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Abstract

Context

Chemical risk assessment has traditionally been dependent on “narrative” approaches
for synthesising evidence about potential health harms from exposure to chemical
substances. However, narrative reviews are recognised as being vulnerable to a range
of methodological shortcomings which introduce bias and inconsistency into the
summarisation of scientific evidence. This is likely to be a contributing factor in a
number of controversies about the safety of chemical substances. The potential value of
systematic review methods for improving the transparency and validity of chemical risk
assessments was arguably first articulated in the mid-2000s. By 2015, the first major
frameworks for conducting systematic reviews of environmental health evidence had
been published. What was not well understood at the time was how systematic review,
as a technically exacting methodology originally developed for evaluating the
effectiveness of interventions in healthcare, might be adapted to the specific workflows

and evidence streams of chemical risk assessment.

Objectives

The aim of this Thesis is to investigate how systematic review methods can be applied
to the conduct of chemical risk assessment. This overall aim is broken down into four
specific objectives: to identify practical challenges and knowledge gaps which impede
the implementation of systematic review methods in chemical risk assessment; to define
a consensus view on key recommended practices for the planning and conduct of
systematic reviews in the environmental health sciences; to examine how “biological
plausibility” as a concept fundamental to risk assessment is accommodated in
systematic review methodologies; and to describe the role of ontologies in making

evidence accessible for use in systematic chemical assessments.

Discussion

The use of systematic review methods should improve the validity, utility and
transparency of chemical risk assessments. However, the successful implementation of

systematic review methods hinges on addressing a number of challenges, including the



development of guidance for their conduct in environmental health contexts, and the
technical development of methods where systematic review approaches need to be

adapted to the specific requirements of chemical risk assessment.

In terms of developing guidance, a detailed set of recommendations for the conduct of
systematic reviews in environmental health and toxicological research was developed.
These “COSTER” recommendations identify 70 practices across eight performance
domains that will help ensure consistent and high standards for the growing number

systematic reviews on environmental health topics.

In terms of technical development of methods, “biological plausibility” is a concept
used by risk assessors to describe the extent to which an experimental surrogate or
knowledge of relevant biological mechanisms are informative of a systematic review
conclusion. Through examination of 12 case examples it is concluded that “biological
plausibility” is in fact already accommodated in the systematic review process under
the assessment of the indirectness or external validity of evidence; however, the
considerations which risk assessors take into account when assessing biological

plausibility should be absorbed into the assessment of external validity of studies.

Finally, examination of the concept of biological plausibility demonstrates the extreme
heterogeneity and volume of data which has to be accommodated in chemical risk
assessments. The role of ontologies in Knowledge Organisation Systems is examined
as a key enabler of scaling up of systematic review methods to handling the volume of
evidence which needs to be analysed if tens of thousands of chemicals, covering
potentially millions of studies, are to be reviewed systematically.
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Glossary and Abbreviations

Adverse Outcome Pathway: A way of formalizing, for risk assessment purposes, the
steps by which a disease progresses from exposure through to final adverse

outcome via increasing levels of biological complexity.
Bias: The systematic deviation of results or inferences from the truth.

Biological plausibility: A concept ambiguously defined in environmental health and
chemical risk assessment, which generally refers to the extent to which a
hypothetical association between an environmental exposure and a health
outcome is grounded in existing biological knowledge.

Bisphenol-A (BPA). An organic synthetic compound which is a precursor to
polycarbonates and epoxy resins, extensively used in food contact materials up to
the mid-2010s and the subject of multiple controversial chemical risk

assessments.

Chemical risk assessment (CRA): The determination of the probability of adverse

health outcomes following exposure to chemical substances.

Chemical risk management: The process of ensuring that levels of exposure to a
chemical substance do not exceed the tolerable thresholds determined by

chemical risk assessment.

Consensus: General agreement, characterized by the absence of sustained opposition
to any substantial issues under discussion and by a process that involves seeking
to take into account the views of all parties concerned and to reconcile any

conflicting arguments. Consensus need not imply unanimity.

Environmental health: the branch of public health concerned with investigating and/or

mitigating factors in the environment that affect human health and disease.

European Chemicals Agency (ECHA): The agency of the European Union which
manages the technical and administrative aspects of REACH.

Xiv



European Food Safety Authority (EFSA): The agency of the European Union that
provides scientific advice and communication on existing and emerging risks

associated with the food chain.

External validity: The extent to which the results of an experiment apply to contexts
outside that study, such as whether an effect observed in an experimental rat
population would also be observed in a human population of concern.

Grading of Recommendations Assessment, Development and Evaluation
(GRADE): A method for assessing the certainty in the evidence for effect
estimates and the strength of recommendations in health care. GRADE is being
adapted and applied to environmental health research.

Graph: A mathematical structure used to model pairwise relations between objects,
made up of nodes which are connected by edges. In computing, a graph database
uses graph structures for semantic queries. Graph databases can store statements
in natural language as subject-predicate-object “triples”, with subjects and objects

as nodes and predicates as edges.

Heterogeneity: Differences between studies. Heterogeneity can be statistical, referring
to how studies have varying results, and methodological, referring to how studies

can use varying designs to answer a given research question.

In vitro research: Study models using microorganisms, cells, or biological molecules

outside their normal biological context.
In vivo research: Study models using whole, living organisms.

Indirectness: One of the key GRADE domains, concerned with the extent to which the

evidence included in a systematic review addresses the review question.

Knowledge Organisation System (KOS): Technique for making existing information
accessible to people, including ontologies, controlled vocabularies and

thesauruses.
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Lowest observed adverse effect level (LOAEL): The lowest concentration or amount
of a substance that causes an adverse effect in a target organism, usually used as

a benchmark of toxic exposure in a chemical risk assessment.

Methodological Expectations of Cochrane Intervention Reviews (MECIR):

Cochrane standard for conduct of systematic reviews of healthcare interventions.

Narrative review: A broad concept which encompasses a number of different
approaches to reviewing evidence, generally implying the use of methods which
are based on an author’s subjective judgement rather than review techniques
designed to minimise bias. “Narrative” is also a technical term used in some areas
of research synthesis to refer to review methods which do not deal with

quantitative data. This meaning is not used in this Thesis.

National Toxicology Program Office of Health Assessment and Translation (NTP
OHAT): A division of the US National Toxicology Program which conducts
assessments of the potential for adverse effects on human health by chemical
substances. Arguably the first government agency in the world to publish a
framework for systematic review of health effects from exposure to chemical

substances.

Ontology: A formal method for representing knowledge, usually within a particular
knowledge domain, that relates terms or concepts to one another in a format that
supports reading and searching not only for the terms themselves, but also for the

relationships between those terms.

PECO statement: A mnemonic for Population Exposure Comparator Outcome
statement, as a means of operationalising the formulation of questions in a

systematic review

Preferred Reporting Items for Systematic Reviews and Meta Analyses (PRISMA):
An evidence-based minimum set of items for reporting in systematic reviews and
meta-analyses, focused on the reporting of reviews evaluating randomized trials,
but can also be used as a basis for reporting systematic reviews of other types of

research.

XVi



Recommendations for Conduct of Systematic reviews in Toxicology and
Environmental health Research (COSTER): The first formally-developed set
of recommendations for good practice in the conduct of environmental health

systematic reviews.

Registration, Evaluation and Authorisation of Chemicals (REACH): European
Union regulation addressing the production and use of chemical substances based
on determination and management of the risks they pose human and

environmental health.

Reporting standards for Systematic Evidence Syntheses in environmental research
(ROSEYS): a collaborative initiative with the aim of improving the standards of
reporting in evidence syntheses in environmental research. At the core of ROSES
is a set of detailed forms for ensuring evidence syntheses report their methods to

the highest possible standards.

Streetlight effect: The phenomenon by which research tends to be conducted in
established areas of understanding rather than around novel ideas, often the result
of it being easier to formulate questions around established concepts of known
relevance to the problem rather than novel concepts of unknown relevance to the
problem.

Systematic review (SR): a methodology for testing a research hypothesis using existing
evidence, that employs techniques intended to maximise transparency of methods

and minimize random and systematic error in deriving results.

The International Agency for Research on Cancer (IARC): An intergovernmental
agency of the World Health Organization of the United Nations, the role of which

is to conduct and coordinate research into the causes of cancer.

US Environmental Protection Agency (EPA): An independent executive agency of
the United States federal government tasked with environmental protection

matters

US Institute of Medicine (IOM): Renamed as the National Academy of Medicine, an

American non-profit, non-governmental organisation which provides national
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and international advice on issues relating to health, medicine, health policy, and

biomedical science.
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Introduction

Background

Assessing risks to health posed by exposure to chemical substances

Chemical risk assessment is the determination of the probability of adverse health
outcomes following exposure to chemical substances (National Research Council
Committee on the Institutional Means for Assessment of Risks to Public Health, 2014).
It consists of four steps: hazard identification, whereby the nature of the possible
adverse health outcomes from exposure to the chemical are identified; hazard
characterisation, whereby the relationship between exposure level and severity of
occurrence of an outcome is determined; exposure assessment, whereby the level of the
chemical to which a given population either is or can be expected to be exposed is
quantified; and risk characterisation, whereby the probability of harm is calculated as a

function of actual or expected exposure levels and the exposure-outcome relationship.

The results of a risk assessment process feed into risk management decisions about how
to ensure levels of exposure to a substance do not exceed tolerable thresholds. Health
risks from exposure to chemicals are managed through a wide variety of interventions,
from placing regulatory restrictions on how much of a chemical may be used in
consumer goods, thought setting emissions limits on manufacturing operations, to
requiring measures that limit exposure in occupational environments such as the
wearing of protective equipment. The stages of a human health risk assessment are
presented in Figure 1. Archetypal questions asked and addressed at each stage of the

risk assessment and risk management process are also presented.


https://paperpile.com/c/jsYvT4/ErnB
https://paperpile.com/c/jsYvT4/ErnB

1. Hazard Identification
What adverse health effects are caused
in humans by exposure to chemical X?
(e.g. does exposure to X cause cancer

in humans?)

2. Exposure Assessment

What is a given population’s level of
exposure to chemical X under existing
conditions? (e.g. what is the exposure

of farm workers to X?)

3. Hazard Characterisation

4. Risk Characterisation
Given current levels of exposure to X,
what is the incidence of adverse health

given population? (e.g.
how many instances of reduced male
fertility are caused by current exposure
to X?)

5. Risk Management
What level of chemical X should be
allowed to ensure a given population’s
exposure to X does not exceed the
acceptable threshold? (e.g. what limit
should be set on the level of X in food
packaging to reduce infertility risk to
an acceptable level?)

What is the threshold at which
exposure to X has no adverse health
effect in a given population? (e.g. what
is the dose level at which exposure to X
no longer causes histological changes
in the testis?)

Figure 1. The components of a human-health risk assessment. Archetypal questions asked at each stage of the risk
assessment and risk management process are included. The components are typical of wider environmental risk

assessments. Adapted from World Health Organisation Chemical Risk Assessment Network (in prep).

With accuracy at a premium, there is a general expectation that the gathering of
evidence for risk assessment be comprehensive and its evaluation be as objective as
possible. This can, however, be a challenging expectation to meet, as the steps of the
chemical risk assessment process draw on a range of fields of scientific research
including environmental chemistry, toxicology (encompassing in vivo, in vitro,
ecotoxicological and in silico computational methods), human epidemiology, and
mathematical and statistical modelling. In spite of regulatory frameworks such as
REACH (the Registration, Evaluation and Authorisation of Chemicals) emphasising the
collation and analysis of all evidence relevant to evaluating risks of exposure to a given
substance (Beronius et al., 2014), there has been long-standing concern about whether
risk assessment processes are sufficiently scientifically robust (National Research
Council, 2009).

One example which illustrates the problems with evaluating evidence of health risks
from chemical exposures is in the range of contradictory opinions that expert scientists
and reputable organisations have in the past held about the substance bisphenol-A
(BPA). As a commonly-used food contact material, exposure to BPA had become
ubiquitous by the early 20th Century. Concerns, however, were being raised about its
potential to act in the body as an oestrogen (Vom Saal et al., 2012). This was heavily
investigated by scientists, with almost 3,000 studies into the chemical indexed in the
PubMed database by 2010 and the number of studies doubling in the following five
years. Risk assessments of BPA, however, were highly inconsistent: by 2015, five


https://paperpile.com/c/jsYvT4/FWVB
https://paperpile.com/c/jsYvT4/vs0Z
https://paperpile.com/c/jsYvT4/as2K
https://paperpile.com/c/jsYvT4/as2K
https://paperpile.com/c/jsYvT4/n2tM

different authoritative organisations and researchers had come to incompatible
conclusions about safe exposure levels to BPA, varying from “no concern for any age
group” to “effects have been demonstrated [at] 1-4 magnitudes of order lower than the
current LOAEL [lowest observed adverse effect level]” (Whaley et al., 2016).

These differences in conclusions have occurred in spite of each research group or
agency committee ostensibly having access to the same body of scientific evidence
about health risks from exposure to BPA. This should not necessarily be surprising:
when a variety of expert groups interpret such a large, complex body of evidence
differences in opinion should be expected. The experts will be exercising judgement
from the varied backgrounds drawn on in risk assessment, with varying degrees of
cognitive access to relevant information, while placing differing weight on individual
studies and/or strands of evidence that they review and, when working in committee,

potentially being more or less influenced by social dynamics in the group (Janis, 1983).

The problem is that when expert opinions are in conflict it can be very challenging to
distinguish which conclusions are likely to represent the most valid synthesis of the
totality of the available evidence. The objectivity of a process is also brought into
question when it produces inconsistent results among those supposedly following it.
This is not a sustainable situation for chemical risk assessment and an inadequate basis
for regulatory interventions for risk management, which require consistency and
certainty. The question, then, is whether it is possible to do better: can more consistency,
transparency and objectivity be brought into the processes by which scientific evidence

is evaluated in chemical risk assessment?

Systematic review as a potential solution

to inconsistency in risk assessment

Chemical risk assessment has traditionally been dependent on what has been labelled
by many as “narrative” approaches to describing what is known in answer to each
question in the risk assessment process (Agerstrand and Beronius, 2015; Beronius and
Vandenberg, 2016; Rhomberg et al., 2013). As a term, “narrative” is a broad concept
which encompasses a number of different approaches to reviewing evidence, from the
caricature of one researcher writing about “my field, from my standpoint [...] using

only my data and my ideas, and citing only my publications” (Caveman, 1999), to


https://paperpile.com/c/jsYvT4/aTY2
https://paperpile.com/c/jsYvT4/2TTc
https://paperpile.com/c/jsYvT4/7Uhk+dY0t+iPm5
https://paperpile.com/c/jsYvT4/7Uhk+dY0t+iPm5
https://paperpile.com/c/jsYvT4/oM8p

thorough narrative critiques of comprehensively identified evidence as conducted by
organisations such as IARC (IARC, 2019). (“Narrative” is also a term used to describe
techniques for synthesising evidence without meta-analysis (Popay et al., 2006); this is

not the meaning being discussed here.)

Whatever their specific type, it has been recognised that traditional narrative reviews
are, to varying degrees, vulnerable to a range of methodological shortcomings which
are likely to bias their summarisation of the evidence base (Chalmers et al., 2002). These
include the potential for selective retrieval of evidence relevant to the review question,
inconsistent interpretation of the impact of methodological shortcomings on the validity
of findings of scientific studies, and often even an absence of clear review objectives
(Mignini and Khan, 2006; Mulrow, 1987). As for risk assessments, when there exist
multiple competing reviews, each using opaque methods, it becomes almost impossible
to judge their relative merits and therefore to base decisions on the current best available

evidence.

In medicine, it was increasingly clear by the early 1990s that dependence on narrative
methods for evaluating the effectiveness of healthcare interventions was costing lives
and wasting money (Chalmers and Glasziou, 2009). To solve this problem, the medical
field began to incentivise widespread use of robust “systematic” review methods for
answering questions in healthcare research. Systematic review is an approach to
reviewing evidence which seeks to methodically “collate all empirical evidence that fits
pre-specified eligibility criteria in order to answer a specific research question,” using
“explicit, systematic methods that are selected with a view to minimising bias” (Higgins
et al., 2019). Systematic review has been enormously successful, rapidly becoming one
of the most-cited forms of healthcare research (Patsopoulos et al., 2005), an integral
step in planning research (Sutton et al., 2009) and vital to clarifying uncertainties about

the effectiveness of medical interventions (Chalmers, 2010).

The potential value of systematic review methods for improving how evidence is
reviewed in chemical risk assessment was arguably first articulated in the mid-2000s
(Guzelian et al., 2005; Hoffmann and Hartung, 2006). This was followed by initial work
at the University of California San Francisco on the Navigation Guide framework for
conduct of systematic reviews in environmental health research (Woodruff and Sutton,
2010, 2011) and description by the European Food Safety Authority of the potential
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benefits of systematic review in food and feed safety assessments (European Food
Safety Authority, 2010). The first evaluation of how methods used in regulatory risk
assessments compare to healthcare systematic reviews was published by the present
author in 2013 (Whaley, 2013). In 2014, the Navigation Guide was formally published
(Woodruff and Sutton, 2014) and in 2015 the US National Toxicology Program Office
of Health Assessment and Translation issued the first government agency handbook for
conduct of systematic reviews for health assessments (Rooney Andrew et al., 2014; US

National Toxicology Panel, 2015).

Objectives and structure of this Thesis

Given the parallels between the challenge of evidence evaluation in chemical risk
assessment as understood in 2015 and the situation in medicine which systematic review
methods are intended to resolve, the overall aim of this Thesis is to investigate how
systematic review methods can be applied to the conduct of chemical risk assessment.

This overall aim is broken down into four specific objectives:

1. Identify practical challenges and knowledge gaps which impede the

implementation of systematic review methods in chemical risk assessment;

2. Define a consensus view on key recommended practices for the planning

and conduct of systematic reviews in the environmental health sciences;

3. Examine how “biological plausibility” as a concept fundamental to risk

assessment is accommodated in systematic review methodologies;

4. Describe the role of ontologies in making evidence accessible for use in

systematic chemical assessments.

The work in response to each objective is described in detail in four manuscripts in this
Thesis. The first two manuscripts (Whaley et al., 2020, 2016) have been published in
scientific journals. The third manuscript (Whaley et al., in prep) has passed the first
round of the approval process for official publications of the international GRADE
Working Group. The fourth manuscript (Whaley et al., submitted) has been resubmitted

to a scientific journal after being revised in response to peer-review comments.
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The conclusions of this Thesis are presented after the four papers. This final section
describes how the broader field of systematic review methods in chemical risk
assessment and environmental health research has progressed in relation to the
objectives of this Thesis over the seven years since commencement of this PhD, and

presents a set of research priorities which respond to that evolution.

Chapter 1. Challenges and opportunities

By 2014 systematic review had become increasingly viewed as a potentially powerful
technique in assessing and communicating how likely it is that a chemical will cause
health harm. However, it was not well understood at the time what various stakeholders
perceived as being the main challenges in implementing systematic review methods in

chemical risk assessment, nor how these challenges might practically be overcome.

The first objective of this Thesis is therefore to identify from expert practitioners the
practical challenges and knowledge gaps to implementation of systematic review
methods in chemical risk assessment, and to develop with them a roadmap for
overcoming these obstacles and expediting the implementation of systematic methods

by the various stakeholders involved in chemical risk assessment.

To achieve this, in November 2014 a one-day workshop was organised with
participation of 35 scientists and researchers from the fields of medicine, toxicology,
epidemiology, environmental chemistry, ecology, risk assessment, risk management

and systematic review.

The workshop identified six characteristics of high quality chemical risk assessment.
These included transparency of process and reasoning, validity of findings, statement
of confidence in the evidence, utility and comprehensibility of assessment outputs,
efficiency of use of resources, and reproducibility of results across multiple assessment
teams. The limitations which traditional narrative review methods present in terms of
delivering these six characteristics were contrasted with how risk assessment products

might be improved if systematic methods were successfully implemented.

The workshop concluded that implementation of systematic methods in chemical risk
assessment is a complex challenge, due to the multi-faceted, interdisciplinary nature of

the type of work involved and the high level of heterogeneity of the evidence base



relevant to assessing health risks from exposure to chemical substances. The
straightforward transferral of methods from healthcare systematic reviews is therefore
not a realistic proposition. However, the participants were able to come to a consensus
view on seven recommendations that would increase the likelihood of successful

implementation of systematic review methods in chemical risk assessment.

Chapter 2. Recommended Practices

The second objective of this thesis responds to Recommendation #4 from Chapter 1, to
contribute to the development of “a recognised ‘gold standard’ for SRs in toxicology

and risk assessment”.

In 2016, while some handbooks and frameworks for conduct of systematic reviews had
been published, there was no authoritative guidance written for the environmental
health and chemical risk assessment community as to what criteria need to be fulfilled
to render a literature review authentically systematic. While a number of handbooks,
guidance and framework documents had been published, they were collectively
inconsistent, individually incomplete, and sometimes made recommendations which
would not necessarily be recognised by e.g. the medical community as being systematic

practices.

To solve this problem, a second workshop was convened in follow-up to that which
delivered Objective 1. The purpose of the second workshop was to develop an expert,
cross-sector consensus view on a key set of recommended practices for the planning
and conduct of systematic reviews in the environmental health sciences, including
chemical risk assessments. This would serve as an authoritative guide as to what
environmental health scientists and risk assessors should do if they are to conduct a

review according to systematic methods.

The workshop and following consensus process yielded the Conduct of Systematic
Reviews in Toxicology and Environmental Health Research (COSTER)
recommendations, defining 70 systematic review practices across eight performance
domains. The recommendations are accompanied by detailed descriptions of how the
practices respond to the requirements of the environmental health and risk assessment
context. As a first step in defining a widely accepted standard for conduct of systematic
reviews, COSTER also proposes a set of activities which would further develop the



standard in future. Finally, the paper indicates areas in which systematic review
methods have not yet been defined for environmental health contexts, so consensus on

good practice cannot yet be established.

Chapter 3. Biological plausibility

Chapter 3 follows up on Recommendation #1 from Chapter 1 for “technical
development of SR methodologies for CRA [chemical risk assessment] purposes” and
the recommendation from Chapter 2 for work on research methods which could allow
the development of “more detailed recommendations for appraising the external validity

of included studies”.

To achieve this, Chapter 3 focuses on the concept of “biological plausibility” in
environmental health systematic review. As a concept, “biological plausibility” is
routinely used in chemical risk assessment when researchers are evaluating how
confident they are in the results and inferences of a study or evidence review. When
biological plausibility is high, the results of a study are more certain; when it is low, the
credibility of a study is called into question and its utility in risk assessment is

diminished.

Although widely-used in risk assessment, the exact definition of ‘“biological
plausibility” is ambiguous, with it being applied differently depending on the context
of its use. “Biological plausibility” is purposefully not used in one of the most widely-
used approaches for assessing certainty in the evidence which underpins the findings of
a systematic review, the GRADE Framework (Guyatt et al., 2008; Schunemann et al.,

2011). Nor is “biological plausibility” mentioned in the recommendations of COSTER.

The objective of Chapter 3 is therefore to determine whether “biological plausibility” is
a concept which has been overlooked in developing systematic review methods for use
in chemical risk assessment, or if the concept is already subsumed under other steps or

concepts in the SR process.

Chapter 3 argues that “biological plausibility” is a concept which primarily comes into
play when risk assessors need to include in vivo and in vitro studies in a review because
evidence from observational studies in humans is of insufficient certainty for making

decisions or drawing robust enough conclusions. This is a common occurrence in
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chemical risk assessment, where evidence from human populations is usually very

limited.

Through a series of 12 examples that specifically reference the “biological plausibility”
of an inference from an experimental model to a real-word target context of concern,
Chapter 3 argues that “biological plausibility” is functionally equivalent to assessment
of the indirectness of the evidence (the extent to which existing research fits with the
question being posed in a systematic review) within the GRADE Framework. That is to
say, the concept of biological plausibility in traditional use in chemical risk assessment
maps onto concepts already in use in systematic review, meaning that systematic review
methods do not need to be extended to include biological plausibility as a domain-

specific concept.

However, what is clear from the 12 examples is that in risk assessment contexts there
is a lot more experience in and use of highly indirect evidence than is typically
encountered in the healthcare and public health contexts in which systematic review
methods were developed and GRADE is normally deployed. We therefore examine how
toxicologists and risk assessors judge “biological plausibility” to gather important clues
as to the sort of information which should be used when assessing the indirectness of

evidence in environmental health systematic reviews.

Chapter 4. Ontologies

Chapter 4 responds to Recommendation #2c of Chapter 1 for development of tools to
“support extraction, analysis and sharing of data from studies included in reviews”.
Over the last three years this has become increasingly recognised as a critical issue in
the successful application of systematic review methods to chemical risk assessment.

The reason such tools are needed relates to the almost extreme heterogeneity of the
evidence base drawn on in environmental health research, as alluded to in the 12
examples of Chapter 3 which illustrate how studies included in a systematic review are
informative of, but do not directly address, the populations, health outcomes and
exposures of concern in a risk assessment. Tracing how these indirectly related concepts
fit together for the purpose of drawing conclusions about risks to health presented by
exposure to chemical substances is a collective endeavour which exceeds the individual

capacity of any one researcher or research group. To do this in a way which is efficient



and can be shared between independent research groups requires “Knowledge
Organisation Systems” which capture these conceptual relations; building these systems

requires the development and implementation of risk assessment “ontologies”.

The objective of Chapter 4 is to describe what are “Ontologised Knowledge
Organisation Systems” and characterise how they potentially enable the vast wealth of
information available about health risks posed by exposure to chemical substances to

be fully available to systematic reviews.

Chapter 4 achieves this via discussion of the “streetlight effect” in information retrieval
and how it challenges the conduct of systematic reviews and evidence maps. The
advantages and limitations of controlled vocabularies and thesauruses are highlighted
as current approaches to addressing the streetlight effect, and then contrasted with the
additional retrieval power which would be permitted by wholesale implementation of
ontologies in environmental health research databases. Finally, the example of Adverse
Outcome Pathways, as a relatively novel innovation in chemical risk assessment, is used
to both illustrate the challenges in developing Knowledge Organisation Systems for
chemical risk assessment and to outline a strategy for how these challenges can be

overcome.

References

Agerstrand, M., Beronius, A. (2015) Weight of evidence evaluation and systematic
review in EU chemical risk assessment: Foundation is laid but guidance is needed.
Environ. Int. 92-93, 590-596.

Beronius, A., Hanberg, A., Zilliacus, J., Rudén, C. (2014) Bridging the gap between
academic research and regulatory health risk assessment of Endocrine Disrupting
Chemicals. Curr. Opin. Pharmacol. 19, 99-104.

Beronius, A., Vandenberg, L.N. (2016) Using systematic reviews for hazard and risk
assessment of endocrine disrupting chemicals. Rev. Endocr. Metab. Disord.

Caveman, A. (1999) The invited review? or, my field, from my standpoint, written by
me using only my data and my ideas, and citing only my publications. J. Cell Sci.
113, 3125-3126.

Chalmers, 1. (2010) Systematic reviews and uncertainties about the effects of
treatments. Cochrane Database Syst. Rev. 2011, ED000004.

Chalmers, 1., Glasziou, P. (2009) Avoidable waste in the production and reporting of
research evidence. Lancet 374, 86-89.

10


http://paperpile.com/b/jsYvT4/7Uhk
http://paperpile.com/b/jsYvT4/7Uhk
http://paperpile.com/b/jsYvT4/7Uhk
http://paperpile.com/b/jsYvT4/vs0Z
http://paperpile.com/b/jsYvT4/vs0Z
http://paperpile.com/b/jsYvT4/vs0Z
http://paperpile.com/b/jsYvT4/iPm5
http://paperpile.com/b/jsYvT4/iPm5
http://paperpile.com/b/jsYvT4/oM8p
http://paperpile.com/b/jsYvT4/oM8p
http://paperpile.com/b/jsYvT4/oM8p
http://paperpile.com/b/jsYvT4/yLjn
http://paperpile.com/b/jsYvT4/yLjn
http://paperpile.com/b/jsYvT4/c5ea
http://paperpile.com/b/jsYvT4/c5ea

Chalmers, 1., Hedges, L.V., Cooper, H. (2002) A brief history of research synthesis.
Eval. Health Prof. 25, 12-37.

European Food Safety Authority. (2010) Application of systematic review methodology
to food and feed safety assessments to support decision making. EFSA Journal 8,
1637.

Guyatt, G.H., Oxman, A.D., Vist, G.E., Kunz, R., Falck-Ytter, Y., Alonso-Coello, P.,
Schinemann, H.J., GRADE Working Group (2008) GRADE: an emerging
consensus on rating quality of evidence and strength of recommendations. BMJ
336, 924-926.

Guzelian, P.S., Victoroff, M.S., Halmes, N.C., James, R.C., Guzelian, C.P. (2005)
Evidence-based toxicology: a comprehensive framework for causation. Hum. Exp.
Toxicol. 24, 161-201.

Higgins, J.P.T., Thomas, J., Chandler, J., Cumpston M., Li, T., Page, M.J., Welch, V.A.,
(Eds.). (2019) Cochrane Handbook for Systematic Reviews of Interventions version
6.0 (updated July 2019). Cochrane.

Hoffmann, S., Hartung, T., (2006) Toward an evidence-based toxicology. Hum. Exp.
Toxicol. 25, 497-513.

IARC (2019) IARC Monographs on the Identification of Carcinogenic Hazards to
Humans: Preamble.

Janis, I.L. (1983) Groupthink: Psychological Studies of Policy Decisions and Fiascoes.
Houghton Mifflin, Boston, USA.

Mignini, L.E., Khan, K.S. (2006) Methodological quality of systematic reviews of
animal studies: a survey of reviews of basic research. BMC Med. Res. Methodol. 6,
10.

Mulrow, C.D. (1987) The medical review article: state of the science. Ann. Intern. Med.
106, 485-488.

National Research Council, Division on Earth and Life Studies, Board on
Environmental Studies and Toxicology, Committee on Improving Risk Analysis
Approaches Used by the U.S. EPA. (2009) Science and Decisions: Advancing Risk
Assessment. National Academies Press.

National Research Council Committee on the Institutional Means for Assessment of
Risks to Public Health. (2014) Risk Assessment in the Federal Government:
Managing the Process. National Academies Press (US), Washington (DC).

Patsopoulos, N.A., Analatos, A.A., loannidis, J.P.A. (2005) Relative citation impact of
various study designs in the health sciences. JAMA 293, 2362-2366.

