepts proposed in recent regulatory guidance, new
advances in risk assessment, and lessons learned from a Cefic-sponsored case study of mixture exposures.

Results: A series of tools were created that include: a decision tree, a system for grouping exposures, and a
graphical tool (the MCR-HI plot). The decision tree allows the division of combined exposures into different groups,
exposures where one or more individual components are a concern, exposures that are of low concern, and
exposures that are a concern for combined effects but not for the effects of individual chemicals. These tools
efficiently use available data, identify critical data gaps for combined assessments, and prioritize which chemicals
require detailed toxicity information. The tools can be used to address multiple human health endpoints and
ecological effects.

Conclusion: The tools provide a useful approach for assessing risks associated with combined exposures to
multiple chemicals.

Keywords: Combined exposures, Cumulative exposures, Mixtures, Maximum cumulative ratio, Human health,
Ecotoxicity
Background
Responding to the challenge of exposures to multiple
chemicals from multiple sources
Human and ecological receptors are continuously
exposed to multiple chemicals; however, chemicals have
traditionally been regulated on a chemical-by-chemical
basis. As a result, there is a possibility that are instances
where chemicals independently do not cause adverse
effects, but in combination they could pose a risk to
human health and the environment. A number of orga-
nizations have investigated the effect of combined expo-
sures to multiple chemicals and provided guidance on
how risks from these exposures could be assessed [1-5].
The Mixtures Industry Ad-hoc Team (MIAT) was cre-

ated by the European Chemical Industry Council (Conseil
Européen des Fédérations de l'Industrie Chimique, Cefic)
to help address the concerns associated with combined
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exposures to multiple chemicals. In 2010 the MIAT began
development of a decision tree to guide the assessment of
risks from combined exposures. This paper presents the
results of this effort. The tree draws on concepts devel-
oped by the World Health Organization (WHO) [1,2], the
European Commission Non Food Scientific Committees
(SCs) [6], and industry-sponsored research on the use of
the Maximum Cumulative Ratio (MCR) [7,8]. An earlier
version of the tree was applied to an assessment of
human health and ecological risks from the combined
exposure to chemicals measured in surface waters or
municipal effluents discharged to surface waters. The
feedback from this project led to the current version
of the decision tree. The results from the application
project are the subject of a companion paper to this
publication [9].

Terminology and methodology
The combined effects of exposures to multiple chemicals
have been the subject of discussion, research, and regu-
lation by a number of organizations for more than
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50 years. One unfortunate result of this history is the
proliferation of confusing and sometimes conflicting ter-
minology [1,2]. In this paper the term “combined expo-
sures” is defined as a receptor’s exposure (where a
receptor could be a person or another organism) to mul-
tiple chemicals that are received from either one or
more sources by one or more routes. When doses of
multiple chemicals are received from one source (mul-
tiple chemicals co-occurring in a medium or a commer-
cial product) they can be referred to as a mixture
exposure. Thus mixture exposures are a subset of com-
bined exposures.
A number of quantitative methods are available for

assessing the risks from combined exposures. In this
paper we have used the Hazard Index (HI) and Hazard
Quotient (HQ) approach [3,4]. Finally, dose additive
models are used to assess risks to humans and concen-
tration additive models are used to assess risks to eco-
logical receptors. In this paper both models are referred
to as additive models.

WHO/IPCS tiered approach to assessing combined
exposures
One of the sources for the decision tree is the frame-
work for risk assessment of combined exposures to mul-
tiple chemicals that was developed by the World Health
Organization (WHO)/International Programme on
Chemical Safety (IPCS) [1,2]. The framework is based on
a series of four tiers that begins with simple and conser-
vative screening assumptions and moves to higher tiers
as necessary (Figure 1). Each of the higher tiers involves
a more refined assessment (i.e., less conservative and
more accurate) than the previous tier but requires more
resources, including additional exposure and toxicity
data. The aim of the tiered approach is to screen out
Figure 1 WHO/IPCS framework for assessing combined exposures to
combined exposures of low concern as efficiently as pos-
sible so that resources can be focused on assessing expo-
sures of greater concern. However, the approach does
not outline a specific process for assessing a combined
exposure.

Maximum Cumulative Ratio (MCR)
A second component of the decision tree is the use of
the MCR to identify the optimum approaches for asses-
sing and managing risks from combined exposures. The
MCR is the ratio of the total toxicity a receptor receives
from its combined exposures to multiple chemicals
divided by the largest toxicity it receives from any single
chemical [7,8]. MCR values range from one to n (where
n is the number of chemicals that reach a receptor). The
chemical with the largest contribution is referred to as
the primary chemical. Values close to one indicate that
the primary chemical dominates the toxicity of the expo-
sures. Values less than two indicate that the primary
chemical provides more than 50 percent of the toxicity
for the receptor. Values of n indicate that the receptor is
exposed to equitoxic doses of all chemicals.

