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Abstract
Humans are continuously exposed to complex chemical mix-
tures from foods and the environment. Due to our inadequate
understanding of mixture effects, tools to assess the combined
risk of mixed chemical exposures have been difficult to
develop. In recent years, regulatory authorities across the
world have made considerable progress towards developing
pragmatic frameworks to deal with combined exposure to
multiple chemicals for risk assessment purposes. These ap-
proaches require a high level of information about chemical
exposures and toxicities, information that often is lacking. We
see this data gap as delaying urgently needed improvements
in chemical safety. Herein, we present a pragmatic step-by-
step procedure for mixture risk assessment and propose tools
for grouping of chemicals. Until we have a better understand-
ing of adverse outcome pathways, we suggest that grouping of
chemicals for mixture risk assessment be based on integrated
in vivo and in vitro data, read-across as well as computational
methods such as QSAR models or integrative systems biology.
These latter methods can be used to predict inherent hazards
or modes/mechanisms of action and to group the chemicals in
cases where no experimental data exist.
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1. Introduction
Current regulatory approaches for assessing chemicals typi-

cally evaluate one chemical at a time, which fails to take into

account the human real-world scenario of low-dose exposures

to multiple chemicals. Since a growing body of evidence now

suggests that simultaneous exposure to many chemicals at

doses not singularly causing any effects can add up to induce
www.sciencedirect.com
adverse outcomes [1,2], the current regulatory approaches are

inadequate. Due to the complexity of the issue, the imple-

mentation of methodologies for risk assessment of chemical

cocktails remains a challenge, hindering the urgent need to

improve chemical risk assessments. Here, we present a prag-

matic step-by-step procedure for mixture risk assessment

(MRA) and propose approaches for grouping of chemicals.
2. Current status of mixture risk
assessment
2.1. Additive mixture effects
Experiments have shown that chemicals, when exerting

similar effects, typically act in a dose-additive manner, and far

less frequently in synergistic or antagonistic ways [3,4]. This

means that the efficacies of chemicals in a mixture can be

added together, as long as the potency of the individual

chemicals is appropriately accounted for. As doseeresponse
curves are usually sigmoidal, the combination of many chem-

icals at low levels (located at the lowest horizontal part of the

doseeresponse curve) can give rise to a pronounced adverse

mixture effect (corresponding to a move up to the steeper part

of the doseeresponse curve). This phenomenon has been

observed in cellular systems [5] and animal studies [6e8].

Synergistic or antagonistic interactions are well-known occur-

rences in drug therapy, where it is common to see drugs either

enhancing or inhibiting each other’s effect, primarily due to

toxicokinetic mechanisms [9]. In contrast, kinetic interactions

are much less likely with environmental chemicals, as human

exposure levels typically are much lower [10,11]. Thus, it

seems reasonable to anticipate additive effects caused by real-

life exposures to environmental chemicals in most cases. This

is crucial for mixture risk assessment, as it allows to predict any

mixture effect by mathematical calculations based on data for

single chemicals.

Over the last decade, public authorities such as the US-

Environmental Protection Agency (US-EPA), the Agency for

Toxic Substances and Disease Registry (ATSDR), the World

Health Organization (WHO), the non-food Committees of the

European Commission, and the European Food Safety Au-

thority (EFSA) have all made considerable progress towards

developing pragmatic frameworks that are “fit for purpose” and

tiered, to deal with combined exposure to multiple chemicals

for risk assessment purposes [12e16].

The assumption that chemicals act additively and behave as if

they were a simple dilution of each other has resulted in the

development of methods for cumulative risk assessment using

various approaches: Hazard Index (HI), point of departure
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index (PODI), relative potency factors (RPF) and toxicity

equivalency factors (TEF). These relatively simple tools form

a good basis for development of the future paradigm for MRA.

Currently, EFSA is compiling the available knowledge on

methodologies used to perform mixture risk assessments for

human health, animal health and ecological mixture risk

assessment [17]. They present a tiered approach to a

component based mixture risk assessment using principles of

dose addition. HI calculation is considered a first tier summing

hazard quotients (HQ) for all components regardless of toxi-

cological endpoint. In the next tier, a refined HI approach

takes into consideration that not all the components have the

same adverse effect/target organ. A target organ toxicity dose is

derived for each end-point to estimate an end-point-specific

HI [17].

