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Regulatory risk assessment is traditionally based primarily on

toxicity studies conducted according to standardized and

internationally validated test guidelines. However, health risk

assessment of endocrine disrupting chemicals (EDCs) is

argued to rely on the efficient integration of findings from

academic research. The aim of this review was to provide an

overview of current developments to facilitate the use of

academic research in regulatory risk assessment of chemicals

and how certain aspects of study design and reporting are

particularly important for the risk assessment process. By

bridging the gap between academic research and regulatory

health risk assessment of EDCs, scientific uncertainty in risk

assessment conclusions can be reduced, allowing for better

targeted policy decisions for chemical risk reduction.
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Introduction
Regulatory risk assessment of chemicals is conducted for

the purpose of protecting human health and the environ-

ment against the negative effects of hazardous chemicals.

It is carried out as basis for decisions on approving,

restricting or phasing out the use of chemicals

(Figure 1). As such, it is important that the scientific data

on which the risk assessment, and consequently regulat-

ory decision making, is to be based are reliable and

relevant for this purpose. The evaluation of toxicity data

is thus an integral and critical part of the regulatory

process.
www.sciencedirect.com 
Guidance documents for risk assessment of chemicals

issued by different authorities and organizations generally

require or recommend that all relevant toxicity data

should be considered in the risk assessment process [1–
5]. However, toxicity studies conducted in accordance

with standardized and internationally validated test

guidelines, such as the Organisation for Economic Co-

operation and Development (OECD) test guidelines, and

Good Laboratory Practices (GLP) have often been pre-

ferred in regulatory health risk assessment. Test guide-

lines provide standardized requirements as well as

recommendations for the design, performance and, to

some extent, the reporting of toxicity studies and have

been implemented to ensure the reliability of results.

The major advantages of using standardized test methods

are that the results are directly comparable across sub-

stances and that the data they generate will be accepted

across jurisdictions. The major disadvantage is that stan-

dard methods do not always represent the most relevant

testing approach and cannot cover all relevant adverse

endpoints given the substance under investigation. Avail-

able standardized methods are, for example, criticized for

being inadequate when it comes to identifying and eval-

uating endocrine disrupting chemicals (EDCs), e.g. for not

including the most sensitive endpoints or covering sensi-

tive windows of exposure [6�,7,8,9�,10,11]. The aim of

GLP is to ensure the quality of the laboratory practices by

specifying standard operational laboratory procedures and

extensive requirements for data reporting. Notably,

neither standardized test guidelines nor GLP will auto-

matically ensure the relevance of a study for the health

risk assessment purpose in question.

The importance of reducing the potential risks to human

health, as well as to the environment, posed by EDCs

have been highlighted in several recent reports and is

high on the political agenda [8,12,13]. A number of

standardized in vitro and in vivo test guidelines have

been enhanced or developed by the OECD [14] as well

as by the US Environmental Protection Agency (EPA)

[15] for the detection and characterization of some types

of EDCs, primarily substances interacting with estrogen,

androgen, and thyroid hormone signaling pathways. But

for many other endocrine pathways standardized methods

are still lacking and a common and comprehensive

strategy for regulatory identification and risk assessment

of EDCs remains to be implemented.
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Health risk assessment is carried out as a basis for policy decisions to protect human health against the harmful effects of chemicals. Non-standard

research studies of EDCs often use novel methods and investigate sensitive endpoints, which are currently not covered in standardized test protocols.

Thus, toxicological information from non-standard studies complement information from standard studies to generate a more complete picture of the

effects and risks of EDCs and enable better targeted risk management and policy decisions.
Over the last decades EDCs has been an area where

research has advanced rapidly. Hence, academic research

studies investigating the toxicity of EDCs often include

novel methods and endpoints that may complement the

information provided by standard studies. Although often

not conducted according to any internationally standar-

dized test guidelines, such studies have in many cases

been discussed as being more sensitive and relevant than

standard studies for identifying and evaluating endocrine-

related effects of chemicals [6�,7,9�,11,16]. Also, as

implied above, it is acknowledged that standard studies

in general cannot cover all relevant adverse endpoints,

especially not for EDCs. Thus, it could be argued that the

health risk assessment of EDCs relies on the efficient

integration of findings from academic research studies

[17] (Figure 1). However, academic research is seldom

conducted for the specific purpose of chemical risk assess-

ment and, in a regulatory setting, such studies are often

criticized for having methodological limitations, such as

only investigating a single dose, failing to control for litter

effects and using inappropriate statistical methods, and/or

suffering from insufficient reporting, which negatively

impact their reliability and hamper their usability for this

purpose [18,19,20,21�,22,23].