European Commission (EC) Scientific Committees’
Approach for assessing mixtures
In June 2011, an approach was developed for the assess-
ment of mixtures in the form of a decision tree by the
Scientific Committee (SCs) of EC and published in final
form (Figure 2) at the end of 2011 [6]. The decision tree
is intended to address combined exposures to multiple
chemicals from one or more sources; however, many of
the steps in the tree are only appropriate for the evalu-
ation of mixtures exposures. For human health, the deci-
sion tree proposes to first use the threshold of
toxicological concern (TTC) to screen out mixture
multiple chemicals from multiple sources [1].



Figure 2 Scientific committees decision tree for the risk assessment of mixtures [6].
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exposures of low concern. Existing toxicity data are then
used to recommend specific approaches for characteriz-
ing mixture toxicity (addition models, independence
models, case-by-case assessments, or use of whole mix-
ture toxicity data). The tree does not address the chal-
lenges of choosing between addition or independence
models when only minimal data are available nor does it
provide options for further refining assessments when
addition models are preferred.

Cefic LRI project
In early 2011, Cefic through its Long Range Initiative
(LRI) program funded a project to apply an earlier ver-
sion of the decision tree to a real world example of com-
bined exposures. This project was performed by a team
of experts from industry, consulting, and academia [9].
In this project, the decision tree was applied to mixture
exposures for humans and environmental receptors. The
mixtures were measured in surface waters and municipal
effluents discharged to surface waters. During this pro-
ject, a number of issues with the early version of the tree
were identified by project members. This led to a revi-
sion of the tree over the course of the project. The
revised version was used in the publication of that pro-
ject [9] and this paper.
One of the results of the LRI project was the recogni-

tion that data on MCR and HI values obtained from a
WHO/IPCS Tier 1 (or Tier 0) assessment could be used
to group combined exposures into categories that facili-
tated risk assessment and risk management decisions.
Four groups of combined exposures were identified.

� Group I are combined exposures that are a concern
because one or more individual chemicals are a
concern (dose or concentration of one or more
chemicals exceed the corresponding reference value
(RV)).

� Group II are combined exposures where there is a
low concern for both individual chemicals and for
their combined effects (HI is less than one); and

� Group III are combined exposures where there is a
low concern for individual chemicals but there is a
concern for the combined effects (all HQs are less
than one but the HI is greater than 1). This is the
critical group for further assessments since the
concern for these exposures cannot be identified
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using a chemical-by-chemical approach. This group
is further divided into Group IIIA where one
chemical provides the majority of toxicity of the
combined exposures (MCR is less than two) and
Group IIIB where no one chemical dominates the
toxicity of the exposures (MCR is greater than two).

The value of this exercise that each of the four groups
requires different strategies for managing combined
effects. Group I exposures would have been identified as
a concern on a chemical-by-chemical basis. Efforts to re-
fine the assessment of combined exposures or to reduce
the receptors’ exposure need to focus on the chemicals
that are a concern before addressing risks from the com-
bined exposures. Group II exposures can be set aside as
a low concern. Group IIIA exposures have one chemical
that is responsible for the majority of the toxicity
received by a receptor and that chemical should be the
focus of either refining the risk assessment or reducing
exposure. In Group IIIB exposures no one chemical
dominates the concern for risks from combined expo-
sures. These exposures are most affected by the default
assumption that all chemicals follow addition models.
Therefore, refining the assessment for these exposures
should focus on determining the modes of action
(MoAs) for the chemicals that drive the toxicity of expo-
sures and using these data to refine the assessment.
Results
Based upon the information discussed above, the Cefic
MIAT and the LRI project team have developed tools for
assessing risks from combined exposures. These include
a decision tree, a conceptual framework for addressing
combined exposures, and a method of graphically pre-
senting the results of the assessments of the risks from
combined exposures.
The toxicological effects of combined exposures can

be evaluated using a number of methodologies including
the Hazard Index/Hazard Quotient (HI/HQ), Margin of
Exposure, Toxicity Equivalents, and Toxic units [5]. This
paper will use the HI/HQ approach.
Description of the decision tree
Figure 3 presents the proposed decision tree. The compo-
nents of the tree are colour coded to indicate the different
portions of the tree are derived from prior efforts to as-
sess mixtures and combined exposures. This identifica-
tion does not imply that a given portion of the tree is an
exact copy of the earlier work but that the portion was
based on the earlier work and is intended to perform a
similar function. The red portion is based on the SCs ap-
proach [6], blue is based on the WHO Framework [1,2],
and black is based on concepts related to the MCR [7,8].
The following is a detailed discussion of the individual
steps for the tree.