Popay, J., Roberts, H., Sowden, A., Petticrew, M., Arai, L., Rodgers, M., Britten, N.,
Roen, K., Duffy, S. (2006) Guidance on the Conduct of Narrative Synthesis in
Systematic Reviews. A Product from the ESRC Methods Programme 211-219.

11


http://paperpile.com/b/jsYvT4/OXVX
http://paperpile.com/b/jsYvT4/OXVX
http://paperpile.com/b/jsYvT4/3Dln
http://paperpile.com/b/jsYvT4/3Dln
http://paperpile.com/b/jsYvT4/3Dln
http://paperpile.com/b/jsYvT4/cWiM
http://paperpile.com/b/jsYvT4/cWiM
http://paperpile.com/b/jsYvT4/cWiM
http://paperpile.com/b/jsYvT4/cWiM
http://paperpile.com/b/jsYvT4/2RcP
http://paperpile.com/b/jsYvT4/2RcP
http://paperpile.com/b/jsYvT4/2RcP
http://paperpile.com/b/jsYvT4/crAc
http://paperpile.com/b/jsYvT4/crAc
http://paperpile.com/b/jsYvT4/crAc
http://paperpile.com/b/jsYvT4/gXCT
http://paperpile.com/b/jsYvT4/gXCT
http://paperpile.com/b/jsYvT4/ScQW
http://paperpile.com/b/jsYvT4/ScQW
http://paperpile.com/b/jsYvT4/2TTc
http://paperpile.com/b/jsYvT4/2TTc
http://paperpile.com/b/jsYvT4/CWBG
http://paperpile.com/b/jsYvT4/CWBG
http://paperpile.com/b/jsYvT4/CWBG
http://paperpile.com/b/jsYvT4/TEja
http://paperpile.com/b/jsYvT4/TEja
http://paperpile.com/b/jsYvT4/as2K
http://paperpile.com/b/jsYvT4/as2K
http://paperpile.com/b/jsYvT4/as2K
http://paperpile.com/b/jsYvT4/as2K
http://paperpile.com/b/jsYvT4/ErnB
http://paperpile.com/b/jsYvT4/ErnB
http://paperpile.com/b/jsYvT4/ErnB
http://paperpile.com/b/jsYvT4/yaAD
http://paperpile.com/b/jsYvT4/yaAD
http://paperpile.com/b/jsYvT4/HLkq
http://paperpile.com/b/jsYvT4/HLkq
http://paperpile.com/b/jsYvT4/HLkq

Rhomberg, L.R., Goodman, J.E., Bailey, L.A., Prueitt, R.L., Beck, N.B., Bevan, C.,
Honeycutt, M., Kaminski, N.E., Paoli, G., Pottenger, L.H., Scherer, R.W., Wise,
K.C., Becker, R.A. (2013) A survey of frameworks for best practices in weight-of-
evidence analyses. Crit. Rev. Toxicol. 43, 753-784.

Rooney A.A., Boyles A.L., Wolfe M.S., Bucher J.R., Thayer K.A. (2014) Systematic
Review and Evidence Integration for Literature-Based Environmental Health
Science Assessments. Environ. Health Perspect. 122, 711-718.

Board on Population Health and Public Health Practice and Institute of Medicine.
Roundtable on Environmental Health Sciences, Research, and Medicine. (2014)
The Challenge: Chemicals in Today’s Society. National Academies Press (US).

Schunemann, H., Hill, S., Guyatt, G., Akl, E.A., Ahmed, F. (2011) The GRADE
approach and Bradford Hill’s criteria for causation. Journal of Epidemiology &
Community Health 65, 392—-395.

Sutton, A.J., Cooper, N.J., Jones, D.R. (2009) Evidence synthesis as the key to more
coherent and efficient research. BMC Med. Res. Methodol. 9, 29.

US National Toxicology Panel. (2015) Handbook for Conducting a Literature-Based
Health Assessment Using OHAT Approach for Systematic Review and Evidence
Integration. Research Triangle Park, NC, USA. Available online:
https://ntp.niehs.nih.gov/whatwestudy/assessments/noncancer/handbook/index.ht
ml

VVom Saal, F.S., Nagel, S.C., Coe, B.L., Angle, B.M., Taylor, J.A. (2012) The estrogenic
endocrine disrupting chemical bisphenol A (BPA) and obesity. Mol. Cell.
Endocrinol. 354, 74-84.

Whaley, P. (2013) Systematic review and the future of evidence in chemicals policy.
Available online: http://policyfromscience.com/wp-content/uploads/2013/11/PFS-
Report-Electronic-Release-Version.pdf

Whaley, P., Aiassa, E., Beausoleil, C., Beronius, A., Bilotta, G., Boobis, A., de Vries,
R., Hanberg, A., Hoffmann, S., Hunt, N., Kwiatkowski, C.F., Lam, J., Lipworth,
S., Martin, O., Randall, N., Rhomberg, L., Rooney, A.A., Schinemann, H.J.,
Wikoff, D., Wolffe, T., Halsall, C. (2020) Recommendations for the conduct of
systematic reviews in toxicology and environmental health research (COSTER).
Environ. Int. 143, 105926.

Whaley, P., Edwards, S.W., Kraft, A., Nyhan, K., Shapiro, A., Watford, S., Wattam, S.,
Wolffe, T.A.M., Angrish, M. (submitted) Knowledge Organization Systems for
Systematic Chemical Assessments.

Whaley, P., Halsall, C., Agerstrand, M., Aiassa, E., Benford, D., Bilotta, G., Coggon,
D., Collins, C., Dempsey, C., Duarte-Davidson, R., FitzGerald, R., Galay-Burgos,
M., Gee, D., Hoffmann, S., Lam, J., Lasserson, T., Levy, L., Lipworth, S., Ross,
S.M., Martin, O., Meads, C., Meyer-Baron, M., Miller, J., Pease, C., Rooney, A.,
Sapiets, A., Stewart, G., Taylor, D., 2016. Implementing systematic review
techniques in chemical risk assessment: Challenges, opportunities and
recommendations. Environ. Int. 92-93, 556-564.

12


http://paperpile.com/b/jsYvT4/dY0t
http://paperpile.com/b/jsYvT4/dY0t
http://paperpile.com/b/jsYvT4/dY0t
http://paperpile.com/b/jsYvT4/dY0t
http://paperpile.com/b/jsYvT4/zKrK
http://paperpile.com/b/jsYvT4/zKrK
http://paperpile.com/b/jsYvT4/zKrK
http://paperpile.com/b/jsYvT4/PPPp
http://paperpile.com/b/jsYvT4/PPPp
http://paperpile.com/b/jsYvT4/PPPp
http://paperpile.com/b/jsYvT4/U5er
http://paperpile.com/b/jsYvT4/U5er
http://paperpile.com/b/jsYvT4/8Ok0
http://paperpile.com/b/jsYvT4/8Ok0
http://paperpile.com/b/jsYvT4/8Ok0
http://paperpile.com/b/jsYvT4/n2tM
http://paperpile.com/b/jsYvT4/n2tM
http://paperpile.com/b/jsYvT4/n2tM
http://paperpile.com/b/jsYvT4/arft
http://paperpile.com/b/jsYvT4/YPRD
http://paperpile.com/b/jsYvT4/YPRD
http://paperpile.com/b/jsYvT4/YPRD
http://paperpile.com/b/jsYvT4/YPRD
http://paperpile.com/b/jsYvT4/YPRD
http://paperpile.com/b/jsYvT4/YPRD
http://paperpile.com/b/jsYvT4/75Z0
http://paperpile.com/b/jsYvT4/75Z0
http://paperpile.com/b/jsYvT4/75Z0
http://paperpile.com/b/jsYvT4/aTY2
http://paperpile.com/b/jsYvT4/aTY2
http://paperpile.com/b/jsYvT4/aTY2
http://paperpile.com/b/jsYvT4/aTY2
http://paperpile.com/b/jsYvT4/aTY2
http://paperpile.com/b/jsYvT4/aTY2
http://paperpile.com/b/jsYvT4/aTY2

Whaley, P., Piggott, T., Morgan, R.L., Wikoff, D., Hoffmann, S., Tsaioun, K., Thayer,
K., Schiinemann, H.J. (in prep) “Biological plausibility” and the analysis of indirect
evidence in environmental health systematic reviews: a GRADE concept paper.

Wolffe, T.A.M., Vidler, J., Halsall, C., Hunt, N., Whaley, P. (2020) A Survey of
Systematic Evidence Mapping Practice and the Case for Knowledge Graphs in
Environmental Health and Toxicology. Toxicol. Sci. 175, 35-49.

Wolffe, T.AM., Whaley, P., Halsall, C., Rooney, A.A., Walker, V.R. (2019)
Systematic evidence maps as a novel tool to support evidence-based decision-
making in chemicals policy and risk management. Environ. Int. 130, 104871.

Woodruff, T.J., Sutton, P. (2010) Pulling Back the Curtain: Improving Reviews in
Environmental Health. Environ. Health Perspect. 118, a326-a327.

Woodruff, T.J., Sutton, P. (2011) An Evidence-Based Medicine Methodology To
Bridge The Gap Between Clinical And Environmental Health Sciences. Health Aff.
30, 931-937.

Woodruff, T.J.,, Sutton, P. (2014) The Navigation Guide systematic review
methodology: a rigorous and transparent method for translating environmental
health science into better health outcomes. Environ. Health Perspect. 122, 1007—
1014.

World Health Organisation Chemical Risk Assessment Network. (in prep) A

Framework for Conduct of Systematic Reviews in Chemical Risk Assessment.
World Health Organisation.

13


http://paperpile.com/b/jsYvT4/ejWw
http://paperpile.com/b/jsYvT4/ejWw
http://paperpile.com/b/jsYvT4/ejWw
http://paperpile.com/b/jsYvT4/Ek5D
http://paperpile.com/b/jsYvT4/Ek5D
http://paperpile.com/b/jsYvT4/Ek5D
http://paperpile.com/b/jsYvT4/3hEe
http://paperpile.com/b/jsYvT4/3hEe
http://paperpile.com/b/jsYvT4/3hEe
http://paperpile.com/b/jsYvT4/Gcth
http://paperpile.com/b/jsYvT4/Gcth
http://paperpile.com/b/jsYvT4/Ok57
http://paperpile.com/b/jsYvT4/Ok57
http://paperpile.com/b/jsYvT4/Ok57
http://paperpile.com/b/jsYvT4/oPRv
http://paperpile.com/b/jsYvT4/oPRv
http://paperpile.com/b/jsYvT4/oPRv
http://paperpile.com/b/jsYvT4/oPRv
http://paperpile.com/b/jsYvT4/FWVB
http://paperpile.com/b/jsYvT4/FWVB
http://paperpile.com/b/jsYvT4/FWVB

Chapter 1.
Challenges and

Opportunities

This chapter was published in the journal Environment International. The online
version of the manuscript is available at this DOI: 10.1016/j.envint.2015.11.002

According to the Contributor Roles Taxonomy, the candidate’s contribution was as
follows: conceptualisation; methodology; investigation; writing (original draft); writing

(review and editing); project administration; funding acquisition.

Candidate: Date:

Mr. Paul A. Whaley

Supervisor: Date:

Prof. Crispin J. Halsall

14


https://doi.org/10.1016/j.envint.2015.11.002

Applying Systematic Review Methods in Chemical Risk Assessment - Chapter 1.
Challenges and Opportunities

Environment International 92-93 (2016) 556-564

Contents lists available at ScienceDirect

Environment International

journal homepage: www.elsevier.com/locate/envint

Implementing systematic review techniques in chemical risk
assessment: Challenges, opportunities and recommendations

(W) o

Paul Whaley ?, Crispin Halsall **, Marlene Agerstrand ®, Elisa Aiassa ¢, Diane Benford €, Gary Bilotta ¢,
David Coggon f, Chris Collins ¥, Ciara Dempsey ", Raquel Duarte-Davidson &, Rex FitzGerald ",

Malyka Galay-Burgos *, David Gee ', Sebastian Hoffmann, Juleen Lam k Toby Lasserson', Len Levy ™,
Steven Lipworth ", Sarah Mackenzie Ross °, Olwenn Martin ', Catherine Meads P, Monika Meyer-Baron 9,
James Miller ', Camilla Pease °, Andrew Rooney ', Alison Sapiets ", Gavin Stewart ¥, David Taylor "

# Lancaster Environment Centre, Lancaster University, Lancaster LA1 4YQ, UK

Y Department of Environmental Science and Analytical Chemistry, Stockholm University, SE-106 91, Stockholm, Sweden

* Food Standards Agency, Aviation House, 125 Kingsway, London WC2B 6NH, UK

4 Assessment and Methodological Support Unit, European Food Safety Authority, Via Carlo Magno 1/a 43126, Parma, Italy

® Aquatic Research Centre, University of Brighton, Lewes Road, Brighton BN2 4G/, UK

" MRC Lifecourse Epidemiology Unit, University of Southampton, MRC Lifecourse Epidemiology Unit, Southampton General Hospital, Southarpton S016 6YD, UK
& Centre for Radiation, Chemicals and Environmental Hazards, Public Health England, Harwell Science and Innovation Campus, Didcot, Oxfordshire 0X11 ORQ, UK
I Swiss Centre for Applied Human Toxicology, University of Basel, Missionsstrasse 64, 4055 Basel, Switzerland

! Institute for the Environment, Heaith and Societies, Brunel University London, Kingston Lane, Uxbridge UB8 3PH, UK

I Evidence-Based Toxicology Collaboration (EBTC), Stembergring 15, 33106 Paderborn, Germany

¥ University of California San Francisco, Program on Reproductive Health and the Environment, San Francisco, CA, USA

! Cochrane Editorial Unit, Cochrane Central Fxecutive, St Albans House, 57-9 Haymarket, London SW1Y 40X, UK

™ Institute of Environment, Health, Risks and Futures, School of Energy, Environtent and Agrifood, Cranfiefd University, Cranfield, Bedfordshire MK43 0AL UK

" Royal Society of Chemistry, Burlington House, Piccadiily, London W1] 0BA, UK

© Research Department of Clinical, Educational and Health Psychology, University College London, Gower Street, London WCIE 6BT, UK

P Heaith Economics Research Group, Brunel University London, Kingston Lane, Uxbridge UBS 3PH, UK

9 Leibniz Research Cetitre for Working Environment and Human Factors (IfADo), Neurobehavioural Toxicology, Ardeystr 67, D-44139 Dortmund, Germany

" Centre for Ecology and Hydrology, Wallingford, Oxfordshire 0X10 8BB, UK

* Ramboll Environ, T Broad Gate, The Headrow, Leeds [S1 8EQ, UK

' National Institute of Environmental Sciences (NIEHS), National Institutes of Health (NIH}, Department of Health and Human Services (DHHS), Research Triangle Park, NG, USA
" Syngenta Lid, Jealott’s Hill International Research Centre, Bracknell RG42 GEY, UK

Y Centre for Rural Economy, School of Agriculture, Food and Rural Development, University of Newcastle upon Tyne, UK

“ Department of Geography and Environmental Science, School of Archaeology, Geography and Environmental Science, University of Reading, Reading, RG6 6DW, United Kingdom
* European Centre for Ecotoxicology and Toxicology of Chemicals (ECETOC), Avenue Edmond Van Nieuwenhuyse 2 Bte 88-1160 Brussels, Belgium

ARTICLE INFO ABSTRACT
Article history: Systematic review (SR) is a rigorous, protocol-driven approach designed to minimise error and bias when
Received 8 August 2015 summarising the body of research evidence relevant to a specific scientific question. Taking as a comparator the

Accepted 2 November 2015

- use of SR in synthesising research in healthcare, we argue that SR methods could also pave the way for a “step
Available online 11 December 2015

change” in the transparency, objectivity and communication of chemical risk assessments (CRA) in Europe and else-
where. We suggest that current controversies around the safety of certain chemicals are partly due to limitations in

;?;ﬁv ;rsiss.sm ent current CRA precedures which have contributed to ambiguity about the health risks posed by these substances. We
Research synthesis present an overview of how SR methods can be applied to the assessment of risks from chemicals, and indicate how
Environment challenges in adapting SR methods from healthcare research to the CRA context might be overcome, Regarding the
Chemicals latter, we report the outcomes from a workshop exploring how to increase uptake of SR methods, attended by ex-
Systematic review perts representing a wide range of fields related to chemical toxicology, risk analysis and SR. Priorities which were
Toxicology identified include: the conduct of CRA-focused prototype SRs; the development of a recognised standard of

reporting and conduct for SRs in toxicology and CRA; and establishing a network to facilitate research, communica-

tien and training in SR methods. We see this paper as a milestone in the creation of a research climate that fosters
communication between experts in CRA and SR and facilitates wider uptake of SR methods into CRA.

© 2015 The Authors. Published by Elsevier Lid. This is an open access article under the CC BY license

(http: //creativecommons.org/licenses/by/4.0/).

* Corresponding author.
[E-mail address: c.halsall@lancaster.ac.uk (C. Halsall).

http://dx.doi.org/10.1016/j.envint.2015.11.002
0160-4120/© 2015 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license {http://creativecommons.org/licenses/by/4.0/).

15



P. Whaley et al. / Environment International 92-93 (2016 556-564 557

1. Introduction

Systematic review {SR) is a rigorous, protocol-driven approach to
minimising error and bias' in the aggregation and appraisal of evidence
relevant to answering a research question. SR techniques were initially
developed in the fields of psychology, social science and health care and
have, since the 1980s, provided a valuable tool for evidence-informed
decision-making across many domains (Lau et al., 2013). In medicine,
SRs have provided a valuable response to the need for consistent, trans-
parent and scientifically-robust interpretations of the results of increas-
ing numbers of often conflicting studies of the efficacy of healthcare
interventions. SRs have taken on an increasingly fundamental role
both in supporting decision-making in healthcare and, by channelling
resources towards questions for which the answers are not yet
known, reducing waste in research (Chalmers and Glasziou, 2009,
Salman et al., 2014). It is now accepted practice in healthcare to use
SR methods to assess evidence not only for the efficacy of interventions,
but also on diagnostic tests, prognostics and adverse outcomes.

The extension of SR techniques to other fields is based on a mutual
need across disciplines to make the best use of existing evidence
when making decisions, a move for which momentum has been grow-
ing for several decades. For example, the What Works Clearinghouse
was established in 2002 to apply SR techniques in support of
American educational policy (US Institute of Education Sciences,
2015), and in 2000 the international Campbell Collaboration research
network was convened to undertake and disseminate systematic re-
views on the effects of social interventions in diverse fields such as
crime and justice, education, international development and social wel-
fare (Campbell Collaboration, 2015). Meta-analysis and SR in ecology
have contributed to evidence-based environmental policy since the
mid-1990s (Stewart, 2010}; more recently, the Collaboration for Envi-
ronmental Evidence (CEE) has been established to encourage conduct
of SRs on a wide range of environmental topics {Collaboration for
Environmental Evidence, 2015).

The potential advantages of adapting SR methodology to the field of
chemical risk assessment (CRA) have also been recognised, with multi-
ple research groups and organisations either developing and adopting
{Woodruff and Sutton, 2014; Birnbaum et al., 2013; European Food
Safety Authority, 2010; Rooney et al., 2014; Aiassa et al., 2015) or
recommending (US National Research Council, 2014a, 2014b; US Envi-
ronmental Protection Agency, 2013; Silbergeld and Scherer, 2013; Hoff-
mann and Hartung, 2006; Zoeller et al., 2015) the use of SR methods for
evaluating the association between health effects and chemical expo-
sures to inform decision-making. There are, however, a number of
recognised challenges in extending SR methods to CRA, many of
which derive from key differences in the evidence base between the
healthcare and toxicological sciences.

SRs in medicine often focus on direct evidence for benefits and ad-
verse effects of healthcare interventions derived from randomised con-
trolled trials (RCTs) in humans. The evidence base for CRA is generally
more complex, with a need to extrapolate from investigations in ani-
mals, in vitro and in silico, and then to synthesise findings with those
from human studies if available. Furthermore, the human data tend to
come from observational studies with greater and more varied potential
for bias and confounding than RCTs, and the range of outcomes to be

! Itis worth drawing a distinction between three sources of bias in the review process.
There is potential for bias in the conduct of a review (e.g. because of inappropriate
methods for identifying and selecting evidence for inclusion in the review); bias because
the material available for the review is not representative of the evidence base as a whole
(due to selective publication); and bias arising from flaws in the design, conduct, analysis
and reporting of individual studies included in the review that can cause the effect of an
intervention or exposure to be systematically under- or over-estimated. One of the major
functions of SRs 1s to minimise bias in the conduct of a review and, as far as possible, to en-
sure that potential bias from selective publication and methodological flaws in the evi-
dence are properly taken into account when drawing conclusions in response to a
research question.

considered is usually much wider than in the assessment of healthcare
interventions. Thus, when the various types of toxicological research
are combined into a single overall conclusion about the health risks
posed by a chemical exposure, reviewers are challenged with integrat-
ing the results from a broad and heterogeneous evidence base.

In spite of these differences, there is reason for thinking that SR
methods can be applied successfully to CRA. For example, techniques
for aggregating the results of different study types are already addressed
in various frameworks currently in use in toxicology. These include: In-
ternational Agency of Research on Cancer (IARC) Monographs
({International Agency for Research on Cancer, 2006); the Navigation
Guide {Woodruff and Sutton, 2014); and the US Office for Health As-
sessment and Translation {OHAT) (Rooney et al., 2014; US National Tox-
icology Panel, 2015) - though it should be noted that none of these
approaches have yet applied SR methods to the exposure assessment
component of CRA. Heterogeneous sources of evidence are a familiar
challenge in all domains including clinical medicine (Lau et al., 1998),
and SR of observational studies has a crucial role in identifying compli-
cations and side-effects of healthcare interventions (Sterne et al., 2014;
Higgins and Green, 2011). The need for SR of pre-clinical animal trials of
healthcare interventions, in order to better anticipate benefits and
harms to humans, is another area in which methods being developed
and implemented by a number of groups including SYRCLE
(Hooijmans et al, 2012; van Luijk et al., 2014) and CAMARADES
{Macleod et al., 2005; Sena et al., 2014), (Stewart and Schmid, 2015)
argue that research synthesis methods (including systematic review)
are generic and applicable to any domain if appropriately
contextualised.

Given the sometimes controversial outcomes of CRAs and the grow-
ing public and media profile of the risks that chemicals may pose to
humans and the environment, SR is increasingly viewed as a potentially
powerful technique in assessing and communicating how likely it is that
a chemical will cause harm. SR methods add transparency, rigour and
objectivity to the process of collecting the most relevant scientific evi-
dence with which to inform policy discussions and could provide a crit-
ical tool for organising and appraising the evidence on which chemical
policy decisions are based.

Consequently, in November 2014 a group of 35 scientists and re-
searchers from the fields of medicine, toxicology, epidemiology, envi-
ronmental chemistry, ecology, risk assessment, risk management and
SR participated in a one-day workshop to consider the application of
SR in CRA. The purpose was three-fold:

1. Identify from expert practitioners in risk assessment and SR the ob-
stacles, in terms of practical challenges and knowledge gaps, to
implementing SR methods in CRA;

2. Develop a “roadmap” for overcoming those obstacles and expediting
the implementation of SR methods, where appropriate, by the vari-
ous stakeholders involved in CRA;

3. Establish the foundations of a network to co-ordinate research and
activities relating to the implementation of SR methods in CRA. The
aim would be to support best practise in the application of SR tech-
niques and promote the wider adoption of SR in CRA, both in
Europe and elsewhere.

Participants heard seven presentations about recent developments
in SR methods, their application to the risk assessment process, and
their potential value to policy-makers. There were two break-out ses-
sions in which participants were divided into three facilitated groups,
firstly to discuss challenges to implementing SR methods in CRA, and
then to suggest ways in which the obstacles could be overcome. These
ideas were discussed in plenary before being summarised, circulated
for comment, and then published in this paper. The Workshop was con-
ducted under the “Chatham House Rule” such that participants were
free to refer to the information presented and discussed, provided
they did not attribute it to identifiable individuals or organisations.
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The purpose of this overview paper is to present the rationale for ex-
ploring the application of SR methods to CRA, the various experts’ views
on the challenges to implementing SR methods in CRA, and their sug-
gestions for overcoming them. The remaining goals of the meeting are
ongoing work, including the development of the roadmap concept for
publication and the establishment of a network for supporting the use
of SR in CRA.

2. The appeal of SR methods in CRA

Chemical risk assessment is a multi-step process leading to a quanti-
tative characterisation of risk, which can then be used to inform the
management of chemical substances so as to ensure that any risks to
human health or the environment are managed optimally. CRAs entail
four fundamental steps: hazard identification; hazard characterisation
(often a dose-response assessment); exposure assessment; and risk
characterisation (see Fig. 1). These steps draw on various fields of scien-
tific research including environmental chemistry, toxicology
(encompassing in vivo, in vitro, ecotoxicological and in silico methods),
ecotoxicology, human epidemiology, and mathematical modelling.

There are many ways in which errors can occur in the interpretation
of evidence from these varied disciplines, including failure to consider
all relevant data, failure to allow appropriately for the strengths and lim-
itations of individual studies, and over- or underestimating the rele-
vance of experimental models to real-world scenarios (to name a
few). Whether the appraisal of evidence is based on objective processes,
or on subjective expert judgement and opinion, may also be an impor-
tant factor in accurate interpretation of evidence: the assessment pro-
cess always requires input from technical experts, which inevitably
brings an element of subjectivity to the interpretation of the scientific
evidence. Different experts may have varying degrees of practical and
cognitive access to relevant information, place differing weight on indi-
vidual studies and/or strands of evidence that they review and, when
working in committee, may be more or less influenced by dominant
personalities. This can result in misleading conclusions in which the po-
tential for health risks is overlooked, underestimated or overstated. Fur-
thermore, if the factors determining their assessment of evidence are
undocumented, when expert opinions are in conflict it can be very

challenging to distinguish which opinion is likely to represent the
most valid synthesis of the totality of available evidence.

A recent illustrative example (see Box 1) of when expert scientists
and reputable organisations have come to apparently contradictory
conclusions about the likelihood of a chemical causing harm is the
case of bisphenol-A {BPA). BPA is a monomer used in the manufacture
of the resinous linings of tin cans and other food contact materials
such as polycarbonate drinks bottles. It has been banned from use in
infant-feed bottles across the EU (European Commission, 1/28/2011)
because of “uncertainties concerning the effect of the exposure of in-
fants to Bisphenol A” (European Commission, 5/31/2011b).

The European Food Safety Authority (EFSA) considers that current
levels of exposure to BPA present a low risk of harm to the public
(European Food Safety Authority, 2015a). The French food regulator
ANSES takes a seemingly different stance on the risks to health posed
by BPA (French Agency for Food, Environmental and Occupational
Health, and Safety, 4/7/2014), determining there to be a “potential risk
to the unborn children of exposed pregnant women”. On this basis,
ANSES has proposed classifying BPA as toxic to reproduction in humans
(French Agency for Food, Environmental and Occupational Health, and
Safety, 2013), a proposal which has contributed to the French authori-
ties’ decision to implement an outright ban on BPA in all food packaging
materials (France, 12/24/2012). While the ban has been challenged by
some stakeholders as being disproportionate under EU law
(To3enovsky, 2014, 2015; Plastics Europe, 2015), the Danish National
Food Institute has argued that EFSA has overestimated the safe daily ex-
posure to BPA and that some populations are exposed to BPA at levels
higher than can be considered safe (National Food Institute, Denmark,
2015); a view reflected in the conclusions of some researchers, e.g.
{Vandenberg et al., 2014) but not others, e.g. (US Food and Drug
Administration, 2014).

The example of BPA illustrates the challenges in reaching consensus
even when interpreting the same evidence base regarding the potential
toxicity of chemical exposures, either in terms of what is known and
what is uncertain about the risks to health posed by BPA, and/or what
response is appropriate to managing those risks and uncertainties. It
also shows how, in the absence of that consensus, there is a danger
that policy on BPA may become disconnected from the evidence base,
either risking harm to health through continued exposure or incurring

Hazard Identification
Identifies key negative health end-
points affected by chemical

Hazard Characterisation
Quantifies level of exposure at which
chemical is unlikely to harm health

Exposure Assessment

Quantifies likely level of exposure to
chemical in various populations

Risk Characterisation
Estimation of occurrence and

severity of adverse health effects,
including uncertainties, resulting
from proposed use of chemical

Fig. 1. Anoverview to the chemical risk assessment (CRA) process, whereby risk is a function of hazard and exposure. While SR methods could in principle be applied to all steps of the CRA
process, it is the view of the workshop participants that up to this point in time most attention has been focused on the hazard identification and hazard characterisation steps. There are
issues around conducting a systematic review for exposure assessment which were not discussed at the workshop, such as the requirement for a very different tool for assessing risk of bias
in exposure studies which may necessitate specialised knowledge of analytical /environmental chemistry.

17



P. Whaley et al. / Environmeni Internafional 92-93 {2016) 556-564

Five conflicting opinions about risks to health posed by bisphenol-A at current exposure levels

“no health concern for any age group from dietary exposure and low health concern from
aggregated exposure” (EFSA Panel on Food Contact Materials, Enzymes, Flavourings and
Processing Aids (CEF) 2015)

“The conclusions of the risk assessment show [...] a potential risk to the unborn children of
exposed pregnant women. The identified effects relate to a change in the structure of the
mammary gland in the unborn child, that could promote subsequent tumour development”
(French Agency for Food, Environmental and Occupational Health & Safety 2013)

“DTU evaluates that [EFSA’s TDI for BPA of] 4 ug/kg bw/day is not sufficiently protective with
regards to endocrine disrupting effects of BPA. DTU finds that a TDI for BPA has to be 0.7
ug/kg bw/daly] or lower to be sufficiently protective” (National Food Institute, Denmark
2015)

“BPA is safe at the current levels occurring in foods” (US Food and Drug Administration 2014)

“we are confident that consistent, reproducible, low dose effects have been demonstrated for
BPA [...] the doses that reliably produce effects in animals are 1-4 magnitudes of order lower

539

than the current LOAEL of 50 mg/kg/day and many should be considered adverse”

(Vandenberg et al. 2014)

Box 1. Examples of conflicting opinions from scientists and government agencies about the risks to health posed by bisphenol-A at current exposure levels.

unnecessary economic costs through restricting the use of a chemical
which is in fact sufficiently safe, It also suggests that if the reasons for
disagreement about health risks posed by a chemical are not accessible
to various stakeholders in the debate, it then becomes much more diffi-
cult for regulators to credibly resolve controversies about chemical
safety, potentially undermining their authority in the long term.