However, as we see data gaps on single chemicals as the major

bottleneck for MRA, we suggest a more specific workflow that

allows the use of predicted or estimated hazard and exposure

data for data-poor chemicals. The philosophy behind this is

that risk assessment of chemicals would be greatly improved

by taking mixture effects into account, even if great un-

certainties are introduced for data-poor chemicals, and that

this is better than doing nothing.

2.2. Probabilistic models for exposure and
hazard
Real-life human exposure is highly variable and temporally

dynamic, both at the individual and population levels. In spite

of this, human exposures via the food is traditionally estimated

using average intake levels of the chemicals, which is a

deterministic method that does not incorporate information

about the variability of real exposures. In order to reflect a

more realistic exposure scenario, probabilistic exposure models

are currently being developed and used for MRA [3,18,19]. In

the same way, new tools for probabilistic hazard assessment are

also being developed, which can be very useful for data-rich

chemicals such as pesticides. However, for the vast majority

of environmental or industrial chemicals, there is a lack of

toxicity and exposure data; and since it is unrealistic to obtain

‘perfect data’ for most chemicals in the near future, probabi-

listic models may not be the best way forward for a pragmatic

MRA of real-world mixtures within the foreseeable future.

This means that we currently are forced to perform MRA

based on ‘average’ exposure and hazard data.

2.3. Bottlenecks for mixture risk assessment
One major challenge for MRA is that exposure to multiple

chemicals currently is considered under different pieces of

legislation, also known as regulatory silos, such as REACH or

the EU pesticides Regulation [20,21]. Typically, humans are

exposed to multiple chemicals from multiple sources, which

can give rise to mixture effects, i.e. they can elicit similar ef-

fects or exhibit the same mode of action [22]. However, these

chemicals may be risk assessed, risk managed or regulated by

different authorities based on the legislations to which the

chemicals belong. Thus, legal mandates for performing MRA

across regulatory silos and legislations are needed, as are

pragmatic MRAs allowing for cross-silos assessments.

Data gaps for individual chemicals seem to be a major issue

when it comes to dealing with MRA, both regarding hazard and
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exposure data. In an attempt to address the lack of toxicity

data, we suggest a pragmatic approach with a focus on how to

derive information on hazards in cases where data are scarce

and on methodologies for grouping of chemicals for MRA.
3. A pragmatic approach for mixture risk
assessment
We have constructed a decision tree outlining a step-by-step

procedure for MRA based on the use of Hazard Index (HI)

(Fig. 1). This approach can be used to obtain a conservative

(cautious) starting level for overall conclusions, and only

progress to more refined methods including effect-based

grouping of chemicals in cases where an initial concern for

human toxicity is identified. This approach differs from pre-

viously suggested ‘tiered’ approaches [14,23], in which crude

estimates with a high degree of caution are performed at early

tiers in data poor situations, whereas higher tiers use more

refined approaches with increasing data demand and higher

certainty. However, since mixtures will usually contain both

data-rich and data-poor chemicals, we need to be able to derive

a HI for mixtures of chemicals with information of various

refined levels.

Our suggestion for a pragmatic MRA approach is shown in

Fig. 1 and described below. The numbers refer to the steps

outlined in the figure.

Before starting the MRA, the challenge of the specific mixture

is investigated and relevant questions relating to for instance

the exact composition of the mixture and the potential for

concomitant human exposure is addressed.

1. First, an evaluation of data availability is made for indi-

vidual chemicals from the mixture and, if possible, for

the whole mixture, i.e., is relevant hazard information on

the individual chemicals available (1A)? If possible,

NOAELs or similar hazard measures from in vivo ex-

periments are used to set a reference value (RfV) for

each chemical. If not possible, toxicity may be estimated

by using relevant in vitro information in combination

with a human exposure level (see example in [24, this

issue]). If no experimental data exists, read-across data

or quantitative QSAR data may be applied and toxicity

values for similar chemicals can be used as a surrogate.

Next, do human exposure data exist (1B)? Do reliable

human biomonitoring data exist? Have the sources been

identified? Can exposure via the food be estimated from

contaminant data for specific food items? Furthermore,

it needs to be considered whether mean or median

exposure values, or 95% percentiles should be applied in

the given situation.