Step 1. Is human/ecological exposure likely/plausible?
A combined exposure assessment begins with the defin-
ition of the exposed population that is the subject of the
assessment. Beginning with exposure allows the avoid-
ance of assessments of groups of chemicals that have
common endpoints but do not co-occur in the real
world. To achieve this, an assessor should follow the
WHO/IPCS problem formulation step [1,2] and define
the scope of the assessment including the timeframe,
sources, and routes of exposures, together with the che-
micals involved. This Step does not require a determin-
ation that the co-exposures are significant on a risk
basis, since this would require consideration of toxico-
logical information. Such issues are considered in Steps
4, 11, 13, and 16 of the decision tree. At the end of this
Step 1 the assessor should have determined that a group
of receptors are likely to be co-exposed to specific che-
micals over an appropriate time frame.

Step 2. Using whole mixture toxicity data
This Step determines if the assessment of the cumulative
exposures can be evaluated using toxicity data for a spe-
cific mixture of chemicals. The step reflects the relative
importance of whole mixture toxicity data in assess-
ments of combined exposures. When performing an as-
sessment of combined exposures to a discrete mixture,
such as a formulated consumer product, whole mixture
toxicity data has historically been given a higher priority
than component-based approaches for human health
[4,10]. The reason for preferring whole mixture data is
that such data capture any effects due to interactions
that may occur between chemicals and contributions
from compounds that have not been measured or for
which toxicity information is lacking (e.g. formulation
additives in plant protection products) [11].
Whole mixture toxicity data play an important role in

assessing human exposures to mixtures with fixed com-
positions (e.g., a specific combination of chemicals in air,
water, a food item, or consumer product). Whole mix-
ture data are relatively common for intentional mixtures
such as formulations (e.g., household or plant protection
products) or extracts from natural sources such as
plants. Data are also available for commercial mixtures
where compositions of the mixtures are relatively con-
stant over time (e.g., petroleum products).
Whole mixture toxicity data on specific formulations

are less relevant in the assessment of effects from com-
bined exposures to environmental receptors. Generally
formulations do not reach environmental receptors in
the way that a consumer product reaches humans.
Waste water discharges or air emissions emitted to the
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Figure 3 The MIAT decision tree. Colours indicate the origin of steps. Red are steps based on SCs decision tree [6]. Blue are based on the IPCS/
WHO framework [1,2] and black on MCR [7,8].
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environment tend to be complex time-varying combina-
tions of chemicals from many sources. Once released,
the different environmental fate properties of the various
components of a mixture result in changes in compos-
ition as the mixture moves through the environment.
Whole mixture toxicity data are valuable when used in

combination with component based approaches for
retrospective risk assessments. For example whole mix-
ture data may give a better estimate of the environmen-
tal risks from estrogenic mediated effects than a
component based approach. Because the effect concen-
trations of human or synthetic hormones are often
below the limits of quantitation (LOQs) of analytical
methods, these substances are analytically difficult to
monitor but their effects can be measured with specific-
ally designed assays [12].
Two issues need to be kept in mind when using whole

mixture data in either human health or ecological
assessments. First, such data are only relevant when a
receptor’s exposures come from a single source. When
combined exposures come from multiple sources the
relative doses of the chemicals will vary across exposed
receptors. As a result, no single mixture can represent
the receptors’ exposures. Second, whole mixture toxicity
data can only be used for endpoints that are measured
in the study of the mixture. As a result, when a
component-based approach identifies a critical endpoint
of concern that was not addressed in the whole mixture
toxicity study, a component-based approach should be
used.
In summary, when whole mixture toxicity data are

available on relevant endpoints, they should be consid-
ered since they provide information on the toxicity of all
chemicals present in a given medium. If they are not
available, or are not sufficient, the assessment of com-
bined exposures should move to Step 3.