This example highlights the potential for differences in the interpre-
tation of evidence when assessing chemical toxicity and the need for a
process that is not only scientifically robust but also transparent, so
that the reasons for any disagreement can be readily identified - includ-
ing giving stakeholders greater opportunity to understand when differ-
ences in policy stem from divergent assessments of risk, and when they
stem from divergent opinions as to how those risks are best managed. It
also suggests the importance of the following characteristics in risk as-
sessments that are used to inform risk management decisions:

1. Transparency, in that the basis for the conclusions of the risk assess-
ment should be clear {otherwise they may not be trusted and errors
may go undetected).

2. Validity, in that CRAs should be sufficiently (though not necessarily
maximally) scientifically robust in their methodology and accurate
in their estimation of risks and characterisation of attendant uncer-
tainties as to optimise the decisions that must be made in risk
management.

3. Confidence, providing the user with a clear statement as to the overall
strength of evidence for the conclusions reached and a characterisa-
tion of the utility of the evidence for decision-making {e.g. “appropri-
ate for hazard identification but inappropriate for identification of a
reference dose").

4. Utlity, in that the output of the risk assessment should be in a form
that is convenient and intelligible to those who will use it (outputs
that are too detailed and complex to validate and readily compre-
hend lead to inefficiency and possibly erroneous decisions).

5. Efficiency, providing a clear justification of the choice of research
question in the context of efficiently solving a CRA problem. Re-
sources for CRA are often limited and it is wasteful to expend unnec-
essary effort on aspects of an assessment that will not be critical to
decision-making {although for the purposes of transparency and va-
lidity, the reasons for focusing on a particular outcome or otherwise
restricting the evaluation should be explained).

6. Reproducibility, in that the conclusions of the SR process when ap-
plied to the same question and data should ideally produce the
same answer even when undertaken by different individuals (also
described as “consistency”). In practise, different experts may reach
difference conclusions because they will not all make the same
value judgments about the scope, quality and interpretation of evi-
dence. Therefore, the process should be sufficiently rigorous that it
is highly likely that scientific judgement would result in the same
conclusion independent of the experts involved, and as a minimum
the SR process should render transparent the reasons for all
conclusions.

It may be perceived that the value of SR methods lies in their provi-
sion of unequivocal assessments of whether or not a chemical will in-
duce specific harm to humans and/or wildlife in given circumstances.
In practise, however, this will happen only if the evidence base is suffi-
ciently extensive, there is unanimity in identification of the problem and
in assessment of the quality of the evidence base, and also how the ev-
idence is to be interpreted in answering the review question (without
this, SRs will also produce different results). Often, the consensus and/
or information may be relatively limited; in such circumstances, a SR
will instead clearly state the limitations of the available data and conse-
quent uncertainties. The value here is in the provision of a comprehen-
sive and transparent assessment of what is not known and insight into
the drivers of divergent opinion. From a research perspective, this yields

valuable information about how research limitations and knowledge

gaps contribute to ongoing uncertainty about environmental and health
risks, allowing the subsequent efforts of researchers to be more clearly
focused, From a policy perspective, SRs offer a transparent explanation
as to why there are differences in opinion which can then be communi-
cated to stakeholders.

Overall, SR contributes to achieving consensus not by eliminating
expert judgement, nor by eliminating conflicting opinions about
whether a compound should be banned (for example), but by providing
a robust, systematic and transparent framework for reviewing evidence
of risks, such that when there is disagreement, the reasons for it are
clearly visible and the relative merits of differing opinions can be
appraised. In this way, it may help to resolve controversies in the
interpretation of the science which informs the risk management
process,

18



560 P. Whaley et al. / Environment International 92-93 (2016) 556-564

3. SR and its application to CRA
3.1. Traditional vs. SR methods

SR methods are often contrasted with “traditional”, non-systematic
narrative approaches to describing what is and is not already known
inrelation to a research question. In reality, the distinction between sys-
tematic and narrative review is a crude one, with narrative reviews
encompassing a number of different approaches to reviewing evidence,
from the caricature of one researcher writing about “my field, from my
standpoint |[...] using only my data and my ideas, and citing only my
publications” (Caveman, 2000), to thorough narrative critiques of com-
prehensively identified evidence relevant to answering an explicitly ar-
ticulated question, as conducted by organisations such as IARC
(International Agency for Research on Cancer, 2006).

Nonetheless, it is worth noting that only relatively recently has it
been recognised that traditional narrative reviews are, to varying de-
grees, vulnerable to a range of methodological shortcomings which
are likely to bias their summarisation of the evidence base (Chalmers
et al., 2002). These include selective rather than comprehensive re-
trieval of evidence relevant to the review topic, inconsistent interpreta-
tion of the impact of methodological shortcomings on the validity of
included studies, and even an absence of clear review objectives or con-
clusions which are drawn directly from the strengths and limitations of
the evidence base (Mulrow, 1987; Mignini and Khan, 2006).

The presence of these shortcomings seriously challenges the reader’s
ability to determine the credibility of a review. When there exist multi-
ple competing reviews, each using opaque methods, it becomes almost
impossible to judge their relative merits and therefore to base decisions
on current best available evidence. The consequence is a proliferation of
conflicting opinions about best practice that fail to take proper account
of the body of research evidence. In the healthcare sciences, this was ini-
tially shown by Antman and colleagues when they found that, in
comparison to recommendations of clinical experts, systematic aggre-
gation of data from existing clinical trials of streptokinase to treat myo-
cardial infarction would have demonstrated benefit some years before
recommendations for its use became commonplace (Antman et al.,
1992). More recently, cumulative meta-analyses have been shown to
be more accurate in summarising current understanding of the size of
effect of a wide range of healthcare interventions than researchers plan-
ning new clinical trials who have not used these methods {Clarke et al.,
2014).

A SRis an approach to reviewing evidence which specifically sets out
to avoid these problems, by methodically attempting “to collate all em-
pirical evidence that fits pre-specified eligibility criteria in order to an-
swer a specific research question,” using “explicit, systematic methods
that are selected with a view to minimising bias” (Higgins and Green,
2011).

In detail, this amounts to the pre-specification of the objective and
methods of the SR in a written protocol, in which the aim of conducting
the review is clearly stated as a structured question (for a SR of the ef-
fects of an intervention or exposure, this can establish a testable hypoth-
esis or quantitative parameter that is to be estimated), along with the
articulation of appropriate methods. The methods specified should in-
clude the techniques for identifying literature of potential relevance to
the research question, the criteria for inclusion of the studies of actual
relevance to the research question, how the internal validity® of the

* “Internal validity” is a term used in Cochrane Collaboration guidance on conduct of SRs
specifically intended to supersede the use of terms such as “methodological quality” or
their equivalents, which are considered ambiguous (Higgins and Green, 2011). The inter-
nal validity of a piece of research is appraised in a “risk of bias” assessment. The target of
the risk of bias assessment is the likelihood, magnitude and direction of systematic error
in the size of an observed effect, as caused by flaws in the design, conduct, analysis and
reporting of a study. Throughout this document, we follow Cochrane Collaboration con-
ventions in using “internal validity” as a technical term in place of “methodological
quality”.

included studies will be appraised, and the analytical techniques used
for combining the results of the included studies. The purposes of the
protocol are to discourage ad-hoc changes to methodology during the
review process which may introduce bias, to allow any justifiable meth-
odological changes to be tracked, and also to allow peer-review of the
work that it is proposed, to help ensure the utility and validity of its ob-
jectives and methods.

The final SR itself consists of a statement of the objective, the search
method, the criteria for including relevant studies for analysis, and the
results of the appraisal of internal validity of the included studies, e.g.
implemented as a “risk of bias” assessment in Cochrane Reviews of
randomised trials (Higgins et al., 2011). The evidence is then synthe-
sised using statistical meta-analytical techniques, narrative methods
or both (depending on the extent to which meta-analysis is possible)
into an overall answer to the research question. An assessment is then
made of the strength of the evidence supporting the answer; in
Cochrane reviews, this typically follows the GRADE methodology
(Atkins et al., 2004), taking into account overall features of the evidence
base including risk of bias across the included studies, publication bias
in the evidence base, external validity or applicability of the evidence
to the population of interest, heterogeneity of the evidence, and the
overall precision of the evidence. This is finally followed by a concluding
interpretation of what the SR as a whole determines is and is not known
in relation to its objective.

In this, we emphasise the distinction between a SR and a meta-
analysis. A meta-analysis pools the results of a number of separate stud-
ies in a single statistical analysis and may be a component of a SR; how-
ever, it does not necessarily incorporate the full set of methodological
features which define the SR process (e.g. a meta-analysis may or may
not include an assessment of the internal validity of included studies).
While we acknowledge that some researchers use the terms “system-
atic review” and “meta-analysis” interchangeably, we believe the two
approaches should be disambiguated. It is also worth noting that
many reviews employ a combination of narrative and systematic
methods; there were differing opinions among workshop participants
as to the extent to which it is reasonable to expect all reviews to fully in-
corporate SR methods.

3.2. The current status of SR in environmental health, toxicology and CRA

While the use of SR methodologies is well established in healthcare
to determine the effect of interventions on health outcomes or the accu-
racy of a diagnostic test, application of SR is relatively novel in the fields
of toxicology and environmental health, Workshop participants heard
how methods for SR of medical interventions have in the United
States been adapted in both academic and federal contexts to the gath-
ering and appraising of evidence for the effects of chemical exposures
on human health: researchers at the University of California have devel-
oped the Navigation Guide (Woodruff and Sutton, 2014), and the US Of-
fice of Health Assessment and Translation (OHAT) at the US National
Toxicology Program has developed the OHAT Framework for systemat-
ically reviewing environmental health research for hazard identification
(Rooney et al., 2014).

The two approaches adapt the key elements of SR methods to ques-
tions in environmental health (which is directly relevant to the CRA
process but does not include assessment of dose-response). Features
that the two approaches have in common include: conducting a SR ac-
cording to a pre-specified protocol; the development of a specific
research question and use of “PECO" statements {see Box 2) in
systematising review objectives and the methods that will be used to
answer that question; an approach to appraising the internal validity
of included studies adapted from the risk of bias appraisal tool devel-
oped by the Cochrane Collaboration (Higgins et al., 2011); an adaptation
of the GRADE methodology {Atkins et al,, 2004) for describing the cer-
tainty or strength of a body of evidence, incorporating risk of bias ele-
ments with other criteria such as for the assessment of relevance or
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for the review.

“PECO" is an acronym representing: Population (the exposure group of interest, e.g. peaple of a
certain age or rats in laboratory studies); Exposure (the compounds or exposure scenarios of
interest, e.g. respiratory exposure to fine particulate matter); Comparator (the group to which the
exposure group is being compared, e.g. vehicle-exposed contraols in laboratory experiments or less
exposed groups in epidemiological studies); Outcome (a deleterious change or marker thereof
hypothesised to be brought about by the exposure). The purpose of a PECO statement is to provide
a framework for develuping the key question which a SR will answer, and also to determine the

rationale for the inclusion and exclusien criteria that explicitly define which studies are relevant

Box 2. The use of PECO statements in the SR process.

external validity; and a methodology for combining the results of
human and animal research into a statement of confidence about the
hazard which a chemical poses to health.

Other tools are being developed to contribute to the systematic as-
sessment of in vivo and ecotoxicity studies which have not been directly
derived from Cochrane Collaboration methods. Presented at the Work-
shop was SciRAP (Science in Risk Assessment and Policy), a system de-
veloped to improve the consistency with which the relevance and
reliability of studies are appraised in the context of conducting a chem-
ical risk assessment for regulatory purposes. It is also intended to reduce
the risk of selection bias in the risk assessment process by providing a
mechanism for including non-standardised study methods yielding po-
tentially valuable data { Beronius et al., 2014; SciRAP, 2014).

There are a number of other initiatives promoting and developing
the use of SR methodologies in environmental and chemical risk assess-
ment. Participants heard about how the European Food Safety Authority
is integrating SR methods into its assessments of food and feed safety
(European Food Safety Authority, 2015b, 2015¢), and about the UK
Joint Water Evidence Group methods for rapid and systematic assess-
ments of evidence (Collins et al., 2014). Other coordinated initiatives in-
clude the Evidence-Based Toxicology Collaboration (Hoffmann and
Hartung, 2006); the Collaboration for Environmental Evidence {Bilotta
et al,, 2014a; Land et al., 2015); and the Systematic Review Centre for
Laboratory Animal Experimentation (SYRCLE).

3.3, Overcoming the challenges in implementing SR methods in CRA

Risk assessment for a chemical or group of chemicals is a multi-
faceted process that normally requires consideration of multiple end-
points in relation to a variety of exposure scenarios, integrating evi-
dence from epidemiological studies, bioassays in animals, mechanistic
studies and studies on the distribution and determinants of exposure
by different pathways and routes. In addition to resolving methodolog-
ical issues relating to underdeveloped methods (e.g. how SR methods
can be used as part of dose-response assessment or how they can be ap-
plied to exposure assessment), it is important to consider how SR
should fit into the CRA process. One challenge going forward is to ex-
plore the circumstances in which applying more rigorous SR methods
to assess scientific evidence would be warranted, which would require
insight into the practicality and cost-effectiveness of applying such
methods in those situations.

In principle, it should be possible to conduct SRs in any aspect of a
CRA. Given the success in employing SR methods to support evidence-
based practice in healthcare, it is intuitive that SRs could address specific
questions arising within toxicology, human epidemiology and environ-
mental health (e.g. hazard assessment within a CRA) and this view ap-
pears to be gaining momentum within the environmental health
literature, The SR method may also lend itself to answering questions
concerning e.g. the accuracy of the reported physical-chemical proper-
ties of a substance, doses predicted by quantitative exposure

assessment, concentrations of a chemical in the environment and
biota, and the derivation of a No Observed Adverse Effect Level
(NOAEL) or Benchmark Dose Lower 95% confidence limit (BMDL).
European Food Safety Authority (2015¢) explores these issues in more
detail.

Depending on scope, the resources (time and cost) to undertake an
SR can be considerable. Currently there is a lack of empirical evidence
relating to the resource-effectiveness of SR approaches in CRA and
there was a difference of opinion among workshop participants as to
whether the effort required for conducting a SR tends to be under- or
overestimated. It was suggested that, where effort is likely to be sub-
stantial, efficient use of resources may be achieved by focusing on
high-value questions developed through initial scoping exercises. For
example, a low-dose adverse effect may be evident in animal models
and supported to some extent by human epidemiology and hence a
question may be formulated around this initial evidence; there may be
little point, however, in pursuing a question related to non-
carcinogenic toxicity in wildlife if a substantial part of the literature
points towards that substance being a potential human carcinogen.
There is also growing interest in rapid reviews, when full SR methods
are considered overly onerous (Collins et al., 2014; Schiinemann and
Moja, 2015).

The priorities for expediting the adaptation of SR methods to CRA
identified at the Workshop are as follows:

1. The development of a number of prototype CRA-focused SRs to ex-
plore how readily SR procedures can be integrated into the CRA pro-
cess, to:

a, identify additional methodological challenges in adapting SR
methods to the CRA context and develop techniques to address
them;

b. acquire practical experience in managing resources when
conducting SRs in CRA, including the conduct of scoping exercises
for identifying high-value review questions, the further develop-
ment and/or application of novel “rapid evidence review" methods
(UK Civil Service, 2015), and how SR methods can be integrated
into existing regulatory structures such as REACH (see Box 3)
{European Chemicals Agency (2/26/2015)).

2. Technical development of SR methodologies for CRA purposes, in
particular the further advancement of techniques for appraising
and synthesising mechanistic, toxicological and human epidemio-
logical studies, to include:

a. refining tools for more consistent and scientifically robust ap-
praisal of the internal validity of individual studies included in a
CRA and the implications for interpretation of their findings; see
e.g. Bilotta et al. (2014b). This might include further development
and validation of tools such as the SYRCLE methodology for
assessing the internal validity of animal studies (Hooijmans et al.,
2014); for SR of observational studies see e.g. Sterne et al. (2014),
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Systematic review and REACH regulations

Regulations such as REACH emphasise collating at
the point of registration all evidence relevant to
evaluating risks to human and environmental health
posed by a chemical. As yet, however, there is very
little guidance on how registrants should assemble
REACH-compliant dossiers, nor is there detailed
guidance on how the assembled evidence is to be
assessed (Beronius et al. 2014). The subsequent
quality of many of the REACH registration dossiers,
with 172 out of 283 compliance checks resulting in
a request for further information (European
Chemicals Agency 2/26/2015), suggests a need for
the development of a standardised, scientifically
robust approach to dossier assembly which can be

consistently followed by registrants.

Box 3. The potential utility of SR methods in application to REACH registrations.

the methods employed in the NTP/OHAT and Navigation Guide
protocols, and the applicability of other assessment methods
such as SciRAP (Beronius et al., 2014);

b. the development of tools for the hazard characterisation and expo-
sure assessment components of the CRA process;

c. the further development of software akin to the Cochrane
Collaboration's Review Manager {Nordic Cochrane Centre, 2014)
and the Systematic Review Data Repository (Ip et al., 2012), and
tools such as DRAGON (ICF International, 2015) and the Health As-
sessment Workspace Collaborative (Rusyn and Shapiro, 2013) to
support extraction, analysis and sharing of data from studies in-
cluded in reviews;

3. The development an empirical evidence base for the different types
of bias that operate in the CRA domain, including their direction
and potential magnitude, and the extent to which any methods
being adopted to address them are appropriate and effective.

4. The development of a recognised “gold standard” for SRs in toxicol-
ogy and risk assessment equivalent to the Cochrane Collaboration
in evidence-based medicine, to address the growing number of pur-
ported SRs of unclear validity which are increasingly prevalent in the
environmental health literature.

5. The creation of a climate of constructive discussion that fosters ad-
vancement of methods whereby chemical risk practitioners, indus-
try, competent authorities, academic researchers and policy makers
can research, discuss and evaluate SR methods and the potential ad-
vantages they can bring.

6. The establishment of a network of scientists and CRA practitioners to
pursue research into and discussion of SR methodologies and facili-
tate their implementation.

7. The implementation of training programmes for risk assessment
practitioners and stakeholders, focusing specifically on application

of SR methods to CRA as a complement to current courses which
largely cover SR methods in healthcare.

4. Conclusions

While systematic review methods have proven highly influential in
healthcare, they have yet to make widespread impact on the process
of chemical risk assessment. While there is much promise in the concept
of adapting SR methods to CRA to give definitive answers to specified
research questions, or to enable identification of the reasons for failure
to resolve debate, a number of challenges to implementing SR methods
in CRA have been identified. These include particular concerns about ap-
proaches to assessing bias and confounding in observational studies, the
effort involved in conducting SRs, and the subsequent benefits of
conforming to SR standards. Recent experience from both regulatory
agencies and academics already yields some clear recommendations
which would expedite the wider implementation of SR methods in
CRA, potentially increasing the efficiency, transparency and scientific
robustness of the CRA process.
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the environmental health SR context, or potentially controversial to environmental health SR stakeholders.
Discussion: COSTER provides a set of recommendations that should facilitate the production of credible, high-
value SRs of environmental health evidence, and advance discussion of a number of controversial aspects of
conduct of EH SRs. Key recommendations include the management of conflicts of interest, handling of grey
literature, and protocol registration and publication. A process for advancing from COSTER’s recommendations
to developing a formal standard for EH SRs is also indicated.

1. Introduction

In the fields of toxicology, epidemiology, environmental health and
chemical risk assessment (henceforth abbreviated as “environmental
health (EH) research”), systematic reviews (SRs) are increasingly con-
ducted (see Fig. 1) and used by academics, non-government organisa-
tions, industry and regulators to characterise health hazards and risks
posed by exposure to environmental challenges (Whaley et al., 2016).
One of the drivers of this growing interest is increasing recognition of
the potential for systematic methods to offer a new benchmark in best
practice for aggregating and summarising evidence in support of policy
decisions (EFSA, 2010; Rooney et al., 2014; NAS, 2017, 2014; Stephens
et al., 2016).

In service of this interest, there is a burgeoning number of docu-
ments which purport to provide varying types of guidance for con-
ducting SRs in EH research. These include, for example: a US agency
handbock (NTP OHAT, 2019); US and EU guidance documents
(Schaefer and Myers, 2017; EFSA, 2015; EPA, 2018); Instructions to
Authors (IARC, 2019a, 2019b); and general frameworks (Vandenberg
et al., 2016; Woadruff and Sutton, 2014).

The challenge for the reader is in how SR guidance documents vary
in their levels of comprehensiveness and detail, domains of applic-
ability, the extent to which they have been tested and validated, and
what they define (either implicitly or explicitly) as being essential SR
methodology. For example, the US National Toxicology Program Office
of Health Assessment and Translation (NTP OHAT) handbook is for SRs
conducted in support of hazard assessment within a US regulatory

framework (Rooney et al., 2014; NTP OHAT, 2019), whereas the Na-
vigation Guide Framework (Woodruff and Sutton, 2014) is intended for
a more general research context. While the Navigation Guide and NTP
OHAT approaches are largely similar (with steps including develop-
ment of a protocol, comprehensive search strategies, employment of a
Cochrane-derived risk of bias approach to appraising study quality, and
use of a GRADE-based approach to assessing confidence in a body of
evidence) there are some differences between the two., Other ap-
proaches have larger differences. For example, the SYRINA framework
(Vandenberg et al., 2016) lays out a wide range of options for SR teams
to choose from, and a draft SR-based risk assessment methodology for
the US Toxic Substances Control Act (EPA, 2018) scores study quality
rather than implementing Cochrane guidance on risk of bias assessment
(Singla et al., 2019). Others differ in their use of protocols, their ap-
proach to critical appraisal of included studies, and their methods for
assessing certainty in the evidence. Furthermore, some EH SR guidance
documents are intended to apply to the entire environmental health risk
assessment process, while others focus on a particular stage of it. Many
SR guidance documents have also been developed for specific purposes
and are not necessarily intended to represent a broader community
view of general good practice. Overall, these documents do not provide
a collectively consistent, general overview of good practice in the
planning and conduct of EH SRs.

The development and promulgation of clear, expert guidance on
good practice is considered by institutions including the US Institute of
Medicine to be an important contributor to ensuring the quality of
biomedical SRs (Eden et al., 2011). The potential value of developing
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Fig. 1. Chart showing annual increase in number of publications on topics related to EH research with the term “systematic review” in the title, indexed in Web of
Science. The total number of publications approximately doubled between 2016 and 2020. Search: TITLE: (“systematic review”), Refined by: WEB OF SCIENCE
CATEGORIES: (PUBLIC ENVIRONMENTAL OCCUPATIONAL HEALTH OR TOXICOLOGY) AND [excluding] WEB OF SCIENCE CATEGORIES: (PHARMACOLOGY
PHARMACY), Timespan: All years (1995-2019 shown). Indexes: SCI-EXPANDED, SSCI, A&HCI, CPCI-S, CPCI-SSH, BKCI-S, BKCI-SSH, ESCI, CCR-EXPANDED, IC.

Date of search: 4 February 2020.
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such guidance specific to EH SRs was recognised in a 2014 expert
workshop on applying SR methods to chemical risk assessment. Among
other strategic proposals, the workshop recommended “development of
a recognised ‘gold standard’ for SRs in toxicology and risk assessment
[...] to address the growing number of purported SRs of unclear validity
which are increasingly prevalent in the environmental health litera-
ture” (Whaley et al., 2016).

A broad cross-section of relevant stakeholders was therefore con-
vened, with the objective of developing a comprehensive set of re-
commendations for the planning and conduct of SRs in EH research.
These recommendations are based on standard practices and processes
for conduct of SRs in other fields, and put forward to initiate broader
discussion as to what the EH community’s collective expectations for SR
methods ought to be.

2. Methods

A workshop was held on 2 December 2016, attended by 31 parti-
cipants from academic, policy, regulatory, non-government and in-
dustry backgrounds (see Supplemental Information 01). Participants
were prioritised for invitation to the workshop from an initial longlist of
62 drawn up by PW and CH, based on a mixture of having a publishing
history demonstrating at least some experience in systematic review or
the principles thereof, professional reputation, economic sector, and
word-of-mouth recommendation. An overall balance of expertise in SR,
weight-of-evidence methods, chemical risk assessment, toxicology,
epidemiology, environmental health research and chemicals policy was
sought across the final group of participants, along with balanced re-
presentation from each stakeholder group including a target of at least
two NGO participants. Lancaster University provided £5000 to facilitate
balanced participation, covering travel costs for participants who would
not otherwise be able to attend the workshop.

The recommendations for good practice were developed using a
consensus methodology. “Consensus” was defined following the ter-
minology of the International Organization for Standardization (ISO) as
“general agreement, characterized by the absence of sustained opposi-
tion to substantial issues by any important part of the concerned in-
terests and by a process that involves seeking to take into account the
views of all parties concerned and to reconcile any conflicting argu-
ments” (ISO/IEC, 2004).

The consensus process was seeded by two discussion documents
drafted by PW (see Supplements 02 and 03). A draft set of re-
commendations (Supplement 03), initially given the working title of
“ECOSYS-CRA” before being renamed “COSTER”, was created by
combining version 2.3 of the Cochrane MECIR standards (Chandler
et al., 2012) with the US Institute of Medicine What Works in Heaith
Care: Standards for Systematic Reviews (Eden et al., 2011), henceforth
referred to as “MECIR” and “IOM” respectively. The MECIR and IOM
standards were taken to already represent a high degree of consensus
and expectation of effectiveness of sound-practice requirements relating
to general SR methods in biomedicine, thereby providing a solid basis
for interpretation into a set of recommendations for EH SRs.

The draft recommendations were discussed element-by-element at
the workshop by two break-out groups working in parallel, chaired by
PW and JL. Feedback was solicited on four areas. (a) Which of the
proposed elements would constitute “sound and good practice” for EH
SRs, and should therefore be included in a final set of recommenda-
tions? (b) Should any of the included elements be reformulated for the
EH SR context, and if so, how? (¢) Were there any additional elements
that should be included for the EH SR context and, if so, how should
they should be formulated? (d) Were there questions for clarification
and follow-up? Further detail on the assumptions, methodological de-
cisions, and structure of the consensus process behind COSTER is pro-
vided in Supplement 02.

GB and CH took notes of the discussion in each group. Comments
were collated into a redrafted document and, in response to a request
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by workshop participants, cross-checked by PW against the Campbell
Collaboration MEC2IR standard (Campbell Collaboration, 2014). This
was to check for any further possible elements that might be included as
recommendations in COSTER. The COSTER recommendations were
then discussed in a series of six one-hour webinars held between Jan-
uary and June 2017, chaired by PW and attended on average by six
participants (EA, ABe, RdV, KG, AH, NH, SH, CK, JL, OM, LR, AR, HS,
KS, DW, CH, TW participated in at least one). The webinars were fol-
lowed by email exchanges and bilateral phone calls between PW and
various authors to finalise wording and agree that consensus had been
reached.

The consensus process was closed by PW on 24 January 2018;
participating authors confirmed agreement with the consensus by
signing off as co-authors of this manuscript. Non-authoring contributors
are listed in the Acknowledgements.

The manuscript went through three rounds of journal peer-review,
during which the framing and implications of COSTER as a consensus
process and resulting set of good-practice recommendations were re-
vised and clarified. The most significant change was the reframing of
COSTER from a “code of practice” to a set of recommendations. While
the process followed in COSTER was intended to emulate formal stan-
dardisation processes, the peer-reviewers suggested the authors were
potentially over-reaching in describing what they had achieved, and
that the formal language of standardisation was an impediment to
communication of the core messages of the manuscript. The authors
therefore removed reference to formal standards, instead presenting
COSTER as a set of recommendations for good practice. The COSTER
recommendations themselves, as they were the result of the consensus
process, were not changed in peer-review. For transparency, previous
versions of the manuscript are archived on Zenodo.org (Whaley et al,,
2020).

3. Results

COSTER presents 70 recommendations for good practice in the
conduct of EH SRs, distributed across 8 steps of the SR process. If fol-
lowed, the recommendations should result in a EH SR having the fol-
lowing three characteristics which are considered, in the opinion of the
authors, as critical for the scientific quality of EH SR projects:

1. Utility: addressing an important research question and advancing
community understanding of an environmental health issue via a
methodology of synthesising existing research;

2. Transparency: encouraging comprehensive consideration of the as-
sumptions and methods employed in a SR such that, if they are
adequately reported, a reader is able to appraise the validity of the
SR’s findings and assess their relevance to a given decision-making
context;

3. Credibility: minimising the risk that a SR’s findings are biased either
by limitations in the evidence base itself or in the processes used to
locate and synthesise that evidence.

The eight COSTER domains cover the following methodological
elements of the SR process: planning the SR; searching for evidence;
selecting evidence for review; extracting data; critically appraising each
individual included study; synthesising the evidence; interpreting the
evidence and summarising what it means for the review question; and
drawing conclusions (see Fig. 2). The recommendations within each
domain are listed in Table 1. An explanation of key recommendations is
provided in Table 2. Guidance on how to use COSTER is presented in
the Discussion section of this manuseript.

In total, 20 of the 31 workshop participants, plus TW, signed off as a
manuscript author. Eight participants did not participate in the con-
sensus process beyond the workshop; they were not asked why, but
when reasons were given they related to restrictions imposed by the
governance policies of employing organisations in relation to
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Fig. 2. Conceptual structure of COSTER with objectives for each stage of the SR process.

employees” endorsement of guidance documents, or a lack of personal
capacity to contribute to a lengthy process of discussion and manuscript
development. Only one participant who was involved in the develop-
ment of the manuscript itself ultimately felt they could not sign off as an
author, citing differences between COSTER and the official policies of
the organisation with which they were affiliated, and the potential for
confusion that might cause if their authorship was misinterpreted as
organisational endorsement. None of the participants opposed pub-
lication of COSTER.

4. Discussion
4.1. How to use COSTER

4.1.1. Target audience of COSTER

COSTER is intended to be usable by any entity or practitioner re-
sponsible for or interested in conducting an EH SR project, and who
needs a benchmark against which different possible approaches can be
evaluated. Such entities include: independent scientists; journal editors
receiving SR submissions; research teams wishing to conduct a SR; re-
search commissioners seeking confidence that a contractor will conduct
a successful SR project; quality assurance units in research-associated
organisations seeking to implement consistent, good-quality SR prac-
tices; and regulatory authorities and scientific agencies seeking to de-
monstrate compliance with an agreed set of practices for conduct of
research.