Although the highest quality should always be the ambi-

tion in scientific research, regulatory risk assessment may

set specific requirements on study design and reporting.

This review aims to provide an overview of current

developments to facilitate the use of academic research
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in regulatory risk assessment of chemicals and how cer-

tain aspects of study design and reporting are particularly

important for the risk assessment process. The intention

is not to promote a general template for how to design and

conduct research but merely to increase awareness of how

research studies can contribute valuable information to

regulatory decision-making. While in vivo studies are

currently required in order to establish actual endocrine

disruption, i.e. adverse endocrine-related effects occur-

ring in an intact organism, in vitro studies contribute

important information about the mechanisms for endo-

crine activity, as well as for the investigation of adverse

outcome pathways (AOP) and mode of action-based

assessments. This review therefore aims to include

aspects relevant for both in vivo and in vitro studies.

Evaluation of toxicity data for regulatory risk
assessment and decision making
There is in general a need to improve the scientific basis

for regulatory decision making and risk assessment

[2,5,23,24,25�,26,27], i.e. to improve methods for integrat-

ing available evidence to support conclusions about

health risks from chemicals. The evaluation of the ‘‘qual-

ity’’, ‘‘validity’’ or ‘‘adequacy’’ of toxicity studies is a

central step of this integration process. In the field of

clinical research methodologies for study evaluation and

synthesizing science into evidence-based decisions have

been discussed and developed for decades. However, in

the area of environmental health these issues are still

emerging. It has been noted in several reports that study
www.sciencedirect.com
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Table 1

Recently developed methods for scientific evidence evaluation and integration for decision-making.

Method Stated purpose Source/affiliation

OHAT Approach [30] Collecting and synthesizing scientific evidence to

answer environmental health questions.

National Institute of Environmental Health

Sciences (NIEHS) Office of Health

Assessment and Translation (OHAT), US

Navigation Guide [31] Evaluation of the quality of evidence on hazardous

environmental exposures to support evidence-based

decision making by clinicians and patients, as well as

professional societies, health care organizations and

government agencies.

University of Southern California San

Francisco, US

SCENIHR approach [29] Transparent and consistent health risk assessment

within SCENIHR.

European Commission Scientific Committee

on Emerging and Newly Identified Health

Risks (SCENIHR)

EFSA systematic review [2] Identifying, selecting and critically appraising research

relevant for risk assessment within the food and feed

safety areas.

European Food Safety Authority (EFSA)

Science in Risk Assessment

and Policy (SciRAP) tool

for evaluation of individual

studies [32]

Assessment of the reliability and relevance of toxicity

studies used in risk assessment of chemicals.

Stockholm University, Sweden

Karolinska Institutet, Sweden

Qualichem in vivo [33] Assessment of the quality of in vivo studies used in risk

assessment of chemicals.

Centre National de la Recherche Scientifique,

France

Utrecht University, Netherlands

SYRCLE’s risk of bias tool

for animal studies [34]

Critical appraisal of evidence from animal studies and

translation of animal research into clinical practice.

Radboud University, Netherlands

University of Amsterdam, Netherlands

ToxRTool [35] Reliability evaluations of in vitro and in vivo

toxicological data.

Forschungs- und Beratungsinstitut

Gefahrstoffe GmbH (FoBiG), Germany

German Cancer Research Center

ECVAM, E.C. Joint Research Centre, Italy

Johns Hopkins University, US

TÜV Rheinland BioTech GmbH, Germany
evaluation procedures applied by different authorities for

the purpose of health risk assessment or decision making

are seldom very transparent or systematic [3,23,28,29].

Table 1 summarizes a number of methods for evaluating

in vitro and/or in vivo toxicity studies, as well as for data

integration for decision-making that have been devel-

oped in the past few years. These different methods have

been developed to make data evaluation, synthesis and

integration more systematic and transparent. Thus, they

do not in most cases (excepting SciRAP, see Box 1)

specifically identify and present principles for good study
Box 1 Published guidelines for reporting in scientific articles.