2. Hazard quotients (HQs) are calculated as the ratio be-

tween exposure estimate and RfV for a given substance

based on the collected data in step 1. We suggest

allowing the use of HQs calculated from relevant in vitro

data and for instance human biomonitoring data. An

example of this can be found in Johansson et al. (2019)

in this issue. If the HQ is above or close to 1 for any

single chemical, the decision to regulate is handed over

to the regulatory bodies. If all HQs are less than 1,

proceed to step 3.
www.sciencedirect.com
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Fig. 1

The proposed decision tree based on the use of the hazard index. The step-by-step procedure is described in detail in the text.
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3. At this step, it is considered whether deviations from

dose additivity can be expected. Are there reasons to

suspect that interaction between the chemicals will

occur by toxicodynamic or toxicokinetic interactions?

Are CYP450 interactions likely at the present exposure

levels e.g. due to CYP450 induction? If no deviations

from dose-addition are expected, proceed to step 4.

However, if deviations can be expected, a case-by-case

MRA should be applied.

4. Assuming dose additivity, a calculation of a rough and

non-refined HI is performed. At this step, all chemicals

are added in the same formula, irrespective of the type

of toxicity they are causing. The rationale for summing
www.sciencedirect.com
up all hazards irrespective of effects is based on

considering the human body as one complex organism,

as well as the hypothesis that various toxicities are often

interrelated. A major limitation of this step is a high

degree of inherent uncertainties when setting RfV and

exposure estimates for each chemical in the mixture. In

addition, it is acknowledged that use of the dose-

addition principle is not precise for chemical mixtures

for which different endpoints have been used for

deriving RfVs. If the calculated HI exceeds 1, it will be

necessary to group the chemicals according to their

specific toxicities (step 5). In cases where the HI be-

comes less than 1, proceed to step 6.
Current Opinion in Toxicology 2019, 15:1–7
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5. For mixtures with a non-refined HI higher than 1, it is

necessary to group the chemicals according to effect or

mode-/mechanism-of-action using available in vivo,

in vitro or in silico data (see below). For each group of

chemicals, a more specific and refined HI is calculated.

If any of these HIs exceeds 1, regulatory action should

be decided upon by the authorities. For those HIs that

are less than 1, proceed to step 6.

6. For HIs less than 1, with or without grouping, it should

be considered whether other sources of the same

chemicals exist or if other chemicals are present that are

likely to contribute to the mixture effect. If so, it should

be accounted for as described in step 7. If not, no human

risk is anticipated for the mixture.

7. If other chemicals or sources are expected to contribute

to the mixture effect, the HI cut-off of 1 should be

adjusted to take this extra contribution (X) into account,

i.e. to a cut-off of (1-X). For example, for a specific

mixture obtained via the diet, it may be estimated that

humans are exposed to the same chemicals from other

sources such as via inhalation or via dermal absorption

and that these would contribute with 30% of the

acceptable risk. Then, the cut-off for acceptable risk for

the evaluated mixture is adjusted to 70% (0.7) instead of

1. If the HI < (1-X) where X designates the extra

contribution, then no human risk is anticipated. In this

example, a HI below 70% would be deemed acceptable.

If the calculated HI exceeds (1-X), it will be necessary

to group the chemicals according to their specific tox-

icities as described in step 5. Thus, using this example a

HI above 70% would lead to (re-) evaluation of the

possibility of grouping mixture components according to

shared effects or modes of action (step 5). If any of the

HIs exceeds the adjusted cut-off value after grouping of

the chemicals, regulatory action should be decided upon

by the authorities. If all HIs are still below the adjusted

cut-off value after grouping, then no human risk is

anticipated for the mixture.

4. Grouping of chemicals
An essential step in MRA is the grouping of chemicals ac-

cording to their effects or mode/mechanism of action (step 5)

using relevant animal and non-animal data. A standardized

methodology for grouping of chemicals based on target organ

toxicities has been proposed by Adams et al. [25]. This cor-

responds to the second tier proposed for component based

mixture risk assessment in EFSAs draft guidance document

[17]. Furthermore, EFSA has presented cumulative assess-

ment groups (CAGs) for pesticides with effects on either the

nervous system or the thyroid hormone system [26], and CAGs

for several other target organs have been proposed by Nielsen

et al., 2012 [27]. This approach is limited to chemicals, for

which in vivo data exist. As an alternative, grouping based on

common modes of action may include grouping of compounds

that act on the same adverse outcome pathways (AOPs). An

AOP describes a sequence of events from initial interaction(s)

of a stressor with a biomolecule (molecular initiating event),

causing perturbations which can progress through a series of

intermediate key events and culminate in an adverse outcome

[28]. In the future, complex AOP networks may be a preferred

methodology for grouping of chemicals, but requires the
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development of a more densely populated AOP wiki (https://

aopwiki.org/). Until such time, we suggest to use empirical

in vivo and in vitro data, read-across as well as computational

methods such as QSAR models or integrative systems biology.