4.1.2. Managing the number of recommendations in COSTER

SRs are complex, multi-disciplinary projects that typically take
12-36 months to conduct (Borah et al., 2017; Haddaway and Westgate,
2019), While 70 may seem like a large number of recommendations for
a research team to follow, COSTER is comparable in size to IOM, which
consists of 82 performance elements across 4 domains, and MECIR 1.07,
which consists of 75 performance elements across 10 domains. COSTER
is intended to be used in parallel to the development, conduct, and
reporting of a systematic review in an iterative manner, which mirrors
many of the considerations that should naturally arise for research
teams undertaking each of these steps. Therefore, following COSTER’s
recommendations is unlikely to constitute an additional burden for a
well-designed and well-conducted SR. In other scenarios, COSTER
should help identify oversights and limitations in methods that might
threaten the integrity of a SR project.

4.1.3. How should adherence with COSTER be described?

When research teams report the use of COSTER in planning and
conducting a SR, they are encouraged to avoid broad summary state-
ments such as “COSTER was followed” or “we adhered to the re-
commendations of COSTER”. Although prevalent in the literature, such

self-reported statements are usually only partly true and may therefore
mislead the reader about the exact methods used (Page and Moher,
2017). Instead, authors should report that COSTER was used to inform
the planning and conduct of a SR, and transparently describe whether
and how they were able to respond to each recommendation. The re-
commendations are numbered to facilitate this process. Where re-
searchers elect to depart from COSTER, it is helpful if the reasons for
doing so are explained.

4.2. Comparing COSTER to other SR standards and guidelines

COSTER is the first explicit effort by EH research practitioners and
stakeholders to validate commonly-used biomedical SR standards for
their particular cultural and research context. Table 2 highlights key
explanatory points for COSTER according to themes that are either
unique to the context of EH research, address aspects of systematic
review conduct for which it has historically been difficult to achieve
consensus on recommended practice, are potentially controversial
given current SR practices in the field of EH, or provide a novel con-
tribution to progressing SR practices in general. Where COSTER closely
follows the conventions of IOM and MECIR, we refer the reader to Eden
et al. (2011) and Higgins et al. (2019) for detailed explanation as to
why the recommendations are considered good practice in SR.

4.3. Strengths and limitations of COSTER

4.3.1. The consenstus process

In developing COSTER, a deliberate attempt was made to emulate
formal standardisation processes such as those followed by the British
Standards Institution. We made a particular effort to involve a full
complement of stakeholder groups in direct participation in the con-
sensus process. This was to ensure coverage of a wide range of potential
opinions as to what might constitute good practice in conduct of EH
SRs, which then needed to converge over time into a consensus view.
We are not aware of other research standards that have sought to do
this to the same extent: the IOM standards represented the views of a
committee of 16 medical professionals supported by a team of re-
searchers, while MECIR was developed by a dedicated Cochrane com-
mittee and finalised in response to stakeholder comments.

In the end, we were able to achieve consensus of 20 workshop
participants, plus TW. At least one representative from each of the
various stakeholder groups is represented in the authorship, the results
of which are a comprehensive set of 70 recommendations for good
practice in conduct of EH SRs. The recommendations cover complex
issues including protocol development, risk of bias, and certainty as-
sessment, which are inconsistently implemented across the EH SR lit-
erature.

In order to improve this consensus process, and to elevate COSTER
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The full list of COSTER recommendations for the planning and conduct of environmental health systematic reviews. The recommendations should be read alongside

the explanatory notes in Table 2.

COSTER v1.0.0: Reco dations for the

and conduct of envirenmental health systematic reviews

1. Planning the Review and Preparing the Protocol

1.1 Securing capacity, competencies and tools

1.1.1 Ensure the review team has sufficient combined competence to conduct the systematic review, including relevant
expertise in: information science (for e.g. search strategies); evidence appraisal; statistical methods; domain or
subject expertise; systematic review methods.

1.1.2 Identify information management practices for each stage of the review, including reference and knowledge
management tools, systematic review software, and statistics packages.

1.1.3 Exclude people or organisations with apparent conflicts of interest relating to the findings of the review from
analysis and decision-making roles in the review process.

1.1.4 Disclose the roles and all potential conflicts of interest of all people and organisations involved in planning and
conducting the review, including all providers of financial and in-kind support.

1.2 Setting the research question to inform the scope of the
review (“problem formulation”)

1.2.1 Demonstrate the need for a new review in the context of the scientific value of the question, the importance to
stakeholders of the question being asked, and the findings of any pre-existing primary research and/or evidence
syntheses.

1.2.2 Articulate the scientific rationale for each question via development of a theoretical framework which connects e.g.
the exposure to the outcomes of interest (or otherwise as appropriate given the objectives of the review).

1.2.3 For each research question to be answered by the review, prospectively define a statement of the research objective
in terms of one or more of the following components, selected as appropriate:

@ Population (objects of investigation, i.e. the entities to which exposures or interventions happen)

@ Exposure or Intervention (the administered change in conditions of the objects of investigation, to include timing,
duration and dose)

@ Comparator (the group to which the intervention or exposure groups are being compared)

@ Outcome (the change being measured in the intervention or exposure group)

@ Study design (specific design features of relevant research)

@ Target condition (the object of a test method for diagnosis or detection)

1.3 Defining eligibility criteria

1.3.1 Define and justify unambiguous and appropriate eligibility criteria for each component of the objective statement.

1.3.2 Define the points at which screening for eligibility will take place (e.g. pre-screening based on title/abstract, full text
screening, or both)

1.3.3 For interventions, exposures and comparators: define as relevant to review objectives the eligible types of
interventions and/or exposures, methods for measuring exposures, the timing of the interventions/exposures, and
the interventions/exposures against which these are to be compared.

1.3.4 For outcomes: define as relevant to review objectives the primary and secondary outcomes of interest (including
defining which are apical and which are intermediate), what will be acceptable outcome measures (e.g. diagnostic
criteria, scales) and the timing of the outcome measurement.

1.3.5 For study designs: define eligible study designs per design features rather than design labels.

1.3.6 Include all relevant, publicly-available evidence, except for research for which there is insufficient methodological
information to allow appraisal of internal validity.

1.3.7 Include evidence which is relevant to review objectives irrespective of whether its results are in a usable form.

1.3.8 Include relevant evidence irrespective of language.

1.3.9 Exclude evidence which is not publicly available.

1.4 Planning the review methods at protocol stage

ty criteria of the review are not

1.4.1 Design sufficiently sensitive search criteria, so that studies which meet the el
inadvertently excluded.

1.4.2 Design “characteristics of included studies” table.

1.4.3 Define the risk of bias assessment methods to be used for evaluating the internal validity of the included research. If
observational studies are included, this should cover identification of plausible confounders.

1.4.4 Design the methods for synthesising the included studies, to cover: qualitative and quantitative methods (with full
consideration given to synthesis methods to be used when meta-analysis is not possible); assessment of
heterogeneity; choice of effect measure (e.g. RR, OR etc.); methods for meta-analysis and other quantitative
synthesis; pre-defined, appropriate effect modifiers for sub-group analyses.

1.4.5 Define the methods for determining how, given strengths and limitations of the overall body of evidence, confidence
in the results of the synthesis of the evidence for each outcome is to be captured and expressed. (For reviews which
include multiple streams of evidence, this may need to be defined for each stream.)

1.4.6 For reviews which include multiple streams of evidence (e.g. animal and human studies), define the metheds for
integrating the individual streams into an overall result. This should include a description of the relative relevance of
populations (e.g. species, age, comorbidities etc.), exposures (e.g. timing, dose), and outcomes (direct or surrogate,
acute or chronic medel of disease, etc.), as appropriate, per which inferences about predicted effects in target
populations can be made from observed effects in study populations.

1.4.7 Pilot-test all components of the review process in which reviewer perfermance could affect review outcomes. This
includes the design and usability of the data extraction form/s, and the conduct of the risk of bias assessment.

1.5 Publishing the protocol

1.5.1 Create a permanent public record of intent to conduct the review (e.g. by registering the protocol in an appropriate
registry) prior to conducting the literature search.

1.5.2 As appropriate for review planning and question formulation, secure peer-review and public feedback on a draft
version of the protocol, incorperating comments into the final version of the protacol.

1.5.3 Publish the final version of the protocol in a public archive, prior to screening studies for inclusion in the review.

1.5.4 Clearly indicate in the protocol and review report any changes in methods made after testing or conduct of any steps
of the review.

(continued on next page)
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COSTER v1.0.0: Recommendations for the planning and conduct of environmental health systematic reviews

2. Searching for Evidence

2.1 Search all the key scientific databases [or the topic, including national, regional and subject-specific databases.

2.2 Define reproducible strategies for identifying and searching sources of grey literature (databases, websites erc.).

2.3 Structure search strategies for each database, electronic and other source, using appropriate controlled vacabulary,
free-lext terms and logical operators in a manner which prioritises sensitivity.

2.4 Search within the reference lists of included smudies and other reviews relevant to the topic (*hand-searching”) and
consider scarching in the reference lists of decuments which have cfted included studics.

2.5 Search by contacting relevant individuals and organisations.

2.6 Dacument the search methods and results in sufficient detail to render them transparent and repraducible.

2.7 Re-run all searches and sereen the results for potentially eligible studies within 12 months prior to publication of the
review (screening at least at the level of title plus abstract). In deciding whether te incorporate new studies in the
teview, the importance of a possible change in results should be weighed against any delay in publication. Potentially
eligible studies which have not been incorparated should be listed as “awairing classification”.

3. Screening Evidence for Mclusion

3.1 Screening of each piece of evidence for inclusion to be conducted by at least two people working independently, with
an appropriate process (e.g. third-party arbitration) for identifying and settling disputes.

3.2 Document decisions in enough detail to allow presentation of the results of the sereening process ina PRISMA flow
chart.

3.3 Studies which are excluded after assessment of full text should be listed in a table of excluded studies along with the
reason for their exclusion {one reason is sufficient).

3.4 Do not exclude multiple reports of the same research (e.g. multiple publicaticns, conference abstracts etc.); instead
collate the methodological information from each of the reports as part of the data extraction process for each unit of
evidence.

4. Extracting Relevant Data from Included Study Reporis

4.1 Collect characteristics of the included studies in sufficient detail to populate the planned “characteristics of included
studies” table.

4.2 Bxtraction of study characteristics and outcome data to be conducted by at least two people working independently
with an appropriate process (e.g. third-party arbitration) for identifying and sculing disputes.

4.3 Assessment of risk of bias to be conducted separately from data extraction. Ideally, and where appropriate, risk of bias
assessment should be conducted between extraction of study characteristics and extraction of outcome data (study
results).

4.4 Correct for errors and omissions in data reported in included studies by: (1) collecting the most detailed numeric data
possible; (2) examining relevant retraction statements and errata for information; (3) obtaining where possible
relevant unpublished data which is missing [rom reports and studies.

4.5 Check accuracy of the numeric data in the mete-analysis utilising an appropriale process (o.g. third-party contral).

5. Appraising the Internal Validity of Inclnded Studies

5.1 Appraise internal validity of cach included study via the risk of bias assessment methodology specified in the protecol.

5.2 Assess risk of bias per outcome or ourcome-exposure pair (as appropriate) rather than per study.

5.3 Risk of bias assessment is to be conducted by at least two people worldng independently, with an appropriate process
(e.g. third-party arbitration) for identifying and sertling dispures.

5.4 Apply the risk of bias assessment tool thoroughly and consistently to each included study, recording each risk of bias
judgement made by each reviewer, and any disagreements and how they were resolved.

5.5 If there is empirical evidence which supports a judgement, comment but do not guess on likely direction and (if
possible) magnitude of effect of bias.

5.6 Provide appropriate explanation for judgement of risk of bias, making reference to decision processes described in the
protocol, and using supporting quetes (rom study reports or noting if information was not available.

6. ising the Evid

Deriving

y Resulis

6.1 Undertake (or display) meta-analyses only when studies are sufficiently comparable as to render the combined result
meaningful.

6.2 Transform all scales (where appropriate) into common measures of outcome, explaining how each scale has been
teinterpreted in the review.

6.3 Use appropriate methods to assess the presence and extent of between-study variation (statistical heterogeneity) when
undertaking a meta-analysis,

6.4 1f important statistical heterogeneity is observed, explain how this is accommodated in developing appropriate
summary results for the review (e.g. by not pooling at all, by conducting subgroup analyses etc.)

6.5 Assess the polential for publication bias in the data (i.c. systematic differences between the evidence which was
accessible to the review, and the evidence which was not).

6.6 Assess potential impact of risk of bias in the synthesis, based on the results of the appraisal of risk of bias in the
included studies (e.g. sub-group analysis excluding studies at high risk of bias; appropriate qualitative or quantitative
approaches),

6.7 Test the robustness of the results using sensitivity analyses (such as the impaet of notable assumptions, imputed data,
borderline decisions and studies at high risk of bias).

6.8 If subgroup analyses are conducted, follow (he subgroup analysis plan specified in the protecol, avoiding over-
interpretation of any particular {indings; sensible post-hoe analyses may also be carried out,

(continued on next page)
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7. Interpreting Results

7.1 Interpret the internal validity of the overall body of evidence by considering results of the appraisal of internal validity
(risk of bias) of each included study. The review should describe the potential for biased summary results due to
limitations in study design and conduet (e.g. extent of randomisation, blinding, confounding ete.) and the implications
of these limitations for drawing conclusions based on the overall body of evidence.

7.2 Interpret the consistency of the overall body of evidence, accounting for explainable and unexplainable variation
between studies. If a meta-analysis has been conducted, consider statistical heterogeneity. Where appropriate, conduct
sub-group and sensitivity analyses.

7.3 Interpret any subgroup analyses without selective reporting of results or placing undue emphasis on specific findings.

7.4 Interpret the precision of the results of any syntheses, taking care to interpret statistically non-significant results as
findings of uncertainty rather than no effect, unless the confidence intervals are sufficiently narrow to rule out an
important magnitude of effect.

7.5 Interpret the magnitude of the observed effect.

7.6 Interpret the dose-response relationship in the observed results.

7.7 Interpret the potential effects of reporting and publication biases (e.g. unreported outcome data, unpublished studies
ete.) on the observed results.

7.8 Interpret the external validity of the overall body of evidence. Any inferences or predictions abour effects in target

populations which are made based on effects ohserved in the populations in the included studies should accord with

the considerations defined in the protocol about the relative relevance of populations (e.g. species, age, comorbidities
etc.), exposures (e.g. timing, dose), and outcomes (direct or surrogate, acute or chronic model of disease, etc.), as
appropriate. Deviations from these considerations must be explained and justified.

7.9 Include the “summary of findings” table.

7.10 Summarise the quality of the overall body of evidence into an appropriate overall statement of confidence in the

results of the synthesis.

8: Drawing Conclusions

8.1 Draw out implications based only on findings from the synthesis of studies included in the review.
8.2 Describe implications for research based on Population-Exposure-Comparator-Outeome or other appropriate formula
consistent with that specified in the research objective.

8.3 Avoid describing policy implications in terms of specific actions authers feel that decision-makers should take. If

authors feel it is necessary to describe polic

implications, articulate them in terms of hypetherical scenarios rather

than making specific policy recommendations.

from a set of expert recommendations towards a more formal standard
such as a Code of Practice (BS EN ISO 9001:2015; BS EN ISO
9000:2015), we suggest the following potential actions: securing
greater capacity to organise and participate in more face-to-face
meetings; a longer process involving more stakeholders to potentially
allow for broader consensus on some of the more challenging or con-
troversial discussions, covering more elements of the SR process; and
implementation of more formal minute-taking and communication
structures for making the consensus process more auditable, improve
transparency, and facilitate communication between participants in the
COnsensus process.

4.3.2. Author conflicts of interest

In order to secure cross-sector consensus, we purposely invited
participants with varied interests in relation to developing a standard
for conduct of EH SRs. We did not attempt to directly manage the in-
terests of participants, as they were seen as desirable; instead, we
sought balance across stakeholder groups and domains of expertise. We
believe involvement of a broad cross-section of stakeholder groups
strengthens COSTER’s generalisability and broadens its acceptability,
while reducing the risk that any individual interest group has had ex-
cess influence on the consensus outcome.

4.3.3. The process for developing seed recommendations for COSTER
Rather than conduct a SR of existing standards and guidance of
potential relevance to seed the development of COSTER, we relied on
participants’ tacit knowledge of these in critiquing two established
biomedical standards for SR practice. We secured participation of sta-
keholders with experience developing the following frameworks: the
Navigation Guide (Woodruff and Sutton, 2014), the National Tox-
icology Program Office of Health Assessment and Translation (Rooney
et al., 2014); SYRINA (Vandenberg et al., 2016); the European Food

Safety Authority (EFSA, 2010); Cochrane’s MECIR standards and the
Cochrane Handbook (Higgins et al., 2011); GRADE (Morgan et al.,
2016); the IARC Monographs Program (IARC, 2015); and SYRCLE
(Vries et al., 2015).

MECIR and IOM, as seeds for COSTER, were selected as author-
itative standards likely to be comprehensive and not misleading in ei-
ther what they include or omit. These two existing standards provided
80 seed criteria (see Supplemental Materials 03). While a SR of existing
standards and guidelines could have extended this list, we believe it
would have been a considerable task to undertake without obvious
proportional benefit to a project which sought to define an initial expert
consensus on basic recommended practices in EH SR. This is an element
of the COSTER development methodology which could certainly be
improved in future; a detailed discussion of this follows in Section 4.4
below.

4.3.4. Potential for misuse of COSTER

The value of all SRs is diminished by misuse of the term “sys-
tematic” and the publication of poor-quality SR manuscripts. COSTER
seeks to avert this situation by giving authors, reviewers, editors and
other stakeholders clear, comprehensive recommendations on the fun-
damental practices of SR. At the very least, by providing an un-
ambiguous set of recommendations against which the conduct of a
putative SR can be compared, the authors hope that it will be easier for
the user to identify when phrases such as “adheres with the re-
commendations of COSTER” and “employed systematic review
methods” are being misused.

In general, the authors recommend that readers be cautious in
making any assumptions about the quality of a SR which uses or claims
to have complied with COSTER. While COSTER is intended to help
authors make good decisions about their EH SR methods, as a written
document it has little power on its own to ensure they have been
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Explanation and elucidation of key recommendations of COSTER v1.0.0

Project planning: recommendations 1.1.1 through 1.5.4

Contribution of COSTER: Emphasis on
importance of standard practices in biomedical
SRs for environmental health research

COSTER recommends conducting EH SRs according to pre-published protocols. Following a pre-published protocel can
reduce the risk that changes in methods mid-project will bias the results of a SR, by enabling comparison of the completed
review with what was planned in the protocol (Centre for Reviews and Dissemination, 2020). Protocel publication also
provides an opportunity for external peer-review of proposed methods and subsequent early identification of errors which, if
left unresolved, could undermine the validity of a resource-intensive project (Munafo et al 170

Although not yet common practice, sume EH SRs are being conducted according to pre-published protocols — see e.g.
Mandrioli et al. (2018), Matta et al. (2019), and Hansen et al. (2019). COSTER follows MECIR and 10M in providing
comprehensive recommendations for the planning and protocol phase of a SR.

Disclosure and management of interests: recommendations 1.1.3, 1.1.4

Contribution of COSTER: Distinction between
potential and apparent conflicts of interest
relating to tear selection in SRs

COSTER recommends defining a conflict of interest (COI) as “a situation in which financial or other personal
considerations would be considered by a reasonable person to have the potential to compromise or bias professional
judgment and objectivity”, and classifying COIs in two categories. These are: “apparent” conflicts of interest, defined as
situations “in which a reasonable person would think that the professional’s judgment is likely to be compromised”; and
“potential” conflicts of interest, which are situations “that may develop into an apparent conflict of interest”™. This follows the
Columbia University framework for “Responsible Conduct of Research” (Columbia University, 2004).

The authors believe this approach offers a way to operationalise the description and handling of risks that COls pose to the
integrity of a SR project. Firstly, all interests are declared. Then, the classification of “potential” is applied to any interest for
which the degree of conflict is unlikely to present a risk to the integrity of the project, while the classification of “apparent” is
applied to any interest for which the degree of conflict may present excess risk to the integrity of the project. Persons with
apparent conflicts of interests are excluded from involvement in decision-making processes.

COSTER allows for interests to be financial and non-financial. Similar to [OM, COSTER recognises that any potential COI
can, in the right circumstances, become an apparent COl, and that all potential COIs should therefore be declared, evaluated
and managed. COSTER distinguishes itself from the 10M approach to COls by emphasising that individuals with apparent
conflicts of interest need only be excluded from analysis and decision-making roles in the review process. This leaves open
the possibility of their involvement in advisory capacity as individuals with specialist knowledge on which review teams can
draw, while insulating the integrity of the review process from their apparent COls by prohibiting their invelvement in
decision-making. This allows EH SRs to utilise the full range of expertise in a field in which many practitioners will likely
have apparent COls.

The authors emphasise that the intent of these recommendations is not to limit participation in EH 8Rs by excluding
people with affiliation to broad sectors (e.g. academic grant holders, industry, or NGOs), but rather to make such
associations transparent. In lieu of declaration of interest forms built specifically for environmental health research, SR
authors could consider using forms such as those published by the International Committee of Medical Journal Editors
(Internarional Committee of Medical Journal Editors, 2013).

Interpreting external validity of the evid and

grating multiple evid SIreans: re dations 1.2.2, 1.4.6, 7.8

Contribution of COSTER: Aduptation of
biomedical SR standards to specific context of
EH research

Operationalising the interpretation of indirect, non-human and in vitro evidence in the course of predicting health risks in
target human populations is a fundamental challenge in adapting SR methods to environmental health. For healthcare
interventions, [OM specifies the use of an “analytical framework which clearly lays out the chain of logic that links the health
intervention to the outcemes of interest”. COSTER applies this concept in its recommendations for the assessment of the
external validity of evidence, to account for the importance in EH research of consistent, unbiased interpretation of an
evidence base which is often indirect.

EH researchers are increasingly interested in how the analysis of indirect mechanistic evidence can be organised via
predictive biological networks (Villeneuve et al., 2014b, 2014a) or Key Characteristics frameworks (Smith et al., 2016;
Arzuaga et al, 2019; Luderer et al., 2019) to help anticipate whether an environmental challenge will cause an adverse
health outcome.

In anticipation of the development of systematic approaches to developing and assessing the plausibility of such networks
or framework analyses, in recommendation 1.2.2 COSTER asks that protocels include the basic elements of a theoretical
framework for interpreting the external validity of included studies. The framework should describe why and to what extent
the review team will consider different populations (e.g. species, developmental stage), exposures (e.g. timing, dose,
similarity of substance/read-across) and outcomes (e.g. apical, intermediate) to be comparable to the target populations,
exposures and outcomes of interest. Recommendation 7.8 asks that interpretation of the results of synthesis are made in
accordance with this pre-specified framework.

Formulation of research objectives: recommendations 1.2.3, 1.3.3, 1.3.4, 1.3.5, 1.3.9

Contribution of COSTER: Formal clarification of
use of PECO-style statements in formulating SR

objectives in EH research

COSTER recommends formulating SR objectives in a structured format using context-appropriate elements of the PECOTS
(Population-Exposure/Intervention-Comparator-Outcome-Target Condition-Study Design) mnemonic. SRs that investigate
health effects of exposures and interventions (such as amelioration of the effects of exposures) are both expressly allowed for
in COSTER.

COSTER also makes granular recommendations about the specific aspects of the PECOTS elements that should be
considered in establishing the objectives of an EH SR. Because elements such as timing of exposure are a potentially critical
issue in reliably identifying health risks of environmental exposures, COSTER recommends these be considered and defined
as necessary. Specific guidance on good practice in the formulation of PECO statements by Morgan et al. (2018) has been
published since the COSTER recommendations were finalised, to which prospective authors may wish to refer.

(continued on next page)
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Inciuding informally published or previously unpublished literature, regardless of usability in the pl d analysis: r dations 1.3.6 t0 1.3.9, 3.4

Contribution of COSTER: Provides unaibiguous
rationale for exclusion of study reports due to
insufficient information content

COSTER recommends that grey literature (i.e. studies that have not been published in peer-reviewed journals) should be
included in systematic reviews. This is because the relevance of evidence is determined by the SR objectives, not by the
publication status of that evidence, the language the evidence is in, nor its compatibility with the analyses planned by the
reviewers.

The inclusion of grey literature can act as a safeguard against the influence of publication bias; however, researchers
should never assume that the grey literature which can be located is representative of the grey literature overall. The authors
of COSTER also acknowledge that inclusion of grey literature can be daunting and for some SR authers may be controversial
(Adams et al., 2016; Paez, 2017). Therefore, COSTER provides an explicit rationale for where researchers can draw the line
on including grey literature in a SR, as follows.

Firstly, in keeping with the SR principle of transparency, COSTER recommends that only publicly available information
about a study be eligible for inclusion (recommendation 1.3.9). The authors note that a SR that brings into the public domain
previously inaccessible information can be the mechanism by which such data becomes publicly accessible and therefore
eligible for inclusion. This has happened with SRs from WHO (Descatha et a 18; Li et al., 2018) and Cochrane (Jefferson
et al., 2014).

Secondly, COSTER recommends exclusion of studies for which there is insufficient information for risk of bias to be
evaluated, to prevent the inclusion in a SR of evidence that is potentially misleading but cannot be identified as such by the
reviewers (recommendation 1.3.6).

Thirdly, COSTER defines the included study itself, not documents describing the study, as the unit of evidence
(recommendation 3.4). Therefore, COSTER recommends all publicly accessible study documents including conference
abstracts ete. be gathered and assessed for information content as a whole, before a decision is made to exclude a study in
accordance with recommendation 1.3.6. Researchers should take care not to deuble-count populations when combining
multiple study reports, particularly when there is partial overlap between multiple documents.

Fourthly, COSTER recommends that documents should be included in a SR regardless of whether their data fit the analysis
plan of the reviewers or they are in a language in which the reviewers are fluent. This is to ensure that study documents
which may contain informatien of potential relevance to the SR’s research objectives are not excluded from the data
extraction step of the SR.

The authors are aware that many studies — especially epidemiological studies — cannot release detailed information on
individual participants owing to privacy concerns and legal mandates. The intent of the grey literature recommendations in
COSTER is not to exclude such studies, but rather to ensure that the use of study-specific findings within the larger analysis is
supported by those aspects of the underlying data that are available for publie serutiny.

Protocol publication: recommendations 1.5.1, 1.5.2, 1.5.3

Contribution of COSTER: Contribution of
COSTER: Differentiates between protocol
registration and publication as distinct steps of
the methods development process

Protocol registries such as PROSPERO (Centre for Reviews and Dissemination) and preprint repositories such as Zenodo
(CERN) and the Open Seience Framework (Center for Open Science, 2020) allow authors to register their methods in advance
of conducting a SR. However, there are no protocol registries that ensure authors have submitted sufficient information about
methods that a reader can be confident a registered protocol is a complete plan for conducting a SR. Nor do such registries
have capacity to peer-review protocols for soundness of the proposed methods. At mest, they perform only basic quality
control checks. This leads to a situation in which the value of self-registration for ensuring the comprehensiveness and
validity of methods for a given protocol is unclear. Therefore, it is the view of the authors that self-registration of a protocol
has value primarily as a record of intent to conduct a SR, rather than serving as a guarantee of comprehensive documentation
of methods prior to conduct of a SR.

To address the limitations of protocol registration, COSTER recommends that authors of SRs take a two-step approach to
protocol publication. As the first step, an outline of the proposed SR with the minimum necessary information to characterise
objectives and approach should be posted on an appropriate public registry or functional equivalent thereof, over which the
authors have no direct control (recommendation 1.5.1). This first draft is the permanent public record of intent to conduct a

systematic review, functioning to communicate research aims and help other review teams avoid planning duplicate SRs. As
the second step, this draft can then be developed in further detail as a full protocol submitted to external peer-review or other
appropriate quality management process (recommendation 1.5.2), and then published either in a scientific journal or a

preprint repository (recommendation 1.5.3). An example of journal publication of a protecol is provided by Mandricli et al.

(2018) and in a public repository by Martin et al. (2018). A general example of this kind of “two-stage” peer-review process,
to which readers may wish to refer, is provided by the Registered Reports model of scientific publication (Chambers, 2019).
Assessing the internal validity of included studies: dations 1.4.3, 5

Comtribution of COSTER: Explicit specification of
risk of bias methods for assessing internal
validity of fncluded studies

To prevent systematic errors in included studies being transmitted through to the findings of a SR, COSTER recommends
that each included study be assessed for internal validity, i.e. its potential to produce biased results. While anticipating
direction and magnitude of bias is desirable in assessing the internal validity of included studies, this is often not possible or
practical for SR projects; however, when feasible, evidence-based assessments of internal validity, which successfully
quantify bias are consistent with COSTER.

COSTER makes no specific recommendations about which instruments should be used 1o assess risk of bias, leaving it to SR
authors to determine which methods are best-suited to their research objectives. COSTER does, however, make a number of
recommendations about the process of risk of bias assessment. This includes assessing risk of bias per outcome
(recommendation 5.2) and making sure each judgement is transparent and grounded in the reviewed text (recommendation
5.6).

There is concern that risk of bias instruments may be misapplied in EH SRs, resulting in mischaracterisation of the validity
of included studies (Farrah et al., 2019). The authors note that risk of bias assessment methods need to be sensitive to
differences in study designs and employ suitable processes accordingly. The assessment process should balance being
transparently conducted against a clear standard, whilst ensuring that potential limitations of a study are not
mischaracterised by algorithmic comparison to inappropriately rigid validity criteria. Varfous systematic reviews and
evaluations of risk of bias assessment tools are available (e.g. Wang et al., 2019; Krauth et al., 2013; Rooney et al., 2016) and
a user of COSTER may wish to refer to such in deciding which tools to apply in a SR.

(continued on next page)
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Assessment of confidence or certainty in the overall body of evidence: recommendations 1.4.5, 7.1, 7.2, 7.4, 7.5, 7.6, 7.7, 7.8, 7.10

Contribution of COSTER:Contribution of
COSTER: Emphasis on evaluation of quality of
evidence against pre-specified criteria known to
be of importance when assessing confidence in
the results of a SR

COSTER recommends that assessment of overall confidence in the evidence included in a SR cover seven characteristics:
internal validity, consistency, precision, magnitude of effect, dose-response relationship, reporting and publication bias, and
external validity. While these are the same broad characteristics as those utilised in the GRADE Framework (Guyatt et al.,
1), COSTER makes no specific recommendations about which tool should be used for assessing these
characteristics nor how they should be interpreted, except that the approach should be described in the SR protocol.