� The Nature Journal reporting checklist for life sciences articles

(including human, animal and cell studies) [21�]. Available online at

http://www.nature.com/authors/policies/checklist.pdf

� The SciRAP checklist for reporting in vivo studies [32]. Available

on-line at www.scirap.org

� The Animal Research: Reporting of In Vivo Experiments (ARRIVE)

guidelines [39]. Available online at http://www.nc3rs.org.uk/pa-

ge.asp?id=1357

� Landis et al., 2012 [42].

� The US National Research Council Institute for Laboratory Animal

Research Guidance for the description of animal research in

scientific publications [44].
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design and reporting aimed at researchers. However,

some guidance for researchers may be derived from these

methods.

Relevance, reliability and risk of bias
Different terms may be used to define the adequacy of a

toxicity study for regulatory risk assessment and decision-

making, and these vary between jurisdictions. In terms of

describing the extent to which toxicity studies are ad-

equate for use in risk assessment within European chemi-

cals regulations the terms ‘‘relevance’’ and ‘‘reliability’’

are often used [36].

Relevance is defined as ‘‘covering the extent to which

data and tests are appropriate for a particular hazard

identification or risk characterization’’ [36]. I.e. does

the study investigate effects and include exposure

scenarios that are relevant for evaluating the risks to

human health? The relevance of a study is thus con-

text-dependent and may change with time as the scien-

tific knowledge evolves, e.g. regarding relevant exposure

sources and routes. The aspect of relevance also refers to

the relevance of the methods used for investigating the

selected endpoints. As noted above, relevance of a study

cannot be ensured by adhering to GLP or standardized

test guidelines.
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Reliability, is commonly defined as ‘‘the inherent quality

of a test report or publication relating to preferably stan-

dardized methodology and the way the experimental pro-

cedure and results are described to give evidence of the

clarity and plausibility of the findings. Reliability of data is

closely linked to the reliability of the test method used to

generate the data’’ [36]. Importantly, non-standardized

research studies can be just as reliable as studies performed

under strict implementation of GLP and/or standardized

test guidelines. A non-standard study should fulfill general

quality criteria for scientific investigations, e.g. the control

of relevant variables, comparison to appropriate control

groups, and proper reporting of the results, etc.

Some of the methods presented above focus on the evalu-

ation of ‘‘risk of bias’’ as part of the evaluation of a study’s

adequacy for risk assessment. In statistical terms bias is

similar to ‘‘systematic error’’. A systematic error will remain

the same regardless of the number of repetitions of the

experiment or sample size. This is in contrast to random

errors that are reduced with repeated measurements. Risk

of bias thus relates to the study’s internal validity, reflecting

characteristics in the study design that might introduce a

systematic error and affect the magnitude and/or direction

of study results [3,23,30,31]. Some sources of bias are, for

example, the lack of randomization, blinding, specification

of inclusion and exclusion criteria or statistical power. For a

more in depth discussion on these factors the reader is

referred to the recent review of the US EPA Integrated

Risk Information System (IRIS) conducted by the US

National Research Council [23].

Critical study design issues
Adequate planning and good study design is essential to

the reliability and relevance of any research study and

principles of sound study design have been proposed and

published previously [[e.g. 17,20]]. However, regulatory

risk assessment of chemicals is based on specific prin-

ciples, such as characterizing a dose–response relationship

and identifying a no observed adverse effect level

(NOAEL) or lower confidence limit of a Benchmark Dose

(BMDL), which requires that toxicity studies include

certain design aspects or information to be useful for this

purpose. Further, in the testing of EDCs the specific

characteristics of such compounds need also be accounted

for in the study design [[e.g. 6,8,9,11,37]]. These include,

for example 1) that effects may occur at very low doses, 2)

the potential occurrence of non-monotonic dose–
response relationships, and 3) that effects of EDCs vary

depending on life stage. It is not within the scope of this

review to provide an exhaustive list of factors important to

the design and execution of scientific studies or to

describe an ‘‘optimal’’ design of an in vivo or in vitro
study to investigate EDCs, since this will vary from case

to case. For more detail the reader is referred to the

methods and reports reviewed here. However, some

important design factors to consider include:
Current Opinion in Pharmacology 2014, 19:99–104 
� Including the appropriate sample size and basing the

number of animals or replicates per dose group on

statistical power calculations.

� Inclusion of enough dose groups to demonstrate any

dose-related effect. Traditionally, at least three doses

and a negative control group have been required.