These latter non-test methods can be used to predict inherent

hazards or modes/mechanisms of action and to group the

chemicals in cases where no experimental data exist.

4.1. Grouping according to experimental data
Toxicological signatures (or profiles) of chemicals obtained

from in vitro studies can be used for grouping. Profiling of

chemicals across a panel of in vitro tests was previously applied

to explore whether structurally related chemicals share the

same mechanism of action. As shown in Fig. 2A, a range of

bisphenols had a qualitatively similar profile across a panel of

assays for endocrine activity [29] and should therefore be

grouped together, whereas a number of fluorinated chemicals

should be divided into different subgroups based on their

specific in vitro signatures [30].

Toxicological signatures based on omics data such as metab-

olomics, transcriptomics or proteomics can be established from

either in vivo or in vitro studies. By using omics data, chemicals

with specific modes/mechanisms of action can be identified

based on the signature of affected metabolites, genes or pro-

teins [31,32] and this can be used to decide on grouping of

chemicals or not.

4.2. Grouping based on computational tools
Another grouping approach is the use of computer models

known as QSARs (Quantitative StructureeActivity Relation-

ships). QSARs estimate the relationship between the struc-

ture of chemical substances and another property such as the

ability to cause toxic effects. QSAR models can therefore be

used to predict hazards of chemicals with no or insufficient

test data. Fig. 2B depicts an example of a QSAR screening

performed on 2,076 chemicals from food contact materials,

including predictions for genotoxic carcinogenicity, mutage-

nicity, and developmental toxicity [33]. Detailed information

on the applied decision-algorithms and the performance of the

individual models has been described previously [34]. The

figure shows the number of chemicals predicted to be active

for each hazard as well as the overlap between the three haz-

ards, which provides a basis for grouping of the chemicals. The

free Danish QSAR database can be searched for estimates

related to e.g. metabolism and toxicity for more than 600,000

chemicals (http://qsar.food.dtu.dk/). This database is part of

the OECD QSAR Toolbox, a software application which in-

corporates information and tools from various sources (https://

www.qsartoolbox.org/home).

‘Read across’ is one of the most commonly used alternative

approaches for filling data gaps in registrations for REACH and

entails the use of relevant information from analogous chem-

icals to predict for instance hazards for the chemical in ques-

tion [35,36]. Thus, chemicals whose toxicological properties

are likely to be similar or follow a regular pattern as a result of

structural similarity may be considered a category [36]). The

read-across hypothesis needs to be justified by scientifically

credible explanations and sufficient supporting information

such as information from QSARs or experimental data

addressing specific aspects of the read-across hypothesis [36].

Many tools for read-across assessment are available, and in this
www.sciencedirect.com
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Fig. 2

Examples of approaches to group chemicals. A) Profiling of chemicals using defined panels of in vitro tests. As shown, a range of bisphenols had a
qualitative similar profile in a panel of assays for endocrine activity, while fluorinated chemicals could be divided into different groups based on the in vitro
signature [27,28]. B) Venn diagram showing the number of chemicals predicted by QSAR to be active for each hazard as well as the overlap between the
three hazards. C) Chemical-protein association network of five chemicals and their associated proteins. The colors of the proteins/genes indicate the
primary function of the encoded protein. As seen from the figure, mancozeb does not share any associations with the four other chemicals, which means
that this compound can be excluded from the mixture in a grouping exercise [34].
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regard the OECD Toolbox is most advanced in terms of

addressing current regulatory needs [37].
4.3. Grouping based on a systems biology
approach
A third approach for grouping chemicals is by use of systems

biology approaches (Fig. 2C). Advanced bioinformatics tools

can be used to gain mechanistic knowledge by taking advan-

tage of already existing information about associations be-

tween human targets and chemicals. For example, Kongsbak

et al. [38,39], retrieved information for known chemicale
protein associations from two publicly available databases,

the Comparative Toxicogenomics Database (CTD) [40] and

ChemProt 2.0 [41]. This type of analysis gives an overview of

known and potential human targets for the chemicals of in-

terest. If chemicals in a mixture then turn out to target the

same molecules or are significantly associated with the same

disease, or affect the same signaling pathway, it is likely that

these chemicals can be allocated to the same group for MRA.