Appropriate methods for assessing confidence in the results of an EH SR are a matter of ongoing discussion. The GRADE
Framework is under active development for the environmental health context (M« g
close interpretation of GRADE has been applied to environmental health questions in
National Toxicol Progra 016) and the Navigation Guide (Woodrutt a
EPA IRIS Program, in a recent series of epidemiology and toxicology SRs (Radke et al., 2
certainty assessment framework that utilises similar concepts as to those recommended in COSTER. The authors believe that
a systematic approach to assessing confidence in a body evidence is a fundamental part of the SR process because readers of a
SR need a trustworthy analysis of the overall trustworthiness of the evidence. The authors also note that a high-quality SR of
low-quality evidence is still a trustworthy SR — even if the SR process has shown that the reader cannot necessarily put much
trust in the evidence itself.

2008; Guyalt et al., 201

Making policy rec dati T d

Contribution of COSTER: Emphasises that
recommendations about interventions are often
beyond the scope of a SR of health effects from

environmental exposures

The development of environmental health policy needs to account for a wide range of issues relating to evidence of health
risks, due political process, and the values and preferences of stakeholders affected by the policy. In contrast, systematic
reviews ask focused questions that typically respond to only one or two of the full set of issues of importance for policy
development. This is especially true for SRs of health effects of environmental exposures: while they address potential causes
of adverse health outcomes (i.e. are aeticlogical), they would not normally also investigate evidence for the effectiveness of
interventions aimed at mitigating those adverse outcomes.

While identifying threshold limits to inform policy decisions is often the core business of many EH SRs, COSTER adheres to
the principle that the conclusions of a SR should not reach beyend the evidence that was included within it. COSTER
therefore recommends authoers resist answering questions about how best to mitigate the effects of an exposure or achieve a
risk threshold unless the SR has been designed to systematically locate, appraise and synthesise the relevant evidence for
providing such answers.

The authors note, however, that SRs characterising adverse outcomes from environmental exposures are often
conducted to support policy decisions. COSTER therefore recommends that when authors present policy implications of their
SR, they do so in the form of hypothetical frameworks. This means authors should state that if certain deseribed conditions
obtain, then a given intervention may be effective for mitigating harm. Any assumptions the authors make about values,
other evidence and potential consequences of a decision should be made explicit as part of that hypothetical framework.

successful in making them. As is the case for any standard or set of
recommendations, claims of following COSTER are open to potential
abuse, either deliberate or inadvertent, as a mechanism for artificially
elevating a reader’s perception of the quality of a piece of research. A
SR should therefore always be appraised using a valid, contextually
appropriate tool before coming to any judgments about its quality.

4.4. Future development of COSTER

The recommendations of COSTER are intended as a first step in a
broader research and consensus-building process, which it is hoped will
eventually yield a robust, international standard for conduct of sys-
tematic reviews in environmental health research. Formal standards are
typically based on both expectation and empirical evidence that the
practices described in the standard contribute to a product or process
being fit for purpose, combined with broad acceptance of the practices
among the community that is expected to adopt the standard. Since SR
methods are still relatively new in environmental health research, it
follows that while the consensus view of small groups of experienced
practitioners as to what they consider good practice can be secured, this
view is unlikely to be universally shared; nor is strong evidence for
what is effective practice necessarily going to be available, This is
particularly true for areas in which SR methods are not readily portable
from social science and medical contexts to environmental health, or
where environmental health researchers face challenges not en-
countered in other fields. Broad consensus is also a challenging goal
when only a small, albeit growing, part of the community is employing
SR methods in conducting reviews of evidence, and practices across
those SRs are inconsistent. While COSTER represents the consensus
view of the authors, other expert groups may disagree with some of the

recommendations of COSTER. Such disagreement is healthy: by making
explicit a set of key recommended practices for SR, COSTER serves as a
focal point for discussion and advancing consensus acrass groups.

As community experience in conducting EH SRs develops over the
next period, the authors suggest that future development of COSTER
adopt the framework for development of reporting guidelines for health
research presented in Moher et al. (2014). This framework emphasises
four steps:

1. a systematic review of existing standards and guidelines;

2. a systematic review of the prevalence of current research practices;
3. the critical appraisal of existing guidelines and current research
practices for completeness, face validity, and construct validity;

4. a process to determine community consensus on best practices and

the criteria for a guideline.

Steps 1 and 2 would result in a larger seed-set of potential re-
commendations than was provided by selecting the MECIR and IOM
standards as the basis for the current consensus. However, such a SR
could be a significant undertaking, as it requires a decision as to what is
relevant (e.g. should nutrition and public health standards be in-
cluded?) and potentially interpreting the implied standards in several
large handbooks, a large number of reporting standards and guidelines,
and potentially even individual SR study reports as well. This is a major
challenge for qualitative analysis and requires appropriate resources.

Steps 3 and 4, as a broad discussion and consensus process, would
provide a community view of where current practices fall short of ex-
pectation or need, or where specific processes might exceed what the
community views as strictly necessary for conduct of a robust EH SR.
For future versions of COSTER, it is important that the consensus
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process be extended beyond the 21 people it was possible to involve
here. Care will need to be taken to maintain stakeholder balance as
numbers of participants are increased.

The authors recommend COSTER be re-assessed according to the
above methodology, with a view to an updated set of recommendations
being published around 2025. Some examples of recent methodological
innovations in EH SR which should be considered for inclusion in future
versions of COSTER include:

@ more detailed recommendations for handling of specific types of
evidence, including mechanistic and in vitro study designs, ob-
servational studies and controlled trials in humans;

@ the handling of evidence of the efficacy of EH interventions, an
example of which being the health benefits from introducing low-
smoke cookstoves (e.g. Quansah et al., 2017},

@ more advanced evidence integration techniques such as triangula-
tion (e.g. Lawlor et al., 2016) and meta-regression (e.g. Phung et al.,
2017);

@ the prespecification of exposure assessment criteria in risk of bias
assessment, where COSTER currently only explicitly mentions con-
founders;

@ more detailed recommendations for appraising the external validity
of included studies.

5. Conclusion

COSTER presents the recommendations of a diverse group of expert
practitioners, reflecting their consensus view on good practice in the
planning and conduct of environmental health systematic reviews.
COSTER is intended as the first step in a broader consensus-building
process which should lead to the eventual development of robust
standards for conduct of EH SRs, while in the near-term providing re-
commendations on good practice as guidance for EH SR stakeholders.
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Abstract

Background: “Biological plausibility” is a concept frequently referred to in environmental
health when researchers are evaluating how confident they are in the results and inferences
of a study or evidence review. Biological plausibility is not, however, a domain of one of the
most widely-used approaches for assessing the certainty of evidence (CoE) which underpins
the findings of a systematic review, the GRADE CoE Framework. Whether the omission of
biological plausibility is a potential limitation of the GRADE CoE Framework is a topic that is
regularly discussed, especially in the context of environmental health systematic reviews.

Objectives: Here we seek to determine whether “biological plausibility” is a concept already
accommodated under the existing GRADE domains. Although evidence to support biological
plausibility can come from a variety of sources and be considered in multiple contexts, here
we focus on experimental animal and in vitro data because these are the primary types of
evidence used to assess biological plausibility in human health environmental exposure
assessments.

Discussion: We argue that "biological plausibility” is a concept which primarily comes into
play when evidence about the effects of an exposure on a population of concern (usually
humans) is lacking, i.e. it either does not exist, or it is at high risk of bias, is inconsistent, or
limited in other ways. In such circumstances, researchers look toward evidence from other
study designs in order to draw conclusions. We can consider experimental animal and in
vitro evidence as “surrogates” for the target populations, outcomes and exposures of actual
interest. Through discussion of 12 examples of experimental surrogates, we propose an
updated working definition of “biological plausibility” as a concept with two principle aspects,
a “generalisability aspect” and a “mechanistic aspect”. The “generalisability aspect” concerns
the validity of inferences from experimental models to real-world scenarios, and asks the
same question as assessment of external validity in systematic reviews. The “mechanistic
aspect’ concerns certainty in knowledge of biological mechanisms and informs judgements
of the generalisability of surrogates. While both aspects are accommodated by the
indirectness domain of the GRADE CoE Framework, further research is needed to
determine how to use knowledge of biological mechanisms to operationalise assessment of
external validity and indirectness of the evidence in systematic reviews. This research
should be closely informed by experience of assessing biological plausibility in
environmental health.
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Introduction

In environmental and public health research, toxicelogy, and human health chemical risk
assessment (henceforth referred to as “environmental health research”) it is rare to have
definitive evidence from human populations about the potential health harms that a given
environmental exposure might be causing. When it does exist, human evidence typically
consists of epidemiological studies. These are not experimental in design and therefore
need to be considered carefully when drawing conclusions of causality, for example with
respect to considerations of exposure assessment methods and potential confounding
(Braun and Gray, 2017).

The rarity of definitive evidence from studies in humans elevates the importance in
environmental health research of evidence from experimental animal (in vivo) and in vitro
studies. However, while evidence from in vivo and in vitro studies has the advantage that
exposure can be controlled, the laboratory set-up is only indirectly representative of the real-
world situation which it models - with differences between species, the use of artificial cell
culture constructs to measure biological processes, and exposure regimens which are often
much higher, shorter and more regimented than real-world cases (Rhomberg, 2015).

There is always, therefore, a need to translate the significance of findings from laboratory
experiments to the real-world scenarios they are informing. Our ability to do this correctly is
critical in successfully identifying, quantifying, and limiting health harms from environmental
exposures. As systematic reviews become mainstream in environmental health (Bilotta,
Milner and Boyd, 2014; Sheehan and Lam, 2015; Morgan et al., 2016; Whaley et al., 2016;
Hoffmann et al., 2017), the need for systematic approaches to translating evidence from the
laboratory to the real-world context becomes increasingly important.

One concept which has long been applied in translating the findings of laboratory
experiments to real-world contexts is that of “biological plausibility”. This was first introduced
by Sir Austin Bradford Hill in 1965 as one of his considerations for establishing causality
(Hill, 1965). Bradford Hill argued that the presence of biological plausibility can be
considered to increase the likelihood that a relationship between an environmental exposure
and a health outcome is a causal one. However, in spite of many definitions of “biological
plausibility” having been offered (see Table 1 for some examples), exactly what constitutes
biological plausibility has never been fully or finally characterised. This is particularly true for
the context of conducting environmental health systematic reviews. Methodologists,
including the GRADE Working Group, have regularly been challenged by environmental
health practitioners about whether and how the assessment of biological plausibility is
accommodated by the systematic review process (European Food Safety Authority, 2018).
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Source Definition of “biological plausibility”

Wikipedia (Wikipedia contributors, “A relationship between a putative cause and an outcome — that is
2014) consistent with existing biological and medical knowledge” and “one
component of a method of reasoning that can establish a cause-and-
effect relationship between a biological factor and a particular disease
or adverse event”

European Food Safety Authority “Consistency between data and biological theory or mechanism”
(Hardy et al., 2017)

Last's Dictionary of Epidemiology The “causal consideration that an observed, potentially causal
(International Epidemiological association between an exposure and a health outcome may plausibly
Association, 2001) be attributed to causation on the basis of existing biomedical and

epidemiological knowledge.”

Organisation for Economic Co- Being “consistent with biological knowledge” and “based on extensive
operation and Development (OECD, | previous documentation and broad acceptance”
2016)

US Environmental Protection “An inference of causality [which] tends to be strengthened by
Agency Cancer Guidelines (US consistency with data from experimental studies or other sources
Environmental Protection Agency, demonstrating plausible biological mechanisms. A lack of mechanistic
2005) data, however, is not a reason to reject causality.”

Table 1. Examples of definitions of “biological plausibility”

GRADE and biological plausibility

The GRADE Framework, commonly used in public health and healthcare systematic reviews
and increasingly in environmental health (Morgan et al., 2016), contends that assessment of
the certainty of evidence for answers to research questions can be successfully
operationalised (i.e. conducted accurately, consistently and transparently by different
researchers working in different times and places) via systematic consideration of a
predefined set of eight strengths and limitations of the overall evidence base (Guyatt et al.,
2008). The limitation domains which reduce certainty in the results of a systematic review
are risk of bias, inconsistency, indirectness, imprecision and publication bias; the strength
domains which increase certainty are large effect size, presence of a dose-response
relationship, and residual opposing confounding (see Figure 1).

The strength and limitation domains of the GRADE Framework are intended to be
exhaustive of the concepts necessary for assessing certainty of the evidence,
operationalised via a structured reasoning process designed to produce more consistent,
transparent results than is achievable by direct application of the considerations of Bradford
Hill. Historically, the contention has been that the role played by assessment of biological
plausibility in environmental health assessments is already accommodated either in the
GRADE domains or as part of the systematic review process (Schunemann et al., 2011,
Hultcrantz et al., 2017).
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Figure 1. The upgrade and downgrade domains in GRADE and how they are used to determine the overall
certainty in evidence for a systematic review. Adapted from (Morgan et al., 2016).

The purpose of this paper is to re-examine that contention and elucidate the role performed
by the assessment of biological plausibility in environmental health systematic reviews.

We argue that biological plausibility is a concept which primarily comes into play when
evidence directly concerning the populations, exposures and outcomes of concern is lacking.
In these scenarios, systematic reviews may include evidence from surrogate in vivo and in
vitro experimental models. We present 12 examples of the use of such surrogates in
environmental health reviews to gain insight into how researchers employ the concept of
biological plausibility when selecting and weighing evidence from experimental models.

We believe these 12 examples show that the concept of biological plausibility in fact consists
of two connected principle aspects, which we call the “generalisability aspect” and the
“mechanistic aspect’. The generalisability aspect of biclagical plausibility concerns the
generalisability of findings in an experimental context to a target context of concern. The
mechanistic aspect of biological plausibility concerns certainty in knowledge of biological
mechanisms and is informative of judgements of the generalisability of a surrogate.

Since the generalisability aspect is concerned with the same issue of generalisability from
experimental to target context as is the assessment of external validity in systematic
reviews, and the mechanistic aspect informs judgements under the generalisability aspect, it
follows that biological plausibility is accommodated under the GRADE domain of
indirectness. GRADE does not therefore need to be extended to include a specific domain of
biological plausibility. However, instruments for assessing the external validity of surrogates
in systematic reviews have not yet been developed. We therefore recommend that the
development of such tools takes into account insights from assessment of biclogical
plausibility in environmental health research. Because GRADE has not yet been applied to
assessment of certainty in knowledge of biological mechanisms, and this is an integral part
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of judging the external validity of surrogates, we also recommend research be conducted
into this as a new application of the GRADE CoE Framework.

“Biological plausibility” and the inclusion of
surrogates in systematic reviews

Systematic review is the application of methods designed to minimise risk of systematic and
random error and maximise transparency when using existing evidence to answer research
questions. Systematic review questions in environmental health are generally characterised
in terms of the population, exposure, comparator and outcome of concern - the PECO
mnemonic (Morgan et al., 2018).

The purpeose of characterising environmental health questions and the objectives of
systematic reviews in terms of a PECO statement is to facilitate unambiguous
characterisation of the types of studies which will be considered by the authors of a
systematic review to be relevant or eligible for answering their question. Studies which are
more directly relevant will have PECQO characteristics which closely fit with those of the
systematic review; those which are less relevant will be less similar. This concept of fit
between a study and the objectives of a systematic review is “external validity” - the extent to
which the findings of a study can be generalised to populations, exposures and outcomes
outside the context of that study (Higgins JPT, Thomas J, Chandler J, Cumpston M, Li T,
Page MJ, Welch VA, 2019).

When designing a systematic review, the authors need to decide what their cut-off or
threshold for external validity is going to be - where they draw the line on a study being
insufficiently generalisable to their target PECO to be worth including in their review. Where
the line is drawn will depend on the review objectives. However, the most efficient way of
going about a systematic review is to define as eligible only those studies whose designs
most directly match the PECQ characterisation of the systematic review question. If the
evidence from those studies is sufficiently certain then there is no need to seek out other
evidence in support of the findings of the systematic review - the investigation can stop (see
Figure 2A).

A classic example of this scenario is smoking causing lung cancer. Several observational
studies have investigated doctors (P) and how much they smoke (E) in comparison to
doctors who do not smoke (C), and assessed the relative risk of lung cancer (O) between
the two groups. The studies are at relatively low risk of bias, including confounding; multiple
studies of similar design give reasonably consistent results; they are in a representative
population; the overall effect size is reasonably precise; there is no evidence that publication
bias exaggerates the observed effect size; there is a dose-response relationship; and the
effect size is large, with smoking increasing lung cancer risk by a factor of 12-24 (Doll et al.,
2005, Pope et al., 2011).
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Applying Systematic Review Methods in Chemical Risk Assessment - Chapter 3.
Biological plausibility
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These features of the evidence can all be established, and sufficiently high certainty that a
causal relationship has therefore been observed, without knowledge of the mechanism by
which the exposure is having the effect. In such scenarios, the “biological plausibility” is
inferred - it can be assumed there is a discoverable biological mechanism because there is
high certainty that the relationship is causal, even when there is little information about the
biological mechanism by which the exposure causes its outcome. Conversely, that it is not
known why or how the exposure causes the outcome does not undermine certainty in the
evidence for the relationship.

The challenge in environmental health research is that high certainty in direct evidence is a
theoretical possibility which is only rarely realised. Usually, environmental health systematic
reviews will find the human evidence which directly relates to a hypothesised exposure-
outcome relationship is uncertain or even non-existent. In such circumstances, in order to
further investigate and elucidate potential causal relationships between exposures and
outcomes, it becomes necessary to evaluate studies of surrogates (see Figure 2B). This is
done in the expectation that including in the systematic review indirect evidence from studies
of surrogates will raise certainty about whether or not there is a causal relationship.

The use of surrogates is familiar in environmental health contexts, which has long been
reliant on evidence where animal models stand in for target human populations, biomarkers
of disease are used in place of observation of clinical health outcomes, and potential health
effects of under-studied chemicals are inferred from their similarity to better-researched
substances. As with any systematic process, decisions on which surrogates to include in a
systematic review need to be transparent and well-reasoned, based on evidence of the
validity of the decision, and defined in advance of conduct of the review. Spurious inclusion
of surrogate studies is not just a waste of time and resources: if surrogates are not
informative of the question but nonetheless included in the overall analysis, then the validity
of the results of the systematic review may be compromised; likewise, spurious exclusion of
surrogate studies which should have been included also risks false conclusions.

The “biological plausibility” of choice of surrogates

In environmental health assessments, the use of a surrogate is considered to be justifiable
insofar as it provides “biologically plausible” support for the hypothesised exposure-outcome
relationship in the population of concern (European Food Safety Authority, 2018). In the
context of systematic reviews, the GRADE approach is to assess the importance of the
indirectness of the surrogate relative to the question being asked. Evidence from surrogates
which are critically indirect would be excluded from a systematic review; evidence from
surrogates which is direct enough to be informative would be included but might be
downgraded for certainty depending on how important the indirectness of the surrogate is
determined to be (Guyatt ef a/., 2011).

We now present a series of 12 examples of the use of surrogates in environmental health
assessments which we frame in terms of the concept of biological plausibility. We then use
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these examples to indicate how judgements of bioclogical plausibility relate to the concepts of
systematic review. The examples are summarised in Table 2.

Surrogate populations

Toxicology has a long history of use of animal models for investigating potential harm to
health from exposure to chemical substances, due to the ethical prohibition on testing for
harm in humans but still requiring evidence to inform evaluation of chemical health risks.

One example of the acceptance of surrogate animal and /n vitro populations for predicting
health outcomes in target human populations is in the assessment of the carcinogenicity of
2-nitropropane. While there is no direct evidence of carcinogenicity in humans, animal and in
vitro evidence is considered to be sufficiently certain to justify classifying 2-nitropropane as a
human carcinogen (Papameletiou et al., 2017). Here it is being judged sufficiently
“biclogically plausible” that what is observed in animal surrogates would also be seen in
humans that a conclusion of carcinogenicity can be drawn. In the language of GRADE, this
would be to say that the non-human surrogate evidence is direct enough to be eligible for
determining human carcinogenicity.

In a contrasting example, the US FDA has deemed rat models for assessing bladder
carcinogenicity to be ineligible for assessment of saccharin as a food carcinogen. This is due
to the mechanism by which saccharin causes tumour growth in rats not being present in
humans (US National Resource Council, 2014). The model was originally considered to be
predictive, but once the mechanism by which saccharin causes cancer in rats was
determined not to be present in humans, the US FDA excluded the rat model from its
assessment. That is to say, there is an absence of biological plausibility to the claim that the
mechanism by which saccharin causes cancer in rats is also occurring in humans. In the
language of GRADE, this would be to say the indirectness of the animal model is critical -
the rat model is too indirect, does not generalise to humans, and therefore would not be
eligible for inclusion in a systematic review of whether saccharin is a bladder carcinogen.

Slll‘l‘()gﬁ te outcomes

Surrogate outcomes are used in environmental health research because, when conducting
experimental or observational studies, it is often easier or more ethical to measure
biomarkers of disease than clinical outcomes of interest. This is the case when clinical
outcomes may have long latency periods in the population of concern (such as for many
cancer types), when observation of an outcome would entail allowing a disease to develop
instead of intervening to treat it, or when the outcome may not even actually manifest in the
observed population (such as when in vitro or certain in vivo models are being used).

An example of the acceptance of a surrogate outcome is in a systematic review of evidence
for the developmental and reproductive toxicity of the biocide triclosan by Johnson et al.
(2016). In this case, serum thyroxine concentrations in pregnant women were chosen as a
surrogate for the neurodevelopmental health of children. The reasoning was that maternal
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thyroid levels during pregnancy are sufficiently predictive of the subsequent
neurodevelopmental health of the child that the indirectness of the outcome can be taken to
be unimportant. These authors can be interpreted as considering there to be a sufficiently
“biologically plausible” relationship between maternal serum thyroxine and
neurodevelopment that it can be used as a surrogate outcome. In the language of GRADE,
the indirectness of the surrogate outcome is unimportant and studies which investigate this
outcome are eligible for inclusion in the systematic review..

In contrast, a systematic review of biomarkers for Alzheimer’s Disease found insufficient
evidence to be able to recommend any biomarker for use as a surrogate outcome for
disease progression (McGhee et al., 2014). While it might seem to be “biologically plausible”
that Alzheimer’'s Disease results in specific changes to physical brain structure detectable in
an MRI scan, there seems to be a lack of empirical evidence that this is reliably the case.
The importance of the indirectness of the surrogate measures is therefore higher than might
have previously been considered. This would suggest that, in GRADE, studies of anything
other than clinical symptoms of Alzheimer’s Disease should be at least be downgraded for
indirectness due to the uncertainty of how the biomarkers predict the final cutcome of
concern, if not outright excluded from systematic reviews.

Surrogate exposures

Selecting and according appropriate importance to surrogate exposures is a complex issue
in environmental health systematic reviews. We briefly discuss four aspects of surrogate
exposure: route of exposure; administered dose; active substance; and matrix of exposure
assessment. These should provide sufficient illustration of principle, though we note that
other aspects of exposure such as measurement of metabolites vs. parent compound, timing
of exposure, and other issues, will need consideration in environmental health systematic
reviews (Cohen Hubal et al., 2020).

Extrapolating from experimental routes of exposure to the exposure routes likely to be
encountered by target populations is a major preoccupation of toxicological risk assessment.
For example, toxicology studies which administer bisphenol-A to animal test subjects via oral
gavage are considered to be of direct relevance to assessing outcomes from dietary
exposure. In contrast, IV administration of bisphenol-A is typically considered to be very
indirect, due to the avoidance of first-pass glucuronidation in the liver (European Food Safety
Authority, 2015). However, the perceived importance of IV administration may increase if
knowledge of how bisphenol-A is metabolised allows equivalent oral doses to be calculated
from IV doses, as this provides what can be interpreted as a "biologically plausible” account
of how the two doses are related (Taylor, Welshons and Vom Saal, 2008). In such
circumstances, GRADE would consider the indirectness of the route of exposure as being of
less importance. Pharmacokinetic models to aid in route-to-route extrapolation are
encouraged in chemical assessments (Meek ef al., 2013).
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In toxicological research, experiments often are conducted using high doses that are not
considered environmentally or occupationally relevant. Many bioassays also merely aim at
identifying a maximum tolerated dose of a chemical substance in order to provide a
benchmark of toxicity. High dose regimens can raise critical concerns about the indirectness
of a study, if the toxicokinetic and toxicodynamic factors by which the administered dose
causes an outcome are different from those at the lower target dose level.

This is a key point of debate about the potential health effects of exposure to endocrine
disrupting chemicals: if the administered high dose overwhelms the biclogical pathway that
is involved in the endocrine activity of the active substance, then there may be critical
concerns about the indirectness of the surrogate dose for determining whether the chemical
of concern is an endocrine disruptor (Lagarde et al., 2015). In such cases, the“biologically
plausibility” of the connection between the mechanism by which the target dose causes the
outcome of interest and the mechanism by which the surrogate dose is acting in the
experimental environment would be very limited. In terms of GRADE, the importance of the
indirectness of the evidence may be considered high when there is evidence of different
toxicokinetic and toxicodynamic profiles operating at different dose levels.

In contrast, chemicals which cause cancer by a genotoxic mechanism are considered to
operate according to the same mechanism of action at high and low doses (Crump, 1996).
Extrapolation from across the dose range is taken as unproblematic, i.e. it is biologically
plausible that the same mechanism is operating. In terms of GRADE, the importance of the
indirectness of the surrogate dose would in this case be considered unimportant.

There are many chemicals to which people are potentially exposed which have very few
associated toxicology studies. One means by which the potential toxicity of under-studied
substances can be anticipated is by extrapolation from evidence of the toxicity of suitably
similar chemicals.

For example, the UK Committee on Toxicity recently evaluated evidence of the neurotoxicity
of organophosphate flame retardants (OPFRs) (UK Committee on Toxicity (COT), 2019).
Part of their assessment concerned whether the neurotoxicity of OPFRs could be
extrapolated from studies of the neurotoxicity of organophosphate pesticides (OPPs). COT
determined that OPPs are not a good surrogate exposure for OPFRs, because OPFRs do
not inhibit acetylcholinesterase to the same degree as OPPs. COT concluded that there is
no “biologically plausible” explanation for how OPPs and OPFRs can cause the same effect,
and therefore it is not reasonable to make inferences about the neurotoxicity of OPFRs from
evidence of the neurotoxicity of OPPs. In GRADE, this absence of explanation for the
mechanism by which evidence of the neurotoxicity of OPPs generalises to OPFRs would
raise concerns about the importance of the indirectness of the evidence.
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On the other hand, since the phase-out of consumer uses of bisphenol-A due to concerns
about its potential to act in the body as an estrogen, considerable research has been
conducted into whether its analogue replacements such as bisphenol-AF and bisphenol-C
may have similar estrogenic potential. Enough similarities in action have been observed to
suggest that, at least as a group, exposure to some bisphenols may be predictive of the
effects of exposure to others (Pelch et al., 2019). Similar research has been conducted into
polyfluorinated compounds (Cousins et al., 2020). When it is more “biologically plausible”
that a surrogate and target substance share the same mechanisms by which they exert
health effects, the indirectness of the surrogate becomes less important.

It is often impractical or unethical to measure individual exposure to an environmental
challenge. For example, air pollution is challenging to measure at the personal level (Burns
et al., 2020) and matrices of concern can be inaccessible, as for in utero exposure
assessment (Gauderat ef al., 2017) and brain tissue (Lin, 2008). As a result, the use of
surrogate exposure methods and matrices is common in environmental health research.

When using surrogate matrices, the occurrence of the exposure of concern in the matrix of
interest has to be inferred from a surrogate exposure measurement in the measured matrix.
For the inference to hold, it has to be “biologically plausible” that the exposure in the
observed matrix represents the exposure in the target matrix - i.e. the indirectness of the
surrogate matrix in relation to the target matrix should be unimportant.

In a recent series of systematic reviews of health effects of phthalate exposures, studies
where phthalate levels were measured in serum rather than urine were excluded (Radke et
al., accepted). This was due to the high likelihood that blood samples can be contaminated
with phthalates in collection and storage; these contaminants are then metabolised by
enzymes in the blood such that the analysed serum gives artificially high readings of
phthalate exposure levels. Since such enzymes are not in urine, phthalate contamination is

not an issue: the parent compounds can be disregarded and only the metabolites measured.

In the language of GRADE, phthalate levels in serum would be considered to be of greater
indirectness than phthalate levels in urine because it is not “biologically plausible” that the
levels seen in serum samples reflect levels in the person from whom the serum was drawn.

Cadmium is a heavy metal for which measurement in hair and toenails is an effective, non-
invasive method for acquiring data about relative levels of population exposure. However,
due to the complex toxicokinetics of cadmium which include its sequestration in internal
organs, measurement of cadmium in hair is an unreliable indicator of whether a particular
person’s current exposure level puts them at risk of damage to specific organs such as the
kidney (Prozialeck and Edwards, 2010). In this case, urinary levels of B2-microglobulin are a
more direct indicator of potential renal injury from current cadmium exposure levels
(Prozialeck, 2013). Since there are no “biologically plausible” explanations of how levels of
cadmium in hair provide an accurate enough measure of exposure to indicate whether a
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person’s cadmium levels are causing renal injury, indirectness of the surrogate is important;
for p2-microglobulin the opposite is the case.

Surrogates of higher biclogical plausibility, for which Surrogates of lower biological plausibility, for which
indirectness is less important indirectness is more important

Population Animal models for human carcinogenicity of 2- Rat models for human bladder carcinogenicity of
nitropropane saccharine
Exposure Extrapolating from high-doses to low doses of genotoxic Extrapolating from high doses to low doses of endocrine
(dose) substances disrupting chemicals
Exposure Oral administration of bisphenal-A via gavage, or Intravenous administration of bisphencl-A in absence of
(route) availability of a pharmacokinetic model to translate pharmacokinetic model to translate intravenous dose to
i ous dose to oral equivalent oral equivalent
Exposure Inferring estrogenic potential of other bisphencls and Inferring neurotoxicity of OPFRs from studies of OPPs
(substance) from studies of bisphenol-A
Exposure Measurement of B2-microglobulin levels in blood as Measurement of phthalate metabolites in serum rather
(biological marker of Cd exposure in the kidney than urine samples; measurement of Cd in hair as marker
matrix) of exposure levels in the kidney
Outcome Maternal serum T4 for child neurodevelopmental Biomarkers of Alzheimer’s Disease progression in place of
outcomes clinical measures

Table 2: Summary of the examples used in this manuscript to indicate how discussion of biclogical plausibility
maps onto the concepts of systematic review.