Step 3. Mixture composition
In this Step of the decision tree the assessor determines
if data on the identity and quantity of the chemicals
reaching the population of concern are adequate to sup-
port a risk assessment. The absence of data could be due
to the lack of information on the composition of chemi-
cals released from a specific source, the number and na-
ture of the sources of exposure, or the doses that the
receptor receives from a source. If such data on identity
and quantity are not available, and if whole mixture tox-
icity data are not available (or not applicable), an assess-
ment of the combined exposures is not possible. In
these situations, the assessor should collect additional
data on the sources, exposed populations, and exposure
pathways, and perform additional monitoring or model-
ling to determine the doses of chemicals reaching a
receptor.
Step 4. Are exposures larger than the TTC?
This Step is based on the recognition that if the doses
reaching a receptor are sufficiently small, it may be pos-
sible to reach a conclusion that no further action is
required despite the absence of specific data on the tox-
icity of the compounds. Such a Step is based on the as-
sumption that there are doses of little or no concern for
all chemicals. In order to perform Step 4 it is necessary
to perform a combined exposure assessment to deter-
mine the doses that reach a receptor. This exposure as-
sessment will typically use a conservative screening
approach that requires minimal information on the ex-
posure. These doses are then compared to levels that
are believed to be of minimal concern. The value of
Step 4 is that assessors can set aside combined expo-
sures to chemicals that occur at very low doses. If a
level of minimal concern cannot be defined or it is
exceeded by the exposures, the assessor will skip this
Step and go to Step 5.
The SCs proposed to exclude combined exposures to

chemicals if all chemicals, when grouped by common
MoAs, do not result in doses that exceed the relevant
Threshold of Toxicological Concern [13,14]. This ap-
proach is a reasonable example of using an existing tool
to identify exposures of low concern based only on the
chemicals’ structure and has been shown to be protect-
ive for mixtures [15]. It must be noted that, while several
researchers have proposed to establish a TTC for eco-
logical effects [12,16], there is currently no widely
accepted equivalent of the TTC in ecotoxicology and
methods for setting levels of minimal concern for eco-
logical effects need further development. In the human
health area, the applicability range of the TTC will bene-
fit from modifications and extensions of the tool that ad-
dress inhalation and dermal routes of exposure, see for
example the work of Escher et al., [17].

Step 5. Do any chemicals pose unacceptable risks?
Step 5 is based on the concept that assessments of expo-
sures to multiple chemicals should include the determin-
ation of whether the receptor is exposed to one or more
chemicals at levels that raise concern, i.e., levels that ex-
ceed chemicals’ reference values (RVs). Such combined
exposures are called Group I exposures. There is no
need to perform an assessment of the combined effects
of the Group 1 to determine if they pose a concern,
since if any one chemical poses a concern, the effects of
the combined chemical exposures will always pose a
concern when either an additive or independent model
is used. This finding is made using the screening expos-
ure assessment performed in Step 4.
Instead of proceeding further with the Group 1 expo-

sures the assessor should determine if the concerns from
the individual chemicals in the screening exposures
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assessment are warranted. This will be done by perform-
ing a higher tier exposure or toxicity assessment on
those individual chemicals that exceed their RVs. If the
chemical-specific concerns for a receptor are removed
by the refined assessments, the assessor would not as-
sume that the combined exposure was without concern.
This is necessary, because refining the risk assessments
for chemicals that had individual concerns will not ne-
cessarily result in acceptable risks from combined expo-
sures. As result the refined exposures would move on to
step 6. Finally, exposures to chemicals without RVs are
not evaluated in this step. These exposures are evaluated
in Steps 11-13 of the decision tree.

Step 6. Considering data on toxicological interactions that
deviate from dose additivity
In Step 6, the decision tree considers if there are data on
the components that suggest an interaction other than
dose additivity (i.e. antagonism, potentiation, or synergy).
If interactions are known to occur, the risk assessment
should be done on a case-by-case basis that incorporates
these data. The SCs suggested, for example, that if whole
mixture toxicity data are available it could be used as a
test for a supra-additive response [9].
As discussed by ECETOC [18,19] and Kortenkamp

[20], supra-additive responses are expected to be rare.
Boobis et al. [21] provided additional support for this
finding in a detailed review of the literature on the tox-
icity of mixtures. Therefore, this Step does not require a
finding that such interactions do not occur; it merely
requires that if interaction data are available they will be
considered in the assessment. In the absence of inter-
action data, the exposures move to Step 7.

Step 7. Consideration of independent action models of
toxicity
In Step 7, the assessor determines if independent action
(also called response addition) should be assumed for
the combined exposures. Such a decision requires infor-
mation on the mode of action (MoA) of each chemical
in the assessment and an evaluation that all the chemi-
cals’ effects are independent of one another. Such data
could be available for certain formulations (e.g. con-
sumer products, pesticides, etc.) where all of the chemi-
cals have their respective data sets. In the absence of
such data the assessment would move to Step 8.
The decision to use an independent action model will

result in different modelling approaches depending on the
endpoint. Following an independent action model, joint
exposure to chemicals where each chemical’s dose is
below a receptor’s threshold for the chemical’s effects will
result in no adverse effect to the receptor. For human
health risks, where RVs are generally well below the
thresholds for sensitive humans [22], such a finding would
indicate that no further action is required. This occurs be-
cause all exposures that reach this point in the decision
tree have been shown to produce doses of chemicals that
are lower than the chemicals’ RVs (see Step 5).
This may not be the case, however, for certain eco-