In Fig. 2C, it is illustrated howmancozeb can be excluded from

the group, as this chemical belongs to its own network.
www.sciencedirect.com
In conclusion, there are several ways of grouping chemicals,

which should be used and explored in more detail for MRA of

chemicals.
5. Perspectives
Although several proposals have been published for how to

handle risk assessments of chemical mixtures, no consensus

has been reached. Given the complexity of MRA and the po-

tential human health risk not accounted for, we propose a

pragmatic approach. On the one hand this approach will

improve on chemical risk assessment, but on the other require

that we accept some uncertainties in the evaluations. The HI

is not necessarily an accurate indicator of risk, as it is based on

hazard and exposure values that are subject to uncertainty.

Nevertheless, it provides a low-input, straightforward risk

assessment tool that is an improvement compared to the

alternative of performing single-chemical risk assessments.

An important limitation of current MRA is the lack of data on

individual chemicals, both with regard to human exposure and
Current Opinion in Toxicology 2019, 15:1–7
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toxicity data. To date, only a minor fraction of the many

thousands of chemicals in current use have been evaluated and

allocated an ADI, TDI, NOAEL, or similar. There is thus an

urgent need to address this lack of toxicity data and a way

forward could be to develop alternative ways of risk assessing

chemicals based on for instance defined panels of in vitro

models, or computational tools such as QSARs and

physiologically-based kinetic modeling.

Our proposal is designed to prevent bottlenecks such as lack of

data on individual chemicals or complex real-life exposures

stopping us from performing a pragmatic MRA of chemicals.
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Key terms and definitions [17]

Mixture

Any combination of two or more chemicals that may jointly
contribute to real or potential effects regardless of source and
spatial or temporal proximity. A simple mixture is a mixture whose
components are fully chemically characterized, e.g. a group of
defined substances with the potential to have combined effects, in
contrast to complex mixtures for which not all constituents are
characterized.

Component-based versus whole mixture approach

In a component-based approach the risk of a mixture is assessed
based on exposure and effect data of its individual components. In
contrast, in a whole mixture approach the mixture is treated as a
single entity, similar to single chemicals, and so requires dose–
response information for the mixture of concern or a (sufficiently)
similar mixture.

Dose addition and concentration addition

A component-based model in which the components are treated as
if having a similar action. The components may vary in toxic po-
tency. Components contribute to the mixture effect relative to the
ratio between their concentration and toxic potency. Dose is the
exposure metric used in human and animal health risk assessment.
Concentration is the exposure metric used as a proxy for dose in in
vitro studies and ecological risk assessment.

Interaction

In risk assessment practice, the term interaction is used to refer to
mixture effects that differ from an explicit null model, i.e. dose and/
or response addition. Interactions are categorized as less than ad-
ditive (antagonism, inhibition, masking) or greater than additive
(synergism, potentiation).

Mode of action

Biologically plausible sequence of key events in an organism
leading to an observed effect, commonly supported by robust
experimental observations and mechanistic data. It refers to the
major steps leading to an adverse health effect following interaction
of the compound with biological targets. It does not imply full
understanding of mechanism of action at the molecular level.
rrent Opinion in Toxicology 2019, 15:1–7
Reference point

Defined point on an experimental dose–response relationship for
the critical effect. This term is synonymous to Point of departure
(US). Reference points include the lowest or no observed adverse
effect level (LOAEL/NOAEL) or benchmark dose lower confi-
dence limit (BDML), used to derive a reference value or Margin of
Exposure in human and animal health risk assessment.

Reference value (RfV)

The estimated maximum dose (on a body mass basis) or the con-
centration of an agent to which an individual may be exposed over a
specified period without appreciable risk. Reference values are
established by applying an uncertainty factor to the reference point.
Examples of reference values in human health include acceptable
daily intake (ADI) for food and feed additives, and pesticides, and
tolerable daily intake (TDI) for contaminants.

Hazard quotient (HQ)

The HQ is the ratio between exposure and reference value for a
given substance.

Hazard index (HI)

The sum of HQs for individual components of a mixture. In its
simplest and most conservative form, the HI sums up HQs for
substances with mixed modes of action, whereas refined ap-
proaches to mixture risk assessment sums up HQs for substances
with the same target organs or the same modes of action.
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