Discussion

The dual aspects of biological plausibility

Our examination in this manuscript of “biological plausibility” has shown it to be a complex
concept which can be deployed in multiple scenarios in environmental health assessments.
These potential uses extend beyond those definitions of biclogical plausibility which describe
it exclusively in terms of biological explanations of a causal relationship between exposure
and outcome (such as those in Wikipedia and in Last’s Dictionary of Epidemiolegy, as
summarised in Table 1). While heterogeneous in nature, we believe that these multiple uses
of biological plausibility have two principle, related aspects in common. We call these the
“generalisability aspect” and the "mechanistic aspect”.

The generalisability aspect of biological plausibility concerns the validity of generalisations
from an experimental or observed (i.e. surrogate) population, exposure or outcome to a
target population, exposure or outcome of concern. This aspect is not immediately
concerned with the plausibility of causal claims about the effect of exposures on outcome,
but instead about the extent to which an observation in a surrogate population plausibly
generalises to a target population, a surrogate substance generalises to a target substance,
etc.

While the generalisability aspect is not immediately about biology, our 12 examples do show
that judgements of whether a surrogate plausibly generalises to a target context are strongly
influenced by knowledge of relevant biological mechanisms. This knowledge is not always
available. However, when it is, it has a large impact on judgements about the generalisability
of observations in a surrogate: the higher is the certainty in the knowledge of relevant
biological mechanisms, the higher is the certainty that a generalisation from a given
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surrogate is valid. This certainty in biological mechanism is the mechanistic aspect of
biological plausibility.

These two aspects are different but fundamentally linked. judgements of the plausibility of
generalisations underpinned by judgements of the plausibility of mechanisms. This
connection between the two aspects of biological plausibility is illustrated in Figure 3.

We believe this clarifies the concept of biological plausibility and suggests an updated
working definition, as follows: Biological plausibility is a dual-aspect concept, concerning (a)
the plausibility of generalisations from research contexts to target contexts of concern, and
(b) the plausibility of mechanistic explanations of biclogical processes. When knowledge of
biological mechanisms is available, it can have considerable impact on certainty in making
generalisations from research contexts to target contexts of concern.

Biological
plausibility

The plausibility of
(Sl e ) generalisations from
surrogates to contexts
of concern

T jossisu0d

The plausibility of
descriptions of
biological mechanisms

Mechanistic

Aspect

Figure 3. The relationship between the generalisability and
mechanistic aspects of biclogical plausibility

Implications for GRADE and systematic review

Using the example of smoking and lung cancer, we have argued that biological plausibility is
inferred if direct evidence is sufficiently certain. Having identified in the concept of biological
plausibility two aspects of analysis, we can further clarify this position: when direct evidence
is certain, there is no need to generalise from the included evidence to the target context as
defined by the review question. In such circumstances the generalisability aspect of
biological plausibility does not therefore come into play, and there is no need to appeal to
knowledge of biological mechanisms to inform the validity of such judgements.

Howaever, direct evidence in environmental health research is rarely certain and very often
unavailable. It is therefore frequently necessary to consider including surrogates in
environmental health systematic reviews. In the systematic review process, this happens at
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two stages: the defining of the eligibility criteria, when the review team decides which
evidence is sufficiently generalisable to the target context to be worth including in the review;
and in the assessment of indirectness, where the review team judges the extent to which the
included evidence generalises to the target context.

In the language of systematic review, this assessment of generalisability is referred to as the
“external validity” of evidence, i.e. the extent to which the results of an experimental or
observational study apply to a target context outside of that study. This is the same issue of
generalisability as that discussed when considering biclogical plausibility. The only
difference is one of vocabulary, whereby systematic reviewers talk about the “validity” rather
than “plausibility” of a generalisation. Since the generalisability aspect of biological
plausibility is asking the same question as the assessment of external validity in systematic
reviews, and external validity is subsumed under the GRADE domain of indirectness, it
follows that there is no need to extend GRADE to accommodate this aspect of biological
plausibility. How the concept of biclogical plausibility maps onto systematic review is
illustrated in Figure 4.

Review guestion and
The plausibility or validity of PECO Statement
generalisations from surrogatesto
Biological contexts of concern
plausibility M . informs
& %
& %21, What evidence generalises sufficiently
) well to the target content as defined by
ndertn® Eligibility criteria the research question to be eligible for

Generalisability equivalent to inclusion in the review?
Aspect

P
”d”w
&, 3
&7 How well does the evidence that is
& Assessment of included in the review generalise to
indirectness the target context as defined by the
research question?

answers ‘Questions about
biological mechanisms

Jossiued

Figure 4. How biological plausibility maps onto the processes of systematic review via the shared concept of
external validity. While questions about biclogical mechanisms {e.g. how an exposure causes an outcome) are
independent of a given systematic review, answers to those questions can be highly informative in judging the
external validity of evidence

While we believe we have determined how the concept of biological plausibility maps onto
systematic review and GRADE, our discussion draws further attention to two priority areas
for methodological research. In both areas it would be obvious to use the experience of
environmental health assessment practitioners in developing these methods.

1. How should we make judgements of external validity? The 12 examples in this
manuscript show that judging external validity is complex and potentially has to be made
across multiple related domains of population, exposure, outcome, and subdomains thereof.
Instruments which would facilitate transparent, consistent, and accurate judgements across
these domains are not yet available and should be developed.



2. How should we judge certainty in mechanism? Answering questions about biological
mechanisms draws on a wide variety of information including pharmacokinetic models,
information about the absorption, distribution, metabolism and excretion (“ADME”) of
chemical substances, knowledge of mechanisms by which chemicals cause outcomes in
both target and observed populations, and the extent to which biomarkers of disease are
predictive of clinical outcomes, to name a few. If mechanistic knowledge is informative of
judgements of external validity, and therefore of the indirectness domain in GRADE, then we
need to develop methods for assessing certainty in mechanistic knowledge. This would be a
new application of the GRADE CoE framework.

The 12 examples discussed above give some indications of the conditions under which
inclusion of indirect evidence may increase certainty in the findings of a systematic review.
These are outlined in Table 3 and illustrated, where feasible, in Figure 5. While these are
only suggestive selections from the examples we have used in this manuscript, they do
illustrate how much of this discussion is already familiar in toxicology and environmental
health, and provide a robust platform of experience on which to develop answers to the two
questions above.

Potential influencing factors in judging the biological plausibility or external

validity of study surrogates

Population The extent to which the biological pathway connecting exposure to outcome is operating
in both the surrogate population and the target population (Figure 5A)

Exposure — The similarity of the toxicodynamic and toxicokinetic processes by which the surrogate

dose dose acts in comparison to that of the target dose

Exposure — The similarity by which an organism absorbs and metabolises the substance of concern

route via the surrogate route as opposed to the target route; or the reliability with which

exposure from the surrogate route can be transformed to values which match exposure
from the route of interest

Exposure — The relative affinity of the surrogate molecule for the points at which the target molecule

substance interacts with the biological processes of interest (Figure 5C)

Exposure — The reliability with which levels of the substance in the observed matrix can be

matrix transformed to values in the matrix of concern (Figure 5D)

Outcome The extent to which a surrogate outcome is predictive of the target outcome of concern
(Figure 5B)

Table 3: Summary of potential influencing factors in judging biological plausibility or external validity of study
surrogates, as suggested by the examples in this manuscript
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Finally, we note that sufficient biological knowledge to permit high-certainty judgements of
mechanism and external validity is rare. Absent explanations of mechanism, evidence either
ends up being excluded from a systematic review because there is no reason for considering
it as eligible, or evidence would be included but its external validity would be unclear,
indirectness higher as a consequence, and certainty lower overall. In these cases of low
certainty due to unclear external validity of the included studies, significant mechanistic
research may be required before it is possible to determine whether a given experimental
model is more or less externally valid than another.

In regulatory circumstances where making decisions in the face of uncertainty is important,
and mechanistic evidence to support judgements of external validity in a health assessment
is limited, the external validity of a choice of surrogate is often assumed unless there is
compelling evidence to the contrary (US Environmental Protection Agency, 2005).

A (population)

o+-0-0+-0-0 —> ¢ -0 -0 -0 -9

Mechanism in surrogate population Same mechanism in target population?

D (exposure matrix) B (outcome)

0-0-0-0-9

How predictive is observed surrogate
outcome 3 of final outcome 57

- C (substance exposure)

o ~—
L ]
v/
To what extent does surrogate biomarker
b predict the level of exposure of interest To what extent does surrogate exposure s match the ability
E in the matrixof concern? of target exposure S to interface with initiating receptor 1?7

Figure 5. |llustrations of the potential influencing factors in judging biological plausibility or external validity of
study surrogates, as suggested by the examples in this manuscript
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Conclusion

Our analysis has elucidated Bradford Hill’s proposition that establishing biclogical plausibility
is helpful but not always necessary for a causal claim (Hill, 1965): “It will be helpful if the
causation we suspect is biologically plausible. But this is a feature | am convinced we cannot
demand.” Biological plausibility is not necessary for determining that an exposure causes an
outcome, so long as the direct evidence for the exposure-outcome relationship is sufficiently
certain. Biological plausibility can nonetheless be “helpful” to establishing causation. This
happens when a systematic review includes evidence from surrogates which is indirect but
of sufficient external validity that it results in a more certain answer to the review question
than would be yielded by inclusion of the most direct evidence alcne.

Our analysis also broadens the scope of discussion in GRADE of study surrogates.
Currently, GRADE guidance only explicitly addresses surrogate outcomes (Guyatt et al.,
2011): “Guideline developers should consider surrogate outcomes only when high-quality
evidence regarding important outcomes is lacking. When such evidence is lacking [...] they
should specify the important outcomes and the associated surrogates they must use as
substitutes. [...] the necessity to substitute the surrogate may ultimately lead to rating down
the quality of the evidence because of indirectness.” Here, we have extended discussion of
eligibility and potential grading of surrogate outcomes to also cover surrogate populations
and surrogate exposures.

We have argued that judgements of biological plausibility, at least in their application to
determining the relevance of a study to answering a research question, are accommodated
by the operational procedures of systematic review and the GRADE domain of indirectness.
While vocabulary and processes may differ, we feel confident that there is nothing “missing”
from GRADE. What is needed, however, are means to operationalise the assessment of the
indirectness of included studies and certainty in biological knowledge, the outputs of which
can be used in determining the extent to which evidence should be downgraded for
indirectness. Such methods would help bring shape to the amorphous nature of mechanistic
evidence and aid in its exploitation in environmental health systematic reviews. Hopefully,
having mapped biological plausibility onto systematic review, the development of such
methods can proceed with confidence in its value for environmental health research in
general - it will be of value to communities that prefer to discuss indirectness in terms of
biological plausibility, and systematic reviewers can be confident that careful
operationalisation of the considerations of biological plausibility will facilitate the conduct of
systematic reviews.

As a final point, we observe a clear parallel between the clinical contexts in which GRADE
was developed and the environmental health context in which it is now being applied. The
difference is that in clinical contexts, GRADE is nearly always used to evaluate human
evidence where treatments are being trialled in people, far downstream from the pre-clinical
in vitro and animal research used to support conducting a human trial. While treatments are
advanced to human trials for testing efficacy (and to large-scale observational studies for
identifying other applications or potential harms) in the target population based on evidence
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from preclinical studies, this evidence is usually 15-25 years old by the time a systematic
review is conducted - and therefore preclinical evidence is not needed. In contrast, in
environmental health contexts jn vitro and in vivo research constitutes most of the evidence
being dealt with. The fundamental principles for dealing with this evidence are no different, it
is just the availability of human evidence that is more limited and GRADE is therefore being
applied to evidence which is much further upstream than most healthcare systematic
reviews have needed to worry about accommodating (though this might change as
systematic review methods are taken up in the preclinical field).
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ABSTRACT

Background: While the implementation of systematic review and evidence mapping methods
stands to improve the transparency and accuracy of chemical assessments, they also
accentuate the challenges that assessors face in locating, evaluating, and integrating evidence

for the health effects which an exposure might be causing.

Objectives: This manuscript uses systematic review and evidence mapping methods to
introduce how information retrieval in chemical assessment is challenged by conceptual and
semantic factors, i.e. variation in awareness of how assessment concepts are related to each
other and the language that is used to describe them. These factors render chemical
assessments vulnerable to the streetlight effect, whereby research efforts tend to focus only on
issues which are already relatively well-understood. We explain how controlled vocabularies,
thesauruses and ontologies contribute to potentially overcoming the streetlight effect in
information retrieval, making up the key components of Knowledge Organization Systems
(KOSs) which should enable much readier, more comprehensive access to assessment-
relevant information than is currently achievable. Finally, we use the example of Adverse
Outcome Pathways both to illustrate the challenges in developing KOSs for chemical

assessment and to indicate how these challenges can be overcome.

Discussion: Ontologies are an under-exploited element of effective knowledge organization in
the environmental health sciences. Agreeing on and implementing ontologies in chemical
assessment is a complex but tractable process with four fundamental steps. Successful
implementation of ontologies would not only make currently fragmented information about
health risks from chemical exposures vastly more accessible, it could ultimately enable
computational methods for chemical assessment which can take advantage of the full richness

of data described in natural language in primary studies.

Key words: ontologies; adverse outcome pathways; systematic review, evidence maps; systematic map; controlled
vocabulary; interoperability; artificial intelligence; chemical assessment; computational toxicology; in vitro and

alternative methods; new approach methods; knowledge organization systems
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1. Introduction

Chemical assessment has seen significant improvement in the validity and utility of its outputs
over the last decades, in parallel with the introduction of an increasing variety of open source
and online tools and resources that facilitate communication, flexibility, access to information,
and inclusiveness of scope (National Research Council, 2007). However, further gains in the
quality and inclusivity of chemical assessment are being challenged by exponential growth in
the volume of risk-relevant research being published and a burgeoning array of innovative study
designs being developed by scientists for investigating health risks from chemical exposures. All
of this data has to be found, assembled into logical cause-effect frameworks, and evaluated as
to what it all means for health risks from chemical exposures. Continued improvement of
chemical assessment outputs therefore hinges on the development of new methods for data
acquisition, and the rapid, reproducible, and reusable identification of old and new scientific
information (Watford et al., 2019).

In parallel to the increasing diversity, volume, and complexity of toxicological research has been
the development of systematic methods for reviewing (Woodruff and Sutton, 2011; Whaley et
al., 2016, Hoffmann et al., 2017) and mapping (Walker et al., 2018; Wolffe et al., 2019) evidence
relevant to assessing health risks posed by exposure to chemical substances. While systematic
methods improve the transparency and accuracy of chemical assessment products, they also
accentuate the challenge of locating, evaluating, and integrating the many types of study design
which provide evidence for the health effects which an exposure might be causing. This paper
discusses what systematic methods for literature-based chemical assessments are, the
challenges which current approaches to reporting and organizing data from toxicological
research presents to its systematic aggregation and analysis, and what can be done in terms of
evolving current “knowledge organization systems” so they better facilitate systematic

approaches to assessing health risks posed by exposure to chemical substances.

2. Systematic methods in chemical assessments

One of the major methodological innovations in chemical assessment over the last decade has
been the introduction of systematic methods for exploring and synthesizing evidence.
Systematic methods componentize the evidence assessment workflow, dividing it into a
modular sequence of steps (Figure 1). The approaches fall into two broad categories:
systematic reviews and systematic evidence maps. Systematic approaches are considered an
advance on traditional, expert-based narrative approaches to summarizing evidence because
they use explicit, discussable methods in each component, allowing the validity of decisions to

be scrutinized, assessed, and improved upon (Garg et al., 2008).
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2.1 Systematic reviews

Systematic review (SR) has traditionally been defined as “attempts to identify, appraise and
synthesize all the empirical evidence that meets pre-specified eligibility criteria to answer a
specific research question” and use “explicit, systematic methods that are selected with a view
aimed at minimizing bias” (Higgins et al. eds, 2019). The present authors favor defining it as a
methodology for testing a research hypothesis using existing evidence that employs techniques
intended to minimize random and systematic error and maximize transparency of decision-
making. Either way, systematic review breaks the evidence assessment process down into
discrete steps of specifying objectives, defining search strategies and eligibility criteria,
appraising the validity of each individual included study, synthesizing the evidence using
quantitative and narrative techniques as appropriate, and assessing certainty in the results of
the synthesis (Institute of Medicine, 2011; Higgins et al., 2019; Whaley ef al., 2020). Each step
is thoroughly documented so the reader can assess the validity of each judgement being made
by the reviewers as they move from stating their research objective through to providing their
final conclusions.

While there have been several historical precursors to the approach, SR methods as currently
recognized were first formally introduced in the healthcare and social sciences in the late 1980s
and early 1990s (Chalmers et a/., 2002). Since then, SR has become a fundamental technique
for evaluating existing evidence of the efficacy of interventions in healthcare, education, criminal
justice, and other fields (Farrington and Ttofi, 2009; Braga et al., 2012; Roberts et al., 2017).

The potential value of SR methods for similarly advancing toxicology and chemical risk
assessment was first mooted in the published literature around the mid-2000s (Guzelian et al.,
2005; Hoffmann and Hartung, 2006). By 2014, the first SR frameworks for chemical risk
assessment had been published (European Food Safety Authority, 2010; Rooney et al., 2014;
Woodruff and Sutton, 2014), with subsequent rapid uptake from regional (Schaefer and Myers,
2017), national (Yost et al., 2019), and international agencies (Descatha et al., 2020; Orellano et
al., 2020).

2.2 Systematic evidence maps

SR methods function best when responding to focused questions posed in “confirmatory mode”
research contexts (Nosek et al., 2018), where researchers are testing a hypothesis or
quantifying a specific exposure-outcome relationship using existing evidence in lieu of
conducting an experiment. However, many research contexts are not confirmatory but
exploratory, generating new hypotheses which might need to be tested and identifying novel
issues which may warrant further investigation. In these contexts the methods of systematic
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review, developed for narrowly-defined questions, rapidly become unwieldy and demand
interrogation of evidence at a level of detail at odds with the broader objectives of an exploratory
research exercise (Wolffe et al., 2020). In response to the limitations of SR methods for
exploratory research, systematic evidence maps (SEMs - also known as “evidence maps” or
“systematic maps”) have been developed.

SEMs are designed to apply the same principles of comprehensiveness and transparency of
systematic review; however, instead of answering specific research questions they result in
queryable databases of evidence which catalogue research of relevance to an open question,
theme, or policy area, developed to support a broad range of decision-making contexts (James
et al., 2016). In a chemical assessment, the characteristics summarized in a SEM will vary
depending on decision-making context but will usually consist of study type, chemical or test
substance, population, outcome, summary results, and (potentially) indicators of the validity of a
study. This is much less information than required for a systematic review, with the bare
minimum of information required for priority-setting being extracted and stored in the map
database. The resulting inventory of studies and findings allows a user to make screening-level

decisions based on regulatory needs, outcomes of regulatory concern, research questions, etc.

In essence, SEMs are the application of systematic methods to scoping reviews, providing an
evidence-based approach to deciding when to conduct new SRs (when a confluence of
sufficiently high-quality evidence suggests a need for a regulatory exposure limit to be revised),
new primary studies (when sufficiently high-quality data required for a decision may be absent),
or not do anything at all (when a new confluence of data would not lead to a change in exposure
values). Although SEMs are one of the newest innovations in evidence synthesis methods, they
are already seeing uptake in the environmental and social sciences (Cheng et al., 2019),
environmental economics (Fagerholm ef al., 2016) and healthcare (El Idrissi et al., 2019),
among others. Examples from environmental health include SEMs of evidence for
transgenerational inheritance of health effects from environmental exposures (Walker et al.,
2018), health effects of exposure to acrolein (Keshava et al., 2020), and protocols for health
effects of PFAS exposure (Pelch et al., 2019) and interventions to reduce traffic-related air
pollution (Sanchez et al., 2020).

3. The information retrieval challenge

Systematic methods are a natural fit for chemical assessments, providing a mechanism for
meeting the expectation that an assessment fully and transparently utilizes all relevant evidence
in the course of analyzing health risks posed by exposure to chemical substances. However, in

spite of the contribution made by the various on-line research platforms, databases and
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indexing systems which have emerged over the last three decades, the extent to which
evidence relevant to chemical assessments can be systematically accessed remains heavily

constrained by current approaches to storing and cataloguing scientific knowledge.

The formal record of scientific research is almost exclusively the written study report.
Researchers report their methods and findings in manuscripts which are published in scientific
journals. These documents are stored in multiple siloed databases and are retrieved using
complex, sensitive queries which require detailed understanding of the varying data schemas
and search interfaces employed by each database. Because each database is siloed, covers
different areas of the total literature, and stores documents in its own unique manner, these
searches have to be redesigned and reconducted multiple times in order to ensure all relevant
documents are retrieved. The searches also return a large proportion of false-positive results
which have to be screened out to identify the documents of true relevance to the objectives of
the reviewing or mapping exercise. Finally, the data in the relevant documents has to be
manually read and extracted into an appropriate format for analysis in the systematic review or
evidence map.

The result is a lengthy location and extraction process that may still inadvertently exclude
potentially large numbers of relevant records because of the “streetlight effect”. This is the
phenomenon by which research tends to be conducted in established areas of understanding
rather than around novel ideas (Kaplan, 1973; Battaglia and Atkinson, 2015). While there are
multiple causes of the streetlight effect, database queries are affected in two principle ways of
relevance to our discussion. Firstly, in most databases, the content of stored documents is
represented using only a relatively limited selection of keywords in comparison to the full set of
concepts actually discussed in the documents in question, plus the words in the title and
abstract. This means that queries can only retrieve certain results: records where the search
terms happen to be concepts deemed by the database designers as important enough to be
cataloged in the database's keywords; and records where the search terms happen to match
the words used by the authors in the manuscript's title, abstract, and author keywords.
Secondly, only information known by the searchers or coded into the database as conceptually

related to the research problem can be retrieved.

Overcoming the streetlight effect and quickly and accurately locating and extracting relevant
data in scientific documents is what we refer to as the “information retrieval challenge”. To
address this challenge, we first need to understand the difficulties which retrieving information in
written documents presents to developers of databases. We explain this in terms of two root
factors: firstly, the “semantic factor”, whereby natural variation in language presents an obstacle
to identifying relevant research; and, secondly, the “conceptual factor’, which describes how
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limits on knowledge of the conceptual relations between research topics makes it difficult to
access research on themes (or in “domains”) which are related to, but not directly about, the
immediate topic of interest.

Evidence Scoping and Mapping Systematic Review

Broad PECO Evidence synthesis
Statement Bectlepifoppulstiop and integration

Define eligibility Optional: Study

criteria appraisal Study appraisal

Creation of literature
inventory

Screen search results Extraction of basic Screen search results
for relevance study characteristics

Figure 1. The relationship between the processes involved in systematically mapping and systematically reviewing
evidence. The elements which we discuss as the “information retrieval challenge” are highlighted in bold and yellow.
Comprehensive evidence maps, if they represent complete inventories of the literature, should ultimately obviate the
need for additional literature searches in systematic reviews conducted in response to the findings of a systematic

evidence mapping exercise.

3.1 The semantic factor

The language that scientists use to describe their work can be quite varied, with researchers
using different words for the same things (synonyms) and the same words for different things
(homographs and polysemes). Because meaning is a function of the relationships between
words and the context in which they are presented (Gasparri and Marconi, 2019), scientists can
even use incarrect words to describe their activities and still successfully get their meaning

across to a sufficiently fluent reader.

The flexibility of language allows it to evolve over time and enables us to use familiar words to
talk about new things in our changing physical and intellectual worlds {(Sorensen, 2018).
However, this variation and evolution in natural language also presents significant challenges to
the information retrieval process: not only do databases have to be engineered to accommodate
such variation, because approaches to accommodating the variation differ from one database to
the next, a database user has to be aware of both the variation in the way language is being
employed by authors of the documents in which they are interested, and also how this variation
is handled by the database itself, in order to design searches which maximize the amount of
relevant literature being retrieved.
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This is why complex search strings need to be used in querying research databases, to cover
the many different ways of expressing the same concepts. It is also why the strings have to be
different for each database. There is no one correct way of solving the problem of variation in
language, just different optimizations - hence, the designers of each database end up
implementing different solutions fashioned with different priorities in mind given the database’s
intended use.

If an information retrieval strategy does not include all the words that have been or are being
used for the concepts of interest, in a way which responds to the individual characteristics of the
database being searched, then relevant documents will be overlooked. This is one of the
reasons why information specialists are needed for SR projects (Rethlefsen et al., 2015). An
example of how linguistic variation can affect the number of results retrieved for a search
concept is illustrated in Table 1, where different terms for the same concept can return different

results within and across databases.

Table 1. Demonstration of how variation in language used by study authors in title, abstract, and author keywords
fields affects search results in PubMed. Database syntax is used to ensure the phrase entered is the exact one being
searched for. Date of searches: 15 July 2020.

PubMed Query Results
"PAHSs"[Title/Abstract] OR "PAHs"[Other Term] 15,912
"PAH"[Title/Abstract] OR "PAH"[Other Term] 22,605
"polycyclic aromatic hydrocarbon"[Title/Abstract] OR 4,545

"polycyclic aromatic hydrocarbon"[Other Term]

"aromatic polycyclic hydrocarbons"[Title/Abstract] OR 59
"aromatic polycyclic hydrocarbons"[Other Term]

"polycyclic aromatic hydrocarbons"[Title/Abstract] OR 19,311
"polycyclic aromatic hydrocarbons"[Other Term]

3.2 The conceptual factor

For any given domain of interest, there will be an expansive network of related concepts and
sub-concepts of relevance to a SR or SEM exercise. Having a complete map of the
relationships between these concepts is necessary if the full body of relevant information is to
be retrieved (Figure 2); however, expert knowledge is finite, which means that important
relationships outside the knowledge sphere of the expert conducting a review are always at risk
of being missed. This is illustrated in Figure 2. Here, an expert might be aware that DNA strand
breaks are related to inadequate DNA repair, and is consequently able to include exposures
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which increase oxidative DNA damage in a cancer assessment. However, if the expert is not
aware that DNA strand breaks are also related to collapse of stalled replication forks, then
research into this event and others which are related to it may be overlooked in the assessment.

Other examples of conceptual relationships which are often of relevance in synthesizing
evidence to answer a research question but might not be known to researchers conducting a
SR or SEM exercise include comparable chemicals, where the known effects of exposure to
one substance can be informative of the potential effects of another; biologically-comparable
species, where an animal might serve as a model for disease in humans; and surrogate
outcomes, where an upstream biomarker of health effects might be a strong predictor of a final
health outcome. Some of these conceptual relationships will be known and some speculative;
however, unless they are accounted for in an information retrieval strategy, evidence of potential

importance for answering a given question may be overlooked.

Binding to
DNA-topo II stalls

prevents increases

complex

obstructs causes

Oxidative DNA Cancer (lung,
damage leukemia)

Figure 2. lllustration of how lack of knowledge of relations between concepts relevant to a research topic can result in
evidence of potential importance to a given question being overlooked. In this example, awareness that DNA repair is
obstructed by oxidative DNA damage allows lung cancer and leukemia to be connected to stressors which cause
oxidative DNA damage to be incorporated into a cancer assessment. However, lack of awareness that replication
forks regulate DNA repair may result in studies of stressors which stall replication forks by binding to cleavage

complexes being excluded from cancer assessments.

The conceptual factor is fundamental to the streetlight problem in information retrieval: without
measures to augment search terms with related concepts, search strategies can only find
information on concepts which the searcher already knows to be related to those specified in
the research question. Addressing the challenge of finding what is relevant, but not necessarily
known by the searcher as relevant, is a central element of modern information retrieval
strategies.
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3.3 The conceptual and semantic factors in SRs and SEMs

One strategy for addressing the conceptual factor in the information retrieval challenge, which at
least ensures saturation of concepts in relation to a research question, is simply to narrow the
topic of the review. A narrower question entails fewer related concepts, which makes it easier to
ensure all relevant concepts are known and accounted for. This is a fundamental component of
current practice in SR, whereby a tightly focused research objective is a common
recommendation (Institute of Medicine, 2011; Morgan ef al., 2018) and helps ensure that a
finitely-resourced research project provides comprehensive coverage of the topics it needs to
include in order to answer its question.

The problem with topic-narrowing as a strategy is that it deliberately excludes evidence which
may be relevant to the review question, on the assumption that the excluded evidence is going
to be insufficiently informative to materially alter the conclusions of the review. This may be a
reasonable assumption for SRs where the knowledge objective is very specific. However, it is
much less available as a strategy for SEM exercises, where the purpose is to map domain
topics and the evidence associated with them in a broad thematic or policy area rather than in
relation to a specific question (Miake-Lye et al., 2016; Saran and White, 2018).

Whether narrow or broad, the same structural issue is faced by SRs and SEMs. Researchers
need to access a universe of information but because they only know or are able to recall a
certain proportion of terms for and linkages between concepts, they only have partial access to
the full universe of information they need. This situation can be improved by groups of experts
working together using effective elicitation strategies; however, their view of the evidence will
still be biased by what they can collectively access - the streetlight might be larger, but it still
offers only partial illumination. The information which users can actually access is only a
fragmented representation of all that which is actually known. To reduce this fragmentation, to
allow movement across conceptual linkages which are unknown to particular individuals or
groups, requires systems which make those linkages accessible without the end-user having to

be aware of them.

We call these approaches to providing access to information “Knowledge Organization
Systems” (KOS) and discuss how their evolution, particularly the introduction of ontologies, is

fundamental to the ongoing modernization of chemical assessments.
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4. Knowledge Organization Systems

Here, three KOS approaches are discussed: controlled vocabularies, thesauruses, and
ontologies. While controlled vocabularies and thesauruses are well-established KOSs in
chemical assessment, the value of broader adoption of ontologies is highlighted.

1.1 Controlled vocabularies

A controlled vocabulary (CV) is a defined list of words and phrases used to tag content in a
database, to make that content retrievable via navigation or search. It is a type of metadata
(data about data) which provides an interpretive layer between the user of a database and the
content in the database. CVs can be used in tools that expand, translate, or map user queries to
the terminology used to classify content in the database, and sometimes to map additional entry
terms (synonyms) which the user may not have applied but the CV defines as being
semantically equivalent to the terms in the user query (Ashburner et al., 2000; Stearns et al.,
2001; Fragoso et al., 2004).