However, in order to evaluate low dose effects and non-

monotonic dose–response relationships more dose

groups may be necessary. Thus, it should be noted

that the choice and spacing of doses may be especially

important when investigating EDCs.

� Using a sensitive and relevant test model, i.e. the

relevant animal species and strain, tissue or cells,

appropriate for the endpoints investigated.

� Inclusion of endpoints that are relevant and sensitive in

terms of endocrine activity as well as relevant to human

health.

� Applying an appropriate exposure regimen in vivo, i.e.
covering the most sensitive and relevant exposure

window and using the relevant exposure route.

� In the case of in vivo studies, carefully considering the

appropriate housing conditions that could influence

study outcomes such as circulating hormone levels or

behavioral endpoints, e.g. number of animals per cage,

temperature, light–dark cycle and choosing the appro-

priate cage, water bottle, bedding and enrichment

materials.

� Reducing additional confounders, e.g. analyzing feed

and water for contaminants that could impact study

objectives, such as phytoestrogens, pesticide residues,

persistent organic pollutants, heavy metals and myco-

toxins.

� Randomization of the assignment of animals to

different treatment groups.

� Blinding of investigators as to the allocation of animals

to different treatment groups. However, it is acknowl-

edged that blinding may not always be feasible or

desired in all research studies, depending on the type of

study and study conditions [38].

Importantly, it should be clearly reported that the above

factors have been considered in the planning and execu-

tion of the study.

It is worth noting that several of the design factors listed

here are not yet covered in standardized test guidelines,

adding further to the importance of integrating well

conducted and reported non-standard studies in the risk

assessment process.

Sufficient reporting for regulatory risk
assessment
From a regulatory risk assessment perspective clear and

detailed reporting of the research aim, design, perform-

ance and results of a study is critical. If these aspects are

not sufficiently reported it may not be possible to evalu-

ate, and thereby ensure, sufficient reliability and
www.sciencedirect.com
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relevance of the study for health risk assessment. Weak-

nesses in reporting of research and its impact on study

reproducibility and reliability, and especially con-

sequences for clinical research and policy-making, have

been extensively discussed in the literature for decades

[39–42] and have been recently highlighted by prominent

scientific journals, such as Nature [21�] and Environmen-

tal Health Perspectives [43].

The information reported in research studies may reflect

different standards related to the intended use of the data

and what the researcher considers important in relation to

the hypothesis tested. While adequately reported for its

research purpose the study may still be insufficiently

reported in the eyes of a risk assessor. Unawareness

regarding what information is required to meet the

demands that regulatory agencies put on data intended

for risk assessment may be one reason for such discre-

pancies. In addition, space provided for individual articles

in scientific journals is often limited, forcing investigators

to reduce the amount of information reported.

Risk assessors may sometimes contact individual study

authors to ask for clarifications in cases where a study

seems specifically critical to the risk assessment. How-

ever, if research studies would comply with the reporting

requirements of regulatory risk assessment to a larger

extent, it would increase the number of studies useful for

health risk assessment and decision making as well as

facilitate study evaluation. To this end, different guide-

lines and checklists for reporting toxicity studies, such as

the ARRIVE guidelines [39] have been recently proposed

[21�,32,39,42,44]. Some of these recent proposals have

been listed in Box 1. These include many of the same

items to be reported but vary somewhat in detail and

format and the reader is referred to the original publi-

cations or reports for further detail.

Conclusions
The health risk assessment of EDCs relies on the effi-

cient integration of academic research to fill information

gaps. However, the use of non-standard academic

research studies in regulatory risk assessment has often

been hampered because of limitations in study design or

reporting.

In this review we have provided an overview of study

design and reporting aspects that are critical to the

evaluation of data for regulatory purposes. These are

based on recently developed systems to facilitate trans-

parent and systematic evidence integration in regulatory

decision making and on proposed reporting guidelines

available from different sources. These systems can help

bridging the gap between scientists and regulators and

improve the scientific basis for regulatory decision

making. In our view, the issues covered here should also

be considered in the wider context as important for
www.sciencedirect.com 
reproducibility and reliability of research studies in gen-

eral and the integrity of life sciences as a whole.

Implementing systems along these lines has the potential

to facilitate the use of academic research in regulatory

health risk assessment of EDCs to reduce scientific

uncertainty in risk assessment conclusions, and in exten-

sion contribute to better targeted policy decisions for

chemical risk reduction (Figure 1).
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