logical effects. The goals for protecting the environment
are often based on population- or community-level
effects. Consequently, the RV may be at a level at which
some effects on individual organisms are tolerated. As a
result, the effects from chemicals that operate independ-
ently may still accumulate because of response addition.
Calculation of the impact of response addition is difficult
for many chemicals due to the extensive dose-response
dataset being required. As a consequence, concentration
addition models have been used as a conservative default
approach for characterizing the impact of response
addition [9,19].

Steps 8 and 9. Evaluation of available toxicity and exposure
data
In Steps 8 and 9 the decision is made to perform a
WHO/IPCS Tier 0 screening assessment (Step 10) or, if
there are sufficient toxicity and exposure data, to sup-
port a WHO/IPCS Tier 1 assessment (Step 13) [1,2].
Both steps use a dose addition model for all chemicals in
the assessment. Tier 0 assessments are the preferred op-
tion for combined assessments when specific toxicity or
exposure data are not available for some, or all, of the
chemicals of interest. (A Tier 1 assessment (Step 13)
requires RV for each chemical and information on ex-
posure to estimate the dose for each chemical). In
addition, a Tier 0 assessment can help minimize the ef-
fort of performing a Tier 1 assessment by screening out
exposures that produce low concern based on a finding
of very low doses for all chemicals reaching a receptor.
However, because Tier 1 assessments are more effective
than Tier 0 assessments in screening out exposures of
low concern, assessors typically choose to skip a Tier 0
assessment and perform a Tier 1 assessment when ne-
cessary data are available (Step 13).

Steps 10-12. Performing a Tier 0 assessment
An example of a useful tool for conducting a Tier 0 as-
sessment for human health effects is the use of the TTC
to estimate the RVs for chemicals with missing toxicity
information [2,15]. Other approaches could be used in-
cluding QSARs or read across arguments [2]. Combined
exposures that are screened out (HI values less than
one) are placed into Group II (combined exposures of
low concern). Combined exposures not screened out by
a Tier 0 assessment (HI values greater than) should be
evaluated to determine if additional information on ex-
posure and/or toxicity can be identified or developed
that would support a Tier 1 assessment.
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Step 13. Performing a Tier 1 assessment
In this step, a screening assessment is performed using
the RV for each chemical and using conservative esti-
mates of exposure that would be reasonably protective
of the most exposed individual receptors in an exposed
population [1,2]. If a Tier 0 assessment cannot be per-
formed for the whole combination of chemicals and RVs
are missing for some of the chemicals, a Tier 1 assess-
ment can be performed on the remaining chemicals.
However, the results of such an assessment will be un-
certain due to the absence of the contributions of the
chemicals with no RVs. If the fraction of chemicals
whose RVs are missing is small, this uncertainty may be
acceptable. If the fraction is large, a combined assess-
ment may not be possible. Combined exposures that are
screened out (HI values less than 1) are placed into
Group II (combined exposures are of minimal concern)
and remaining exposures move to Step 14.

Step 14. Determination of MCR values
Combined exposures reaching this Step have been
shown to have passed a chemical-by-chemical assess-
ment (Step 5), but failed a screening assessment of tox-
icity of combined exposures (Step 13). These exposures
are placed into Group III. This group should be the
focus of assessments of combined exposures since they
are the exposures of potential concern that are missed
by chemical-by-chemical approaches. In Step 14, the
Maximum Cumulative Ratio (MCR) is determined for
these chemicals. Exposures with MCR values of less than
two moves to Step 15 and those with values greater than
two move to Step 16.

Step 15. Evaluation of primary chemicals for Group IIIA
Combined exposures with MCR values less than two are
placed into Group IIIA. These exposures have one
chemical (the primary chemical) that contributes the
majority of the toxicity of the mixture. Efforts to refine
the estimates of toxicity and/or exposure (WHO Tier 2
or 3 assessment), or to reduce exposures should focus
on this primary chemical. Once this is done, the HI
value is revised (Step 16). If the revised value is less than
1, the exposure is moved to Group II; if not, the com-
bined exposure is moved to Step 17.