In its simplest form, a CV is a consistent labeling system in which the same concept is always
given the same name (e.g. “PAH" — “polycyclic aromatic hydrocarbons”, “polycyclic aromatic
hydrocarbon” — “polycyclic aromatic hydrocarbons”, “aromatic polycyclic hydrocarbons” —
“polycyclic aromatic hydrocarbons”). In a database which tags all records about a concept with
the same CV label, the user is able to retrieve all documents known to the system as discussing
that concept, independent of the author's terminology, simply by searching for the CV label
(“polycyclic aromatic hydrocarbons”). The CV allows the user to do this without needing to
specify each individual synonymous term, the full range of which the user may not have access
to. This utility is illustrated by the CV terms of the Medical Subject Headings (MeSH) used to
index research in the Medline database (see Figure 3).

CVs are one approach to addressing the semantic factor in information retrieval, increasing the
recall of queries by augmenting users’ search terms with a set of synonyms. They can also
improve the precision of a query by disambiguating word senses (e.g. 'bank’ as a mound of
earth, rather than as a place to deposit money) and reducing false positives (a paper about the
use of pesticides in the home will not be indexed as occupational exposure). CVs can, however,
reduce recall if the user is expecting to find a concept not included in the CV, if indexers (human
or machine) fail to assign relevant terms, or if some records are not tagged with CV terms at all.

The main limitation of CVs, in terms of their function as part of a KOS, is they capture only one
type of logical relationship between concepts, i.e. an equivalence relation where one thing is
defined as being the same as another thing (e.g. PAH — polycyclic aromatic hydrocarbons).
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While capture of synonyms that are unknown to a system user is valuable, there are other types
of relationship which, if they can be built into a KOS, go further in overcoming the semantic

factor in information retrieval.

Figure 3. The MeSH CV entry for “polycyclic aromatic hydrocarbons”, 21 July 2020.

Controlled vocabulary terms for “polycyclic aromatic hydrocarbons” in the Medical
Subject Headings (MeSH) index (NCBI 2020)

Polycyclic Aromatic Hydrocarbons
Aromatic hydrocarbons that contain extended fused-ring structures.
Year introduced: 2017(1996)

Tree Number(s): D02.455.426.559.847, D04.615
MeSH Unique ID: DO11084

Entry Terms:

e Aromatic Hydrocarbons, Polycyclic
Hydrocarbons, Polycyclic Aromatic
Polynuclear Aromatic Hydrocarbons
Aromatic Hydrocarbons, Polynuclear
Hydrocarbons, Polynuclear Aromatic
Polycyclic Hydrocarbons, Aromatic
Aromatic Polycyclic Hydrocarbons
Hydrocarbons, Aromatic Polycyclic

4.2 Thesauruses

Thesauruses expand beyond the equivalence relation of synonymy by introducing an
overarching conceptual hierarchy in which the CV terms are organized and related. Such
hierarchies are valuable for a KOS because they allow information consisting of related but non-
equivalent concepts to be defined as relevant to a user’s search term. By organizing concepts in
terms of how they are related, rather than simply in terms of when two terms refer to the same
concept, the introduction of a thesaurus begins to address the conceptual factor in information
retrieval.

An illustration of this is the MeSH thesaurus, which organizes MeSH CV terms in a parent-child
hierarchy (see Figure 4). This “is a class of” type of logical relationship can be exploited for
greater recall in search results than allowed by an equivalence relation. For example, a PubMed
search for “polycyclic aromatic hydrocarbons” using MeSH headings will return citations which
have not only been indexed with terms synonymous with polycyclic aromatic hydrocarbons, but
contain terms which are subclasses thereof - such as anthracenes, fluorenes, and pyrenes.
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This is not possible in a CV alone because while a pyrene is a type of polycyclic aromatic
hydrocarbon, it is not equivalent to one: it is false to state “pyrene — polycyclic aromatic
hydrocarbon”. Since CVs are restricted to the equivalence relation, they have no mechanism to
describe the relationship between pyrenes and polycyclic aromatic hydrocarbons, and therefore
have to treat them as unrelated entities. When being queried, a system employing only a CV
thus requires the user to enter terms for each subclass of polycyclic aromatic hydrocarbons. If
the user does not know all the subclasses, then citations which are about e.g. pyrenes but do
not use the term “polycyclic aromatic hydrocarbon” would be missing from the search results,
even though they are relevant to the user's information needs.

Figure 4. The MeSH thesaurus entries for “polycyclic aromatic hydrocarbons”, 21 July 2020. For brevity, only first-

level entries are shown

Thesaurus entries for “polycyclic aromatic hydrocarbons” in the Medical Subject
Headings (MeSH) index (NCBI 2020)

e All MeSH Categories
o Chemicals and Drugs Category
m  Organic Chemicals
e Hydrocarbons
o Hydrocarbons, Cyclic
m  Hydrocarbons, Aromatic
¢ Polycyclic Aromatic Hydrocarbons
o Anthracenes

Azulenes
Benz(a)Anthracenes
Benzocycloheptenes
Fluorenes
Indenes
Naphthacenes
Naphthalenes
Phenalenes
Phenanthrenes
Pyrenes

00 0000 O0OO0CQ0CO0

In developing a more comprehensive taxonomy of the concepts which have been labelled by
the CV, simply by adding the “is a class of” relationship via a thesaurus, MeSH greatly increases
the conceptual coverage of a user’s search for PAHs without the user needing to account for

related, but not synonymous, terms in their search.

4.3 Ontologies

Thesauruses, as hierarchical taxonomies, are a powerful strategy in KOS development. When

implemented comprehensively and fully exploited by a user, they make a significant contribution
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to addressing the semantic and conceptual factors in the information retrieval challenge.
However, being able to codify more information about the relationships between the concepts of
the CV than simple hierarchies can further increase the information retrieval capacity of a KOS.
After all, there are many more types of relationship than “is a class of’, however powerful that
relationship is as a general organizing principle.

When a taxonomy moves beyond a hierarchy toward a representation of the properties of and
the relations between concepts, it becomes an ontology. An ontology is a formal method for
representing knowledge, usually within a particular knowledge domain, that relates terms or
concepts to one another in a format that supports reading and searching not only for the terms
themselves, but also for the relationships between those terms (Whetzel et al., 2011). Using an
ontology allows knowledge to be stored in a mathematical graph, which is a well-studied

structure that has many useful properties in terms of searching and/or querying.

Returning to our example of cancer and DNA damage, Figure 2 provides a visual representation
of the richer way in which an ontology can relate concepts to each other in a graphical schema,
with concepts (nodes) related to each other via edges. The ontology is not restricted to being
hierarchical, as both nodes (the things in the database) and the edges between nodes (the
relationships between them) can be the object of a controlled vocabulary and carry semantic
value. This allows highly specific relationships such as “stalls” and “regulates” to be represented
in the KOS, enabling information about those relationships, or things related by those
relationships, to be retrieved. Queries can be written which trace a path through the graph, in
principle returning information about e.g. replication forks and oxidative damage in relation to
DNA repair, whether or not the user is aware of any relationships between the concepts.

5. Building an ontologized KOS

A KOS which incorporates ontologies can be used for much more complex information retrieval
tasks than one which only incorporates thesauruses because the ontologized KOS is able to
represent complex connections between units of information. This is particularly valuable for
making systematically accessible information which is indirectly related to an exposure-outcome
relationship of concern but nonetheless informative for a chemical assessment.

The challenge with the development and implementation of ontologies is that, while they provide
a formal way of representing knowledge in a domain, they rely on the existing knowledge within
that domain to determine how that knowledge is organized: the system needs to be known in

order to be described, yet needs to be described in order to be known. We now use the
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development of Adverse Outcome Pathways (AOPs) as an example to illustrate this challenge
of building ontologies and indicate how it can be solved.

5.1 Adverse OQutcome Pathways as an Example of an Ontologized KOS

AOPs are a way of formalizing, for risk assessment purposes, the steps by which a disease
progresses from exposure through to final adverse outcome via increasing levels of biological
complexity (Knapen et al. 2018). The AOP framework was designed to provide a consistent
description of toxicological mechanisms across differing levels of biological organization and to
account for gaps in our knowledge concerning these mechanisms. They are of interest in
chemical assessments because they provide a means of integrating different assays targeting
varied components of a biological system and organizing the evidence to identify data gaps. As
such, they provide a means for incorporating mechanistic data into chemical assessments
(Arzuaga et al., 2019a; Arzuaga et al., 2019b).

Specific interpretations vary as the concept is still under development, but AOPs are essentially
logic models which connect an initial exposure to an outcome via a sequence of biological
events (Villeneuve et al. 2018). The sequence of events begins with a Molecular Initiating Event
(MIE), where a stressor initiates a biological change at the molecular level in a cell in an
organism. Activation of the MIE initiates progression through a sequence of Key Events (KEs)
occurring at increasing levels of biological complexity - from subcellular to cellular to organ, to
whole organism, to population. The final event in the chain of Key Events is the Adverse
Outcome (AQ).

Although nascent, the AOP framework is an example of an ontologized KOS. By connecting
relevant literature to Key Events, and Key Events to each other using logical relationships
(known as “Key Event Relationships” or KERs), an AOP allows the full evidence space around
an exposure-outcome relationship to be accessed from any single entry-point. This allows
system users who lack any prior knowledge of the AOP to access connected evidence within
that space. For example, as shown in Figure 3, it is possible to move upstream from the AQ to
Assays A and B via KEs 3, 2 and 1 — thereby incorporating information in the chemical
assessment which might otherwise have been excluded by searches or inclusion criteria
focusing on the AO alone (National Research Council, 2007; Schwarzman et al., 2015).
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Figure 5. The elements of an Adverse Cutcome Pathway, whereby an exposure causes a Molecular Initiating Event,
initiating a biological sequence of causally-related Key Events which result in a final Adverse Outcome being
manifest. Experimental research can target how a challenge might affect a Key Event (Studies A, B, and C) or how
one Key Event might cause another Key Event in a Key Event Relationship (Study D). Arranging biclogical events,
exposures and the evidence around them in these sorts of AOP chains can be very valuable for integrating
mechanistic evidence into chemical assessments but requires knowledge organization systems capable of reflecting
the complexity and heterogeneity of the relationships and event types.

5.2 How the conceptual and semantic factors challenge the building of AOPs

Contemporary methods for development of AOPs rely exclusively on human expert knowledge
of the mechanisms and biclogical pathways from which the AOP is ultimately derived. As such,
AOPs lack transparency and are highly vulnerable to both the semantic and conceptual factors
in information retrieval, and therefore unlikely to be based on an evaluation of the complete

evidence base which is relevant to their development.

Currently, an AOP author will define the key events associated with an AOP based on their
expert knowledge of the mechanisms based on one or more prototypical stressors. The author
ties assays and biomarkers that are associated with each of the steps leading towards the
adverse outcome of interest to the underlying biological events they represent. The AOP author
then assembles the literature that supports the linkages between each pair of key events and
evaluates the overall strength of the evidence supporting each linkage based on guidance
provided by the OECD ACP Development Programme (OECD, 2016).

This process is challenged by the breadth of knowledge required to fully understand the entire
toxicological pathway, covering literature from molecular, physiological, clinical, and

epidemioclogical domains. With the overwhelming number of publications in the scientific
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literature, it is impossible for a small group of experts to be fully aware of the complete evidence
base and, therefore, the entire universe of biological concepts relevant to the AOP from across

all related knowledge domains.

In theory, this problem should be solvable using systematic methods. One should be able to
systematically map the scientific literature (the evidence base) to develop a model of the current
known biology and identify candidate KEs. Systematic review methods could then be used to
evaluate the relationship between each pair of candidate KEs by considering the upstream key
event as the “exposure” and the downstream key event as the “outcome”. Those candidate KEs
which attain a sufficiently high level of certainty as being causally related would be elevated to
formal KEs and become part of the approved AOP.

The problem is, this map-and-review approach is not practically feasible. Literature databases
currently only represent a minority of AOP concepts in their controlled vocabularies, while
representation of the relationships between the concepts is more limited still. While these issues
can to some degree be mitigated by running large numbers of complex, iterated searches which
spider out to related concepts and terms for those concepts, such searches are challenging and
time-consuming to develop and their completeness difficult to validate. They are still dependent
on expert knowledge and painstaking analysis of the literature to map the relevant components

of the biology when developing AOPs.

In response to the challenges of mapping and reviewing such a complex evidence base, AOPs
have generally been developed in the publicly-accessible AOP Wiki (https://aopwiki.org/), a
resource that facilitates crowd-sourcing while also implementing some controlled vocabularies
and descriptors of AOP components. However, the number of experts who can realistically
contribute tends to in fact be quite small, and the system is still vulnerable to the streetlight
effect. According to the AOP Wiki, only 16 AOPs of the 306 in development have been
endorsed. The 306 in development represent only a fraction of the thousands of biological
processes we know we could be evaluating.

5.3 Escaping the streetlight

Recent developments in AOPs illustrate four core steps in an overall general strategy for
addressing the streetlight problem and overcoming the semantic and conceptual factors in
retrieving information about health risks posed by exposure to chemical substances. These
steps need further development in the AOP sphere and apply in general to the development and
implementation of ontologized KOSs in toxicology and environmental health.
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Step 1. Enumerate AOP-relevant entities, how they are related, and specify the
vocabulary for labeling them. The first step in developing an ontologized KOS is to define the
things which are to be covered by the ontology (the entities), the ways in which those things are
related (the relationships between the entities), and the terms which will be used to label the
entities and relationships (the controlled vocabulary). This is a bootstrapping exercise of
iteratively defining, mapping and refreshing the conceptual framework which constitutes the
ontology. It is based on expert knowledge and active surveillance of the literature. In at least its
initial phase it is conducted manually before computationally assisted approaches can be

applied later.

An AOP ontology has already been developed within the international AOP KnowledgeBase
(https:/faopkb.oecd.crg/) and incorporates terms from existing biological ontologies into the ACP
descriptions within the AOP KnowledgeBase (lves ef al., 2017). Some existing ontclogies and
how they relate to levels of cellular organization in an AOP are shown in Figure 6, indicating
options for how the AOP ontology might be extended in the future. There has also been work on
semantically defining AOPs (Wang ef al., 2019; Wang, 2020), which may also inform these
efforts in the future. The Gene Ontology Causal Activity Model (Thomas et al., 2019) is

suggestive of an approach to defining the relationships between events in an AOP.

Adverse Outcome Pathway Level

Molecular Individual Population
Exposure et Cellular Event Tissue Event Organ Event Adverse Adverse
Outcome Outcome
Biological Information Ontologies
CHEBI X X
PRO X
GO X X
=[S X
UBERON X X
MP X X X
MonDO X
PCO X
Measurement Information Ontologies
ECTO X
BAO X X X
EFO x X X
SNOMED €T X X X
CHEAR X X

Figure 6. Existing biological ontologies can be used to define key events in computable terms and thereby make
AOP information more interoperable with other toxicological data sources. The same can be done when describing
the assays and bicmarkers used to measure the key events. CHEBI = Chemical Entities of Biological Interest, PRO =
Protein Ontology, GO = Gene Ontology, CL = Cell Ontology, UBERCN = Uber Anatomy Ontology, MP = Mammalian
Phenotype Ontology, MonDO = Mondo Disease Ontology, PCO = Population and Community Ontology, ECTO =
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Environment Exposure Ontelogy, BAO = BioAssay Ontology, EFO = Experimental Factor Ontology, SNOMED CT =
SNOMED Clinical Terms, CHEAR = Children's Health Exposure Analysis Resource

Step 2. Catalog the evidence for hypothetical relationships. In developing an AOP, at least
some minimum evidence for the existence of an entity or a relationship needs to be identified in
order for something to be put forward as a candidate Key Event or Key Event Relationship. This
can be as little as a speculatively hypothesized relationship in a single document (even if the
relationship proves false, this is still part of the knowledge which the ontology is being used to
map and would need to be catalogued). If enough evidence with the appropriate agreed
characteristics accumulates, candidate events and relationships can be elevated to being Key.

Evidence is put behind relationships by tagging natural language expressions in relevant
research documents with authorized terms from controlled vocabularies, a process illustrated in
Figure 7. This ensures the ontology developed via the expert process of Step 1 is associated
with the real-world knowledge which the ontology is intended to describe. It also allows spurious
relationships and factually non-existent entities to be discarded. Both manual and automated
methods are required for tagging the literature with concepts from the ontology. In the early
stages, the process is almost exclusively manual, with an essential role for editors and
biocurators in annotating documents. This is well documented in, for example, the Gene
Ontology (Poux and Gaudet, 2017).

Because the rate-limiting step in creating annotations is the physical process of reading and
tagging the scientific literature, it is necessary to automate the annotation of documents in order
to scale the application of the ontology to the growing volume of new research. Here, the results
of manual annotation exercises can be used as training data for automated methods for tagging
free text with controlled vocabularies. Conducting SEMs and SRs provides an opportunity to do
this: with the right tools and training, data extractors should in principle be able to annotate the
documents included in their map or review. Natural Language Processing (NLP) techniques
including Named Entity Recognition for tagging entities and sentiment analysis for identifying
relationships will be central to automation (Marshall and Wallace, 2019; O’Connor et al., 2020).
Various other machine learning applications could drastically reduce the time needed to review
and vet evidence (Wittwehr ef al., 2020). The use of semantic authoring tools that would render
new studies machine-readable (Eldesouky ef al., 2016; Oliveira ef al., 2017; Oldman and
Tanase, 2018) would obviate many of the challenges in annotating research documents and
should be explored for toxicology and environmental health contexts.
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Figure 7. The workflow for matching natural language strings in research reports tc a hierarchy of concepts in an
ontology. Matural language information is extracted from included studies (e.g. phrases such as “increase in thyroid
stimulating hormone”) intc an evidence inventory (A). The terms “increase”, “thyroid”, “stimulating” and “hormone” are
cleaned and mapped to ontological classes in preparation for integration with other data sets. The inventory can then
be connected to other data models by mapping terminology between CVs (B). Done enough times, a large data

inventory begins to accumulate.

Step 3. Integrate different systems. In the case of the biological mechanisms that underlie the
indirect evidence supporting a chemical assessment, we have not cne but many domains of
knowledge. In addition, we have gaps in that knowledge even for the most well-studied
toxicological mechanisms. As a result, a framework is needed that can incorporate and
represent biological knowledge in an interoperable (the ability for systems to exchange and use
information) network of resources including visualizations, workflows, and computational
pipelines that are on-line, interactive, and automatically updated. They must make intelligible to

the user the knowledge from the many domains and explicitly account for missing information.

lllustrative examples of such systems include the Health Assessment Workplace Collaborative
(HAWC, https://hawcprd.epa.gov/portal/), the US EPA Chemicals Dashboard (Williams et al.,
2017), the US EPA ChemView Portal (https://chemview.epa.gov/chemview), and the AOP
KnowledgeBase; however, while these are functional and interactive depots for aggregating

toxicological information, they are not yet interoperable. Achieving interoperability will require
data management and stewardship which promotes the FAIR principles of information
findability, accessibility, interoperability, and reusability (Wilkinson ef a/., 2016; Watford et al.,
2019).

Step 4. Apply and evaluate. Making research machine-readable by tagging free text with
controlled vocabulary terms from an ontology enables the use of computationally intelligent tools
and applications for semi-automating a literature-based chemical assessment. Some predictive
toxicology applications based on AOPs have already been attempted (Burgoon, 2017). Any
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computational approach using input from a complex KOS needs to be evaluated and tested, to
see if it produces better results for the same task as a different method. A recent example of this
is the comparison of in silico approaches to in vivo assays and human data for identifying skin
sensitizers (Luechtefeld et al., 2018; Golden et al., 2020).

6. Conclusion

Chemical assessment largely involves the analysis of evidence which is only indirectly related to
the target populations, exposures and outcomes of concern. Surrogate populations are used
because experimental toxicology is unethical in humans, so animal and in vitro models need to
be used instead. For many chemicals (and by definition for novel substances) few studies have
been conducted, requiring their potential toxicity to be inferred from suitably similar chemicals
whose characteristics are better understood. Evidence of health outcomes may also be sparse.
This is especially the case for diseases with long latency periods, such as certain brain cancers,
or those which cannot be observed in a test system, such as when an in vitro model is being
used for an apical outcome.

However, because it is only indirectly related to the target population, exposure and outcome of
concern, such evidence currently requires expert knowledge to locate and is therefore
vulnerable to the semantic and conceptual factors in information retrieval. The use of formal
systems such as ontologies promise to allow us to organize and unify this disparate information,
overcoming the streetlight effect, and making scientific knowledge generally accessible for use
in chemical assessment.
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Chapter 5.
Conclusions and Future Work

Conclusions

Improving the quality of systematic reviews

Chapter 1 concluded that systematic review methods “have yet to make widespread
impact on the process of chemical risk assessment” and identified several challenges to
implementing systematic methods in chemical risk assessment which would need to be
overcome if its potential is to be realised. These included the need for technical
methodological work to improve the validity and utility of the outputs of systematic
reviews, for tools which would reduce the amount of effort and resource required to
conduct systematic reviews, and for clear standards for good conduct to help address
the issue of the suspect quality of many of the environmental health systematic reviews
being published at the time. Chapters 2, 3 and 4 deliver some of that work.

What was not anticipated during the writing of Chapter 1 was the sudden acceleration
in uptake of systematic methods (or at least, attempts at such) that would be seen after
2016: by the end of 2019, roughly as many systematic reviews had been published since
the writing of Chapter 1 as had ever been published before it (see Chapter 2, Figure 1).
This suggests that some of the practical barriers to uptake of systematic methods, in
particular the resources required for their conduct, were perhaps not as important as the
authors had expected. On the other hand, the explosion in publication of environmental
health systematic reviews accentuates other challenges identified in Chapter 1, in
particular the need for clear guidance on good practices in the conduct of systematic

reviews.
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Chapter 2 represents a response to that need, establishing the consensus view of a
representative selection of stakeholders as to a set of recommended practices in the
conduct of environmental health systematic reviews. Due to only recently being
published, it is not yet possible to gauge the research community’s reaction to the
recommendations or its effectiveness as an intervention for improving the quality of
published systematic reviews. What has become increasingly clear, however, is that
interventions such as the development of reporting standards and recommendations for
conduct of systematic reviews are only individual elements of a broader strategy which

is needed for improving the quality of environmental health systematic reviews.

The need for a more integrated strategy is suggested by a growing body of evidence that
individual quality control interventions are ineffective when taken in isolation. For
example, in spite of widespread endorsement among medical journals of the PRISMA
standard for reporting biomedical systematic reviews, there is little evidence that
journals which endorse PRISMA publish systematic reviews of higher quality than
journals which do not (Stevens et al., 2014). Overall, publishing standards for
systematic reviews have remained largely unchanged in spite of the widespread
introduction of reporting standards and attempts by journals to implement processes
which are expected to raise the quality of the systematic reviews they are publishing
(Page et al., 2016).

The importance of the interplay between conduct standards, reporting standards, and
critical appraisal tools in improving the quality of published systematic reviews was
initially underestimated in Chapter 1. It was first outlined in the editorial for the Special
Issue in which Chapter 1 was published (see Appendix A) and referenced in earlier
versions of Chapter 2 before the manuscript was simplified in response to peer-review
comments (Whaley et al., 2019). This interplay is shown in Figure 1 below. If reporting
standards and conduct standards are to be more effective in improving the quality of
published systematic reviews, the relationship between conduct standards, reporting
standards (which usually only imply certain practices) and the use of critical appraisal

tools needs to be further clarified and exploited.
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quality of methods Standards for Reporting SRs

reporting * Describe how to write up what was done
in a project

* Help authors provide information needed
for of their methods

* Do not guarantee the documented

* Operationalise evaluation of quality methods are valid

Tools for Appraising SRs

of methods against a potentially
complex standard

Check on validity of methods based
on

Figure 1. The interplay between conduct standards, reporting standards, and critical appraisal tools in managing
the quality of systematic review publications.

New evidence synthesis methods for chemical risk assessment

Chapter 3 responds to the call in Chapter 1 for more work on adapting systematic review
methods from biomedicine to the risk assessment context, and the recommendation
from Chapter 2 for detailed work specifically on assessing the external validity of
evidence. Chapter 3 also further demonstrates the value of interdisciplinary
collaboration between research methodologists with a background in public health and
biomedicine, and researchers working in toxicology, risk assessment and environmental
health. This allowed both the identification of new methodological approaches for
systematic review in chemical risk assessment, and also the feeding back of those new
approaches into potential methodological innovations for biomedical and public health

systematic reviews.

In Chapter 3 we were able to resolve the controversy about the value of “biological
plausibility” in making causal inferences in public and environmental health. We did
this by engaging in the long-running debate about how best to interpret Austin Bradford
Hill’s intuition that while the availability of a biological explanation for association
between an exposure and an outcome seems to be helpful in determining whether the
relationship is causal, it does not seem to be necessary to have such knowledge to make
such a determination. Through examining examples drawn almost exclusively from
chemical risk assessment, we were able to tease out the role which biological knowledge
has in informing researchers’ confidence in whether an exposure-outcome association

is causal or not.
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Because the role which biological knowledge has in judging the causality of
associations in risk assessment turns out to be equivalent to assessing external validity
in systematic reviews, we were then able to show not only how the systematic review
process already accommodates the processes being followed by risk assessors, but
therefore also how the processes being followed by risk assessors can inform the
operationalisation of external validity in systematic reviews. This potentially closes one
of the gaps between systematic review methods and risk assessment without needing
radical change to the risk assessment process, but instead simply careful
operationalisation of assessment of external validity which can serve both the risk

assessment and public and environmental health communities equally.

The need to automate evidence synthesis

Chapter 3 also illustrates the challenge presented by the sheer volume of evidence
which, although only indirectly related to the research question being asked, needs to
be accounted for in a systematic review in order for the review to provide sufficiently

certain estimates of health risks posed by exposure to chemical substances.

The conventional approach in systematic review, as inherited from its origin in
biomedical and public health research, is simply to disregard indirect evidence: most
systematic reviews are designed around tightly-focused questions which include only
the most directly informative evidence (path A of figure 2 in Chapter 3). This is
generally a viable strategy in healthcare and public health reviews, as there is usually a
sufficiently substantial body of human evidence that the results of a systematic review
can be usefully informative of a policy decision. Unfortunately, this is a much less
viable strategy in environmental health research and chemical risk assessment, where

there is usually very little evidence of direct relevance to a systematic review question.

The challenge is, once one starts broadening the eligibility criteria of a systematic
review, the volume of evidence which has to be handled increases exponentially. For
example, one might wish to include surrogate exposures in a systematic review and
therefore extend the eligibility criteria of the review to chemicals which are structurally
one or two steps removed from the substance of concern. This might increase the
number of eligible exposures to ten or twenty substances. If each chemical has 10-20
studies associated with it, the number of studies to be included might increase from a
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handful to hundreds. The same is true for including animal studies for surrogate
populations. Given the number of potentially informative surrogate outcomes being
studied using in vitro models, the amount of evidence that may need to be handled could

end up being vast.

There are two obstacles to the incorporation of indirect evidence in systematic reviews
discussed in this Thesis. As summarised in Table 3 of Chapter 3, relationships between
surrogates are determined by features such as similarity of biological pathways in
populations, relative affinity of molecules for points at which a substance interacts with
relevant biological processes in an organism, and the predictivity of surrogate outcomes
for outcomes of concern, among others. The problem, as discussed in Chapter 4, is that
knowledge of how different types of surrogate are related to each other is not captured
in existing research databases; as such, indirect evidence is very difficult to consistently
and reliably retrieve. The second obstacle is simply the sheer volume of the evidence
which needs to be synthesised: with nearly one million citations now being added to
MEDLINE every year (National Library of Medicine, 2020), there is significantly more

research being conducted than can realistically be manually summarised.

Both of these obstacles are overcome with the same solution: the automatic population
of large evidence databases with data from scientific studies. These are the Knowledge
Organisation Systems of Chapter 4. In the course of developing this Thesis | have come
to the conclusion that Knowledge Organisation Systems are the natural next step in the
evolution of systematic review. When combined with Artificial Intelligence techniques
for summarising and synthesising research, they stand to radically change the way in

which evidence synthesis is conducted.

A radically different future

| would personally speculate that once Knowledge Organisation Systems of reasonable
scale and power have been implemented, the character of systematic review and
evidence synthesis will undergo radical change. The steps of systematic review, of
setting inclusion criteria for studies based on narrowly-defined PECO statements, of
searching databases using sensitive keyword term combinations to try and achieve
conceptual coverage of the topics of interest to the review, of manually screening
studies for relevance and extracting relevant data for synthesis: these steps are all
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determined by the need to do good research while working within the constraints
imposed by small groups of people with finite recall manually analysing data. The
problem is, these constraints mean we are only exploiting a fraction of the vast wealth

of scientific knowledge we are generating every year.

These constraints disappear when we replace the reading of PDFs with the databases of
Knowledge Organisation Systems. The vast wealth of human knowledge is no longer
stored in individual, separate documents which have to be read in order for the
information within them to be made accessible to the research team; instead, the
knowledge encoded within them is represented directly in large-scale semantic
databases. Evidence synthesis stops being about individual researchers making sense of
how a small handful of studies fit together and becomes about the querying of the
Knowledge Organisation System, using semantic reasoners and big data techniques to
interpret how the range of information around the concepts of interest answers the
questions we are asking. The limits become computational rather than merely practical,

and the methods for research synthesis will change accordingly.

Future Work: “Research Without Reading”

| would identify three broad research themes which could be developed to facilitate the
transition from where we are now, whereby evidence synthesis is a small-scale, manual
activity which exploits only a fraction of available knowledge, to scientific research
being represented in large-scale Knowledge Organisation Systems.