Steps 16 and 17. Performing Tier 2 combined exposure
assessment on Group IIIB
Combined exposures that have MCR values greater
than two are placed in Group IIIB. The estimates of
combined exposure are driven by the contributions of
multiple chemicals. Refining the risk estimates for
these exposures will require additional toxicity and ex-
posure data on multiple compounds. Risk estimates for
these exposures are very dependent on whether the
effects of individual chemicals follow additive models
or follow independent action models. Therefore, the
chemicals in these combined exposures that reach this
step should be the focus for efforts to use MoA data.
In Step 17, the assessor groups chemical exposures
based on data on the MoA of the chemicals (WHO/
IPCS Tier 2 assessment). Grouping chemicals based on
MoA allows the refinement of the assumption of addi-
tivity [2,5]. Following this grouping, the exposures are
reassessed (Step 18).
In Step 17, MoA information is used for the second

time in the decision tree. Step 7 generally assessed
whether all components of a co-exposure can be
assumed to act dissimilarly. In this application, the
MoA is used on the chemicals where MoA information
has been shown to make a difference in the assessment.
This is because in many instances the vast majority of
chemicals contribute little to an estimate of the toxicity
for the receptor. Whether these chemicals are assumed
to follow additive or independent models will not sig-
nificantly affect the estimate of the toxicity associated
with the combined exposure. As a result, MoA infor-
mation on these chemicals is of little value to risk man-
agers. In Step 17, the MoA is only applied on the
chemicals where MoA information has been shown to
make a difference in the assessment. As shown in the
example in the companion paper [9], this subset may
only involve a small fraction of the chemicals that reach
an individual.
Ecotoxicity assessments performed in this Step differ

from the human health assessments in two ways. First,
as discussed above, when setting up groups based on
MoA, assessors need to address the issue of response
addition for chemicals that have different MoAs. Second,
if the ecological risk assessment is at an ecosystem level
(i.e., using RVs such as PNEC or EQS values) consider-
ation should be given to refining the assessment by per-
forming assessments on specific receptors (e.g. algae,
macrophytes, invertebrates, and fish). As discussed
above, the RVs for ecological effects are usually based on
the most sensitive receptor which varies across different
chemicals. As Backhaus and Faust indicated, it is a crude
simplification to add the impact of a chemical where the
most sensitive receptor is fish to one where the most
sensitive receptor is an invertebrate (25). However, the
decision to refinement should also consider the potential
for indirect effects on ecological systems.
Once the MoA data have been used to make the

groupings, the assessor determines the HI values for
each group. If the largest HI of any of the groups is
less than one, the exposures are moved to Group II. If
one or more groups are greater than one, the com-
bined exposures move on to a WHO Tier 3 assess-
ment (Step 18).
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Step 18. Use of advanced dose response modelling and
probabilistic models to account for variations in exposure
and toxicity
In this step, the assessor focuses on the chemicals and
groups of chemicals that drive toxicity. Advanced techni-
ques such as biologically-based dose response models
are used to refine the RVs and probabilistic models to
account for uncertainties and variabilities in exposure
and dose-response are used to refine the risk estimates
for the chemicals that drive the value of HI for the com-
bined exposures.

Framework for applying the decision tree to assessing
combined exposures
As discussed above, combined exposures present a chal-
lenge to regulators because of their inherent complexity.
Combined exposures depend not only on the character-
istics of the sources, but also on those of the populations
of receptors. Each individual in these populations will
have a unique relationship to their sources of exposure
[23,24]. Thus, a decision tree needs to be designed for
evaluation of populations of exposed receptors and not
around a specific source (or sources). Such populations
could be exposed to multiple combinations of discrete
mixtures within a relevant time frame. The implications
of this finding have not always been recognized by the
earlier approaches. Earlier approaches have tended to
treat all combined exposures as if they were due to a
mixture exposure and were a property of a specific
source.
Assessments of combined exposures should begin by

defining the population that is the subject of the assess-
ment. The population can be defined as groups of
humans that are in contact with a specific source in a
specific way or can be defined in terms of demographics
[23]. The populations of ecological receptors can be
based on the trophic levels relevant for a source or
sources of exposure. This implies that multiple com-
bined exposure assessments will be required for human
health and ecological receptors and multiple assessments
maybe required for both human health and ecological
effects. Human health assessments may need to address
the combined exposures that occur by different routes
and over different durations. For example, separate
assessments may be required for local acute exposure
(e.g., dermal and eye effects) and for chronic systemic
effects because the RVs and exposures received by the
exposed population will be different for the different
endpoints. Separate human health assessments may be
required if human exposures cannot be represented by a
single population.
Ecological assessments may also need to be performed

separately for each of the taxonomic groups that are
used as the receptors. This will be a challenge for
ecological assessments since Environmental Quality
Standards (EQS) can be based on the protection of the
most sensitive taxonomic group and that group will vary
across chemicals. Using EQS values based on multiple
receptors, however, could be used as a screening assess-
ment for ecotoxicity endpoints (Steps 11 and 13) and
refined later in the decision tree (Step 18).
Because multiple applications of the decision tree will

be required for assessing exposures from a source or
group of sources, the decision tree may lead to different
approaches for assessing combined risks for human and
ecological assessments. For example whole mixture tox-
icity data may be available for dermal or eye effect in
humans or endocrine activity in ecological receptors,
while component based approaches may be used for the
evaluation of systemic human health or ecological
effects. An example of the use of different approaches
for human health and ecological effects can be seen in
the companion paper [9].

Maximum cumulative ratio-hazard index plots
As discussed above, the decision tree divides combined
exposures into four groups (I, II, IIIA, and IIIB) These
four groups can be graphically depicted by plotting the
combined exposures’ values of MCR against the corre-
sponding HI values (an MCR-HI plot). In these plots,
MCR values are plotted in a linear scale with a mini-
mum value of 1 on the vertical axis. Since HI values typ-
ically vary over several orders of magnitude, HI values
are plotted in log scale and are plotted on the horizontal
axis.
A combined exposure that falls into Group I, requires

that Maximum Hazard Quotient (MHQ) must exceed
one. Since MCR is defined as HI/MHQ, MHQ will only
exceed one when MCR is less than HI. Therefore, Group
I exposures fall into the region to the right and below the
function MCR = HI (since this is a log-linear plot, this
linear function appears as a curve instead of a line).
Group II exposures fall to the left of the vertical line,
HI =1. Group III exposures fall into the region between
the two lines. Group IIIA exposures are in the portion of
this region below the horizontal line, MCR = 2, and
Group IIIB falls in the portion of this region that is above
the line.
Figure 4 presents the MCR-HI plot for the assessment

of the ecological effects from chemicals in surface waters
and in effluents reported in the companion paper [9]. As
the figure indicates, the 68% of the values of the
reported mixtures fell into Group I, 19% fell into Group
II, 6% fell into Group IIIA and 6% into Group IIIB.

Discussion
The decision tree builds on, and is consistent with, exist-
ing approaches for mixture and combined exposures



Figure 4 MCR/HI plot of MCR versus HI for ecological effects of
mixtures of chemicals measured in surface water or WwTP
effluents [9].
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proposed by the WHO/IPCS, the European Commis-
sion, and other organizations. The decision tree is
intended to address a wide range of combined exposures
that include exposures to multiple chemicals from single
or multiple sources that occur over time. The decision
tree adopts precautionary assumptions to account for
known sources of uncertainty. For example, the model
follows the WHO/IPCS and European Commission SCs
in adopting additive models as a default screening as-
sumption when MoA information is not available on the
relevant chemicals.
The decision tree adopts the tiered approach in the

WHO/IPCS framework [1,2] to efficiently assess com-
bined exposures. The tree allows the assessor to screen
out combined exposures that are too low to pose a risk
to humans or the environment when the appropriate
tools are available (Step 4) and then use conservative
assumptions to screen out combined exposures that can
be shown to pose minimal risks (Steps 12, 13, 16, and
18). As a result, the exposures that are brought forward
to the most detailed and resource-intensive assessments
(Tiers 2 and 3) are minimized.
The combined exposures that are subject to higher tier

assessments also focus on the chemicals that drive the
toxicity of the combined exposures. This is a novel con-
cept [7,8] not discussed in prior approaches for mixtures
and combined exposures. This ability to focus is per-
formed on a quantitative basis using the MCR. MCR
values for exposures in Group IIIB give an indication of
how many chemicals will drive the toxicity associated
with the exposures. Values less than two indicate that
only a few chemicals make important contributions to
toxicity. When MCR values approach n (the number of
chemicals that reach a receptor) all n chemicals will need
to be investigated. In the example provided in Figure 4,
the average value of MCR and n for Group IIIB exposures
is 1.7 and 22 [9] indicating that toxicity is dominated by a
few chemicals. In addition, it was shown that seven of the
89 chemicals analysed made significant contributions to
ecotoxicity of the combined exposures of the mixtures.
This finding can be confirmed by summing the HQ
values of the components in order to cover a specific
fraction of the total toxicity [25]. MoA data are only
necessary for chemicals that drive toxicity, as the
remaining chemicals can be conservatively assumed to
follow additive models and not change the predicted
HI values [26].
A second novel concept in the decision tree is the inclu-

sion of Step 5. In this Step, the decision tree identifies
combined exposures that are a concern because one or
more chemicals exceed their RVs. This Step is a recogni-
tion that no further refinement of the combined exposures
will result in a finding of acceptable risk unless the toxicity
and exposure information on the identified chemicals are
found to be individually acceptable. Thus, these combined
exposures should first focus on the chemicals that exceed
their RVs. Separating out these exposures allows the asses-
sor to focus on combined exposures that would have been
missed using a chemical-by chemical based approach.
Finally the tree introduces the four groups of com-

bined exposures (I, II, IIIA, and IIIB) and the MCR/HI
plot as a tool for organizing and presenting combined
exposures data and how exposures vary across indivi-
duals in an exposed population. Or, as shown in Figure 4,
how exposures vary across reported mixtures of chemi-
cals in an environmental medium [9].
The decision tree also highlights areas where future

work on assessing combined assessments is needed.
Firstly, better tools are needed for screening out
combined risks from low doses of multiple chemicals
(Step 4) and for performing Tier 0 assessments. Cur-
rently, there is no widely accepted tool for predicting
thresholds of ecological concern that would support a
Tier 0 assessment. Secondly, performing a Tier 1 assess-
ment of the risk from combined exposures requires RVs
for all of the chemicals in the assessment. In many
instances, the assessments will include one or more che-
micals without RVs. As a result, combined assessments
increase the demand for RVs for chemicals. Develop-
ment of RVs remains a resource intensive process re-
quiring extensive animal testing. More efficient and
lower cost methods need to be developed to set RVs that
can be used in Tier 1 assessments.

Conclusions
The decision tree described in this paper can be used as
a helpful tool for conducting assessments of the risks
from combined exposures to multiple chemicals. The
decision tree can provide information on current com-
bined exposures and identify when combined exposures
are of potential concern and when using chemical-by-
chemical assessments are sufficiently protective of human



Price et al. Environmental Sciences Europe 2012, 24:26 Page 11 of 12
http://www.enveurope.com/content/24/1/26
health and the environment. The decision tree can
be helpful for prioritization in assessing and managing
risks associated with combined exposures to multiple
chemicals.
Methods
The decision tree presented here is largely based on the
sources discussed above [1,2,7-9]. However, other trees
developed by U.S. EPA [4], European Food Safety
Agency [27] and The Intergovernmental Group on
Health Risks from Chemicals [3] were also evaluated. In
general, these trees are consistent with the WHO/IPCS
framework and the European Commission’s SCs tree. As
discussed above, the decision tree was developed over
2010-2012 based on wide ranging discussions between
MIAT members. These experts had extensive experience
with evaluation of combined exposures and risks. In
addition, comments on the tree were provided by the re-
search team for the application project [9].
Finally, we note that many of the concepts in the deci-

sion tree are included in a recent publication of Back-
haus and Faust [28] on environmental risk assessment
for chemical mixtures. These include the use an additive
model as an initial tier, and refining the assessment
using receptor specific assessments.
Definitions
Addition models Chemicals have the same effect on the
target organism and differ only in potency; hence the
combined effect of two agents can be estimated from the
potency weighted total dose of both agents. For eco-
logical effects additive models are referred to as concen-
tration addition models.
Combined exposures The measurements of the doses

of multiple chemicals that reach an individual or an eco-
logical receptor from one or more sources by one or
more routes at the same time or within a period of time
sufficiently short that the substances simultaneously
evoke effects on the organism [24].
Effluents Discharges to surface water from waste water

treatment plants (WWTP) following treatment.
Independent joint action If two or more substances

elicit the same endpoint via different modes of action
the combined effect can be estimated by the Bliss inde-
pendence model [29]. Also called response-additivity.
Mixture A combination of chemicals present in a

medium (e.g., a consumer product or an environmental
medium).
Mixture exposure The combination of doses received

by a receptor from exposure to a mixture.
Primary chemical The chemical that contributes most

to the toxicity of a mixture (e.g., the chemical with the
largest HQ value for a receptor).
Receptor For human health a population of individuals
receiving the cumulative exposure. For ecological
assessments-an organism, taxonomic group or environ-
mental compartment.
Tier 0 Assessment Defined in WHO approach to

mixtures as an initial approach to assessing toxicity
(or exposure) where data gaps are filled using conserva-
tive assumptions [2].
Tier 1 Assessment Defined in WHO approach to mix-

tures as an initial approach to assessing toxicity (or ex-
posure) where data on toxicity and exposure data are
available for each component of a mixture [2].
Tier 2 Assessment Defined in WHO approach to mix-

tures as a refined assessment that only assumes additiv-
ity within groups of chemicals where a common mode
of action occurs [2].
Tier 3 Assessment Defined in WHO approach to mix-

tures as an advanced assessment of cumulative risks that
uses techniques such as biologically based dose response
and probabilistic models of variation in dose and suscep-
tibility [2].
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