Standards for complete, accurate and machine-readable research

Systematic reviews have repeatedly demonstrated that primary research is very often
both poorly conducted and incompletely reported, routinely overlooking practices such
as the blinding of investigators and randomisation of subjects to the exposure and
control arms of a study, and failing to adequately describe the methods used in sufficient
detail to allow the credibility of the study’s results to be assessed (de Vries et al., 2014,
Ritskes-Hoitinga et al., 2014). Systematic reviews have value even if they are only able
to identify where a body of evidence has collectively uncertain results; however, they
would have even more value if the evidence being analysed was of consistently higher

quality.
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Building on Chapters 1, 2 and 4, there is a need for development of more effective
standards for conduct and reporting of research which is also machine readable. General
improvement in the quality of conduct and documentation of research would raise the
standard of the stock material for evidence syntheses, because reporting would be more
complete and the results of studies would be of higher validity. Making research
machine readable (meaning that data about study methods and results can be piped
directly into Knowledge Organisation Systems instead of being presented in an isolated
PDF) by tagging study reports with metadata including the ontological classes of
Chapter 4 would help remove the bottleneck of manual reading which prevents the
implementation of large-scale databases of scientific knowledge.

As an example of how this might work, | have been using the Protocols.io platform to
prototype systematic review protocol templates which close the gap between standards
for reporting and conducting research. | am doing this by interpreting COSTER from
Chapter 2 into an explicit, step-by-step “recipe” for conduct of a systematic review
which can be followed by a researcher (see Appendix B). Because the “recipe” prompts
the researcher to describe how they fulfilled each step, and is directly derived from a
comprehensive set of good practice recommendations, the result of following the
protocol template should be complete documentation of each important step of a
systematic review. It should also result in more valid results overall, because the
scientist is prompted to follow recommended practices they might otherwise have
overlooked. Finally, because each step is essentially an object which can be named and
given various attributes, this approach becomes the first step in making a research report

directly machine readable.

The database technology for Knowledge Organisation Systems

Suitable database technology which could underpin large Knowledge Organisation
Systems still needs to be developed and implemented. In itself, the value of databases
summarising the methods and findings of environmental health studies is nothing new
and already well recognised. The Health Assessment Workspace Collaborative

(HAWC) (https://hawcproject.org/) is arguably the first platform which has been

purpose-built for supporting health assessments. However, as a relational database it
struggles with accommodating new study designs and can be expected to become

computationally inefficient once the number of records it contains exceeds a certain
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threshold. Relational databases also find it notoriously difficult to cope with
unstructured, semantic data such as textual information about study methods (Robinson
etal., 2013).

Instead of relational databases, it would make sense to explore how graph databases can
be used to represent the knowledge which is codified in scientific documents.
Appendices C and D show some of my initial work on exploring evidence mapping
methods and posits how graph databases, with their “on-read” rather than “on-write”
schema, are better suited to the challenges of representing scientific knowledge in a
database and making it readily accessible to users. The ontologies of Chapter 4 provide
an interpretive layer to the database, to make research about the concepts in the database
readily accessible to the user rather than, as currently has to be done, the user having to
manually retrieve information for themselves which is buried in PDFs of manuscripts.
A larger-scale exploration of how graph databases can be used for storing
environmental health knowledge should be conducted, in particular as it relates to
functioning as a repository for the outputs of Al-driven automated data extraction and

machine-readable study reports.

Machine-compatible evidence analysis tools

Chapter 3 anticipates an external validity instrument for systematic review. Initially the
tool will be designed for use by people; I would speculate that it will involve the
assessment of the biological similarity of observed experimental PECOs to the target
PECO of the systematic review which is being conducted. However, the analysis will
be complex and increasingly information-heavy, and therefore likely to only be
conducted in a simplistic way when done by people. This intuition is reinforced by how
complex it is to collate and analyse the evidence which is needed for mapping biological
processes in Adverse Outcome Pathways (as discussed in Chapter 4). Nonetheless,
because detailed biological information is needed in order for judgements of external
validity to be properly grounded, it seems inevitable that computational processes will

be required for its identification and interpretation.

A further complicating factor is that, if computational methods for analysing evidence
are to be acceptable from a regulatory perspective, it seems likely that the processes for
analysing the evidence will need to be in principle human-understandable: black box
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processes are probably not an option, at least in the medium-term. In order for
computational approaches to evidence analysis to perform as well as, then better than,
people, in a way which is nonetheless understandable to people, requires human-level
reasoning processes to produce outputs which are interpretable by machines (i.e.

processes which use human concepts in a way which can be described in numbers).

A potential solution to this is the development of a tool for interpreting the external
validity of a study included in a systematic review in terms of its distance in n
dimensions from a fixed point of origin in information space defined by the PECO
statement of the systematic review (see Figure 2). Initial distances in that space can be
established by asking domain experts to describe numerically (such as by using a Likert
scale) the extent to which they consider the PECO elements of various studies to be
similar to each other. A proposal for how this might work is outlined in Appendix E. If
the information about how experts are making judgements can be enriched with data
from a Knowledge Organisation System (Chapter 4), it should be possible for machines
to make the same type of calculations as humans but using much more data than people
can realistically process. Hopefully, this would be a sufficiently white-box process that
it can be used for predicting health risks in a fashion acceptable to regulators, while
exploiting the vast increase in information-processing capacity granted by the use of

computational approaches.
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Figure 2. The beginnings of an approach to the mathematical description of external validity of studies included in

a systematic review.
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Preface

Assuring high-quality evidence reviews for chemical risk assessment:
Five lessons from guest editing the first environmental health journal
special issue dedicated to systematic review

While systematic review (SR), the rigorous methodology for selecting,
appraising and synthesising existing evidence in order to answer a re-
search question, may not yet be mainstream among environmental scien-
tists and toxicologists, interest in the methods and what they may bring
to chemical risk research is growing rapidly and is evident in an exponen-
tial increase in publications over the last 20 years (Fig. 1).

Mirroring the rapid growth of a nascent literature is the proliferation
of initiatives, many of which are collaborative, seeking to extend the
conduct of systematic reviews to pre-clinical research and laboratory
animal experimentation. These include the Systematic Review Centre
for Laboratory animal Experimentation' { SYRCLE) and the Collaborative
Approach to Meta-Analysis and Review of Animal Data from Experi-
mental Studies® (CAMARADES), while efforts to apply SR methods to
the toxicological sciences are now coalescing in the form of networks
such as the Navigation Guide® and the Evidence Based Toxicology
Collaboration® (EBTC), among others. These initiatives are identifiable
by a shared view that SR methods are a vital area of research in their
own right, have the potential to greatly improve the scientific quality
of reviews of existing evidence, and will facilitate the translation of
pre-clinical and toxicological research into evidence-based medical,
public health and environmental policy-making.

The purpose of this Special Issue is to contribute to this agenda by
promoting interest in and discussion of how SR methods can advance
the transparency and scientific rigour of chemical risk assessment
(CRA). We have brought together assorted commentaries on the pros-
pects and potential benefits of SR methods for CRA, methods papers
explaining how SR methods can be adapted or refined for the CRA con-
text, and a set of full-blown systematic reviews, each of which functions
as a case study of how SR methods can apply in practice as well as being
valuable pieces of environmental health research in their own right.

The increase in the number of toxicology journal papers with
“systematic review" in the title is an encouraging indicator of the re-
gard with which SRs are held in the scientific community. However,
proven quality assurance procedures for SRs in environmental health
research are limited. This risks a proliferation of publications of var-
iable quality, potentially blunting the influence of SRs as powerful

' Website: https:,
cdl/SYRCLE/Page:
* Website: htt]

{iwww.radboudumenl/Research/Organisationofresearch,/Departments/
ult.aspx.

ww.den.ed.ac.uk/camarades/.

rhe.ucsf.edu/prhe/navigationguide. html

4 Website: http://www.ebtox.com/.

http://dx.doiorg/10.1016/j.envint.2016.04.016

tools for evidence-based decision-making and undermining the
case for using SR methods to synthesise evidence in CRA. With the
issue of quality assurance in mind we have drawn up a number of
lessons which, while perhaps common knowledge in other fields,
have been reinforced for us while editing this Special Issue. The
lessons are aimed at SR authors, reviewers and, importantly, journal
editors who are being faced with an increasing number of manu-
scripts that purport to be systematic reviews.

We believe this is the first Special Issue dedicated to systematic
review published by an environmental health journal. In spite of the
inevitable imperfections this entails, we hope the reader agrees this
Special Issue has been a success. We would like to thank all the authors,
peer reviewers and funders who contributed to this Special Issue and
our initial workshop organised through the Royal Society of Chemistry,
of which this Special Issue was one output (detailed in Whaley et al,,
2015). We also hope the reader will share our enthusiasm for SR
methods and recognise the potential for their uptake and effectiveness
in shaping the future of chemical risk assessment.

Lesson 1: Submitting authors should be provided with detailed
guidance about how to report systematic reviews and encouraged
to describe how they fulfilled it

Uneven understanding from authors as to the precise requirements of
conducting and reporting CRA-related SRs in a comprehensive and trans-
parent fashion is unsurprising given the novelty of the methods. We re-
ceived a number of SR submissions which, while of high potential
scientific value, were obscured by poor write-up. In order to avoid
rejecting good research for want of adequate reporting, the editors and
peer-reviewers ended up with a substantial workload in providing the au-
thors with guidance as to how their SRs should have been reported. The
authors themselves had the burden of making substantial revisions to
their manuscripts.

With hindsight, we believe we could have saved probably one revi-
sion round for several of the submitted SRs by insisting in advance that
they conform at least to the Preferred Reporting Items for Systematic
Reviews and Meta-Analyses (PRISMA), a relatively straightforward
checklist of items to report in a systematic review or meta-analysis
already widely endorsed by medical journals {Moher et al., 2009). One
review (Joca et al,, 2016), unprompted by us, even went so far as to
explain in supplementary information how they had fulfilled each
PRISMA requirement. This was extremely helpful in providing a clear

0160-4120/© 2016 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Fig. 1. Papers indexed in Web of Science {WoS) with the term “Systematic Review” in the publication title, filtered for “Toxicology” as topic, excluding topic of “Pharmacology Pharmacy™.
WoS database search excludes Biosis Citation Index {not subscribed ). Date of search: 4 April 2016,

picture of the strengths and limitations of the SR methods employed
and we would strongly encourage other SR authors to do the same.

The PRISMA checklist is not exhaustive and there may be room for
developing detailed reporting guidance specifically for toxicology SRs.
While editing the Special Issue we became aware of initiatives such as
the Methodological Expectations of Cochrane Intervention Reviews
(MECIR, 2012), which provide a lengthy and detailed checklist of
“must-haves” and “should-haves” for conduct and reporting of SRs
adapted for different medical disciplines. As editors, we would like to
flag the potential for adapting MECIR standards to the current research
context.

Lesson 2: Editors need to invest in developing a balanced peer-
review group and cultivate a network of interdisciplinary expertise
in the review pool

In principle, peer-review of an SR is straightforward: each submission
should be attended by two content experts and a SR methods expert, The
problem is, this is easier said than done. One SR submission spent
111 days between first reviewer accepting invitation to review the man-
uscript and the three required reviews finally being completed. Although
as editors we bear full responsibility for this, it is indicative of several chal-
lenges we faced in securing peer-review for SRs, insofar as they are often
lengthy, complex, and require a breadth of interdisciplinary expertise to
be reviewed fairly. While content experts were relatively easy to find, ex-
perts in SR methods were much harder to secure and we ended up lean-
ing heavily on a relatively small group of SR experts, to whom we are
extremely grateful for their commitment and patience.

Of course, access to a comprehensive peer-review pool of interdisci-
plinary expertise is not something which can be secured overnight, but
efforts need to be made by journals to help editors identify and keep
track of reliable reviewers who can handle the specific demands of sys-
tematic reviews. Databases to help editors identify peer-reviewers do
exist, and we used them in editing the Special Issue, but it was very
difficult to filter appropriate reviewers from the long lists of those identi-
fied as potentially suitable. In particular, being able to quickly identify re-
viewers with specific SR experience (either as researchers or as
reviewers) would have been very helpful.

Reviewers initially brought in as content experts will quickly acquire
relevant SR experience in the course of reviewing SRs. With the right
guidance and training (as we touch on in Lesson 3 below), we anticipate

that content experts can therefore be cultivated into a pool of competent
SR reviewers, To be effective, editors need to treat this cultivation as an
active process and should be supported by easy access to more detailed
information about the review histories of individual peer-reviewers
and, for example, relevant training they might have received.

Lesson 3: Peer-reviewers should be provided with detailed guid-
ance and ideally training in how to critically appraise systematic
reviews

There is a major challenge in ensuring that even an experienced SR re-
searcher provides a sufficiently thorough critical appraisal of a submitted
SR, such that all the important methodological features of the submission
have been given due consideration. For less experienced SR reviewers, the
challenge multiplies. For example, we found that reviewers without signif-
icant experience in SR were often bemused by the level of detail presented
in the SRs they were reviewing and,/or the value of an additional review in
a field in which literature reviews might already be plentiful. We also
found many reviewers were insufficiently alert to obvious flaws in con-
duct or reporting of a review. The best reviews came from experienced
SR researchers with substantial field expertise; however, these re-
searchers are currently limited in number and present an unsustainably
small pool of reviewers from which to draw. As editors with experience
in SR methods we were able to compensate for some of the shortcomings
of the review process but such a hands-on approach, spending as much as
eight hours on some submissions, is likely to be too time-consuming to be-
come standard practice.

We believe that securing the balance of competence to assess both the
scientific content of the systematic review, the limitations in design, con-
duct and reporting of the SR, and ensuring that the peer-review is suffi-
ciently thorough, would have been significantly facilitated by provision
for peer-reviewers of detailed guidance on how to critically appraise a
SR (i.e. a structured approach to determining which methodological fea-
tures need to be present in a SR, and how to distinguish when those fea-
tures either have or have not been implemented validly). While uneven
quality of peer-review comments is a fact of editorial life, editors and
journals can do much more to educate and train peer-reviewers, to in-
crease the likelihood that the review process will provide fair, valuable
and comprehensive feedback to the submitting authors, and more consis-
tently identify those SRs which should be published.

119



Applying Systematic Review Methods in Chemical Risk Assessment - Appendices

Preface 553

Lesson 4: Journals need to implement a formal-but-flexible standard
for publishing SRs

As will quickly become evident to the reader of this Special Issue, we
did not implement a standard approach for formatting and structuring re-
views or handling supplementary material and appendices. Some papers
present structured abstracts, some do not ( the former is clearly preferable
as it is standard practice in the field of medicine, for example). Similar to
guidance for authors on what to report in a SR, publishers should have
their own formal but flexible guidance on what they expect to present
in a systematic review and how it should be structured. This should
cover: basic SR structure; the provision of a structured abstract; the han-
dling of appendices and supplemental material; and so forth.

Lesson 5: All systematic reviews should be preceded by formal
publication of protocols

Pre-publication of protocols is already considered essential for sys-
tematic reviews in other fields (e.g. the Cochrane Collaboration in clin-
ical medicine), in part to prevent methodological choices being
influenced by what the reviewers might be learning in the course of
conducting a SR. Editing the Special Issue reinforced another aspect of
the value of protocols: they provide an opportunity for external apprais-
al and validation of planned methods before conducting the systematic
review, which in turn allows SR authors to minimise effort before
risking rejection of an inadequate, completed manuscript.

Rejection of a systematic review because of basic errors such as inef-
fective search strategies, ambiguously articulated or invalid eligibility
criteria, or the use of statistical methods, is a poor return on the large
time investment in conducting a review. This is potentially avoidable
if a protocol is submitted for peer-review prior to the decision to pro-
ceed with conducting the full SR. While disappointing, the cost of rejec-
tion of a protocol is only the time spent planning a review, which is far
preferable to rejection after completing a SR using flawed methods.

This first-stage peer-review of a submitted protocol may also provide
valuable critical appraisal of methodological choices before the full SR
process commences. Not only will the SR benefit from this, the prelimi-
nary but still substantial work done by the authors in developing a SR pro-
tocol can be recognised by citation in the literature. As editors of this
Special Issue we were not in a position to insist on pre-publication of pro-
tocols, and while it is possible to pre-publish protocols through databases
such as PROSPERO, here we urge that consideration be given to the value

3 Website: http://www.crd.york.acuk/PROSPERO/.

of formal publication of protocols in peer-reviewed journals as an
important step in the quality assurance of SRs, in particular assuring
the validity of methodological choices. This has already been imple-
mented by the journal Environmental Evidence {Collaboration for
Environmental Evidence, 2016) and is a practice which could be
adopted elsewhere.
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Appendix B: Protocols.io

The interactive version of this document is online at:
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ABSTRACT

A protocoltemplate to help researchers follow the COSTER recommendations for conduct of systematic reviews.
This instance covers the planning steps of a systematic review and will help with writing up the systematic review
protocol.

Theintent is to convert COSTER from a checklist of things which need to be done into a sequence of actions which
can be followed by a research team.

When completing the protocol and either registering it or submitting it to a journal, please cite this instance of the
protocol template and the parent manuscript, DQ1 10.1016/j.envint.2020.105926.
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IMAGE ATTRIBUTION
Image by Paul Whaley.

CREATED
Jul 15,2020

LAST MODIFIED
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PROTOCOL INTEGER ID
39283

GUIDELINES
Protocols.io has not yet been optimised as a means for reporting what was done in response to complex
instructions such as those found in this protocol. Feedback on use of the protocol, and how to develop it to
facilitate reporting of planned methods, would be very much appreciated.

Securing capacity, competencies, and tools |

1 Assessthe team's combined competence in conduct of a systematic review. Recommendation 1.7.7.

Competency Team
member(s)
(initials)
Information science (for e.g. search strategies)
Evidence appraisal methods (i.e. risk of bias assessment)
Statistical methods
Domain or subject expertise
Systematic review methods
Team member competencies

2 Identify information management practices and tools for each stage of the review. Recommendation
1.1.2

Information management component Tools or
packages

Reference manager

Knowledge management tool

Systematic review software

Statistics software and packages

Aritifical Intelligence support tools (e.g. for screening)
Information management tools and packages

3 List the potential conflicts of interest of the authors. Recommendations 1.1.3 and 1.1.4.
This should include both financial and non-financial interests which readers should be aware of in order to understand
the mativations of the authors of the review.

By listing the interests as potential you are confirming that they are not apparent conflicts of interest, i.e. they cannot

reasonably be expected to compromise the integrity of the systematic review. People with apparent conflicts of interest
should be excluded from decision-making roles in the review.
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Interests should be declared using the ICMJE Conflict of Interest Disclosure Forms, as attached. The summary
statements generated by the forms for each author can be copy-pasted into the table.

ICMJE COI Disclosure Form.pdf

Author ICMJE COI Summary

Summary statements of authors declared conflicts of interest.

Setting the research question ("problem formulation”)

4 Demonstrate the need for a new review. Recommendation 1.2.7
4.1 Describe the scientific value of the question(s), i.e. why it is important that it be investigated.
4.2 Describe the importance to stakeholders of the question(s) being asked.

4.3 Summarise relevant existing primary research and evidence syntheses to justify conducting a new
systematic review.

5 Articulate the scientific rationale for each question via development of a theoretical framework.
Recommendation 1.2.2. For example, this would describe how the exposure is related to the outcomes of interest if the
systematic review is an investigation of an exposure-outcome relationship. The theoretical framework should include
discussion of the biological plausibility of the relationship being investigated.

6 For each research question to be answered by the review, prospectively define a statement of the
research objective in terms of Population, Exposure or Intervention, Comparator, Outcome, Study
Design, and Target Condition, selected as appropriate. Recommendation 1.2.3.

= Authors may wish to refer to Morgan et al. 2018 for guidance on how to formulate research questions as PECO
statements. Conceiving of an ideal study may also help characterise the PECO elements which define what type of
study will be informative for your review findings.

ﬂ Morgan RL, Whaley P, Thayer KA, Schinemann HJ (2018)
Identifying the PECO: A framework for formulating good
questions to explore the association of environmental and
other exposures with health outcomes.. Environment
international.
https://doi.org/10.1016/j.envint.2018.07.015

{3 protocols.io 3 09/10/2020

Citation: Paul Whaley (09/10/2020). Generic Protocol for Environmental Health Systematic Reviews Based on COSTER Recommendations.
https://dx.doi.ora/10.17504/protocols.io.biktkewn

This is an open access protocol distributed under the terms of the Creative Commons Attribution License (hitps://creativecommons.org/licenses/by/4.0/
which permits unrestricted use, distribution, and reproduction in any medium, provided the original author and source are credils

123



Applying Systematic Review Methods in Chemical Risk Assessment - Appendices

{3 protocols.io

Citation: Paul

Whal
e

6.1

6.2

6.3

6.4

Define the target Population of interest. These are the objects of investigation, i.e. the entities
to which exposures or interventions happen.

Species

Sex

Age

Health status

Additional characteristics

Characteristics of the population of interest. Add rows to cover other population characteristics relevant to the SR
question.

Define the target Exposure or Intervention of interest. This concerns the administered or
observed change in conditions of the objects of investigation. It should include timing, duration and
dose.

Exposure or intervention What is the exposure or
intervention?

Timing When does the exposure
orintervention happen?

Duration For how long does the
exposure or intervention
last?

Dose What is the dose regimen

(amount, frequency)?

Timing, duration and dose of the exposure / intervention. Add rows to cover other exposure / intervention
characteristics relevant to the SR question. Add a new table for each exposure or intervention of interest.

Define the target Comparator of interest. This concerns the characteristics of the exposure or
intervention being used as the comparator to which the target exposure or intervention is being
compared.

Comparator What is the comparator
exposure or intervention?

Timing When does the
comparator happen?

Duration For how long is the
comparator
administered?

Dose What is the dose of the
comparator (amount,
frequency)?

Timing, duration and dose of the comparator. Add rows to cover other comparator characteristics relevant to the SR
question.

Define the target Outcome(s) of interest. This concerns the change being measured in the
exposure or intervention group. These should be the primary outcomes of interest to the systematic
review which form the hypothesis or hypotheses being tested. Secondary outcomes can also be listed.

4 09/10/2020
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Primary outcome 1
Primary outcome 2

Primary outcomes of interest. Add new rows for each outcome of interest.

Secondary outcome 1

Secondary outcome 2

6.5 Define the Target Condition. Thisis the object of a test method for diagnosis or detection. It is
only necessary for a systematic review of a diagnostic or detection test method.

Target condition characteristic 1

Target condition characteristic 2

Defining the eligibility criteria and designing the process for screening evidence for inclusion |

7 Define and justify unambiguous and appropriate eligibility criteria for each component of the objective
statement. Recommendation 1.3.7,7.3.3, 1.3.4, 1.3.5

PECO element Description of eligibility
criteria
Eligible populations Include e.g. age, sex, health

status, socioeconomic status,
occupation etc.

Eligible exposures Include timing, methods for
measurement exposure
Eligible comparators The populations and

exposures against which the
exposed populations are being
compared

Eligible primary outcomes Specify the outcome, whether
the outcome is apical (whole
organism) orintermediate (is a
marker of an apical outcome);
the acceptable outcome
measures (diagnostic criteria,
scales, etc.) and timing of
outcome measurement

Eligible secondary outcomes Specify the outcome, whether
the outcome is apical (whole
organism) orintermediate (is a
marker of an apical outcome);
the acceptable outcome
measures (diagnostic criteria,
scales, etc.) and timing of
outcome measurement
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Eligible study designs Define eligibile study designs
by design features rather than
design labels.

Describe the eligibility criteria for each PECO element. Add additional PECO el as appropri

PECO element Description of exclusion criteria Reasons
for
exclusion

Excluded populations
Excluded exposures
Excluded comparators

Excluded outcomes

Describe the criteria for exclusion of studies, according to each PECO element. Add additional PECO el as appropri

8 Define the points at which screening for eligibility will take place. Recommendation 1.3.2. Will there be
screening at title and abstract, full text, or both?

Points at which screening will take place

Describe whether there will be screening at title and abstract, full text, or both
Points at which screening will take place

9 Include all relevant, publicly-available evidence, except for research for which there is insufficient
methodological information to allow appraisal of internal validity. Recommendation 1.3.6. Exclude evidence which
is not publicly available. Recommendation 1.3.9

Policy on eligibility of grey literature and unpublished evidence
Describe how grey literature will be handled in the systematic review. If some or all grey literature is to be excluded, explain

why and anticipate its implications as a limitation of review methods.
Policy on grey literature for the systematic review.

E COSTER recommends that grey literature (i.e. studies that have not been published in peer-reviewed
journals) should be included in systematic reviews. This is because the relevance of evidence is determined
by the SR objectives, not by the publication status of that evidence, the language the evidence is in, nor its
compatibility with the analyses planned by the reviewers.

Only publicly available information about a study should be eligible for inclusion. If the planned SR will bring
into the public domain evidence which was previously inaccessible, this makes the evidence eligible for
inclusion.

Studies for which there is insufficient information for risk of bias to be evaluated should be excluded from a

SR, to prevent the inclusion in a SR of evidence that is potentially misleading but cannot be identified as such
by the reviewers.

10 Include evidence which is relevant to review objectives irrespective of whether its results are in a
usable form. Recommendation 1.3.7

Policy on eligibility of studies with unusable data

3 protocols.io 6
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Describe how studies which report their results in a manner incompatible with planned analyses will be handled in the
systematic review.

Policy on usability of study data

E COSTER recommends that documents be included in a SR regardless of whether their data fit the analysis
plan of the reviewers or they arein a language in which the reviewers are fluent. This is to ensure that study
documents which may contain information of potential relevance to the SR’s research objectives are not
excluded from the data extraction step of the SR; however, they may be excluded from specific synthesis
steps such as meta-analysis.

11 Include relevant evidence irrespective of language. Recommendation 1.3.8.

Policy on el ty of studies based on language

State the language/s in which the systematic review will be written, and how studies not written in that language will be
handled.
Policy on language

Languages to be included in the systematic review

List of included languages in the systematic review

12 Do not exclude multiple reports of the same research {e.g. multiple publications, conference abstracts etc.);
instead collate the methodological information from each of the reports as part of the data extraction process for each
unit of evidence. Recommendation 3.4

Multiple publications policy
Describe how multiple publications derived from the same study will be aggregated.

Policy on handling of multiple publications from same study

13 Screening of each piece of evidence for inclusion to be conducted by at least two people working
independently, with an appropriate process (e.g. third-party arbitration} for identifying and settling disputes.
Recommendation 3.7

Team members who will conduct screening Method for
resolving
disputes

Planned approach to duplicate screening and dispute resolution

14 Design the PRISMA flow chart for presentation of the results of the screening process.
Recommendation 3.2
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15 Pilot test the screening process. Recommendation 1.4.7

E A generic protocol for piloting the screening stage of a systematic review is available here:
¥ . io/view/a- = -for-pilot- ing- |

Defining the strategy for searching for evidence relevant to the review objectives

16 Design sufficiently sensitive search criteria, so that studies which meet the eligibility criteria of the review are
not inadvertently excluded. Document the search methods in sufficient detail to render them transparent and
reproducible. Recommendations 1.4.1, 2.6

16.1 Search all the key scientific databases for the topic, including national, regional and subject-
specific databases. Recommendation 2.1

List of databases

Database 1

Database 2

Database 3
List of databases searched in the systematic review

16.2 Structure search strategies for each database, electronic and other source, using apprnpr\a%%
controlled vocabulary, free-text terms and logical operators in a manner which prioritises sensitivity.
Document the search methods and results in sufficient detail to render them transparent and
reproducible. Recommendations 2.3, 2.6

Database Search strategy

Search strategy for each database in the systematic review

ﬂ Atkinson KM, Keenka AC, Sanchez CE, Moshontz H, Cooper H
(2015). Reporting standards for literature searches and report
inclusion criteria: making research syntheses more
transparent and easy to replicate.. Research synthesis
methods.
https://doi.org/10.1002/jrsm.1127

16.3 Define reproducible strategies for identifying and searching sources of grey Iilertuzrde
{databases, websites etc.). Document the search methods and results in sufficient detail to render
them transparent and reproducible. Recommendations 2.2 and 2.6
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Grey Search strategy Date of search No. of
literature results
source

Search strategy for each source of grey literature in the review

16.4 Search within the reference lists of included studies and other reviews relevant to the
topic (“hand-searching”) and consider searching in the reference lists of documents which have cited
included studies. Search by contacting relevant individuals and organisations.
Recommendations 2.4 and 2.5

y search strategi Indicate if
will be
used

Hand search references of included studies

Hand search references of relevant reviews

Hand search references of studies cited by included studies

By contacting individuals and organisations

Other

y search

17 Plan for re-running all searches and screen the results for potentially eligible studies within 12
months prior to publication of the review (screening at least at the level of title plus abstract). Recommendation 2.7

Timing When will the searches be
updated prior to publication
of the review?

Sources Which sources will be
searched again?

Level of screening What level of screening will
be conducted?

Updating findings How will review findings be

updated in context of new

studies?
Policy for updating searches

Methods for synthesising and evaluating the evidence \

18 Design the "characteristics of included studies” table. Recommendation 71.4.2

19 Design and pilot the data extraction forms. Recommendation 1.4.7

20 Define the risk of bias assessment methods to be used for evaluating the internal validity of the
included research. If observational studies are included, this should cover identification of plausible confounders.
Recommendation 1.4.3
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Review teams may find the FEAT (Focus-Extent-Application-Transparency) mnemonic to be usefulin
defining their risk of bias assessment methods.

Focus: The focus of the tool should be exclusively the internal validity of a study. If other quality
constructs are of interest, each should be assessed in a separate process.

Extent: All the important threats to internal validity should be covered by the tool. If observational
studies are being appraised, the threats should include allimportant confounders.

Application: The appraisal process should produce consistent, accurate descriptions of the extent to
which a study is vulnerable to each identified threat to internal validity. The judgements should bein a
form which can be logically incorporated into the evidence synthesis.

Transparency: Thereason for each judgement should be documented, quoting as justification relevant
text from the study documentation.

Refer to Section 5 of the COSTER recommendations for detail on how the risk of bias assessment process
should be conducted.

20.1 Define the tool selection and modification process (how will a suitable tool be identified, and

what process will be followed to identify and validate any necessary modifications?) Recommendation

1.4.3

Tool selected Studies to which it is applied Modifications made Method
for
validatin
9
modifica
tions

Selection of tools to be used in systematic review

20.2 Riskof bias assessment is to be conducted by at least two people working

independently, with an appropriate process (e.g. third-party arbitration) for identifying and settling

disputes. Recommendation 5.3

Team members conducting risk of bias assessment Method for

identifying

and settling
disputes

Approach to conducting risk of bias assessment

20.3 Define the training and piloting process for the risk of bias assessment (how will the

review team be trained in use of the tool, and what are the conditions under which the piloting process
will be determined satisfactory?} Recommendation 1.4.7
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271 Design the methods for synthesising the included studies, to cover: qualitative and quantitative methods
(with full consideration given to synthesis methods to be used when meta-analysis is not possible); assessment of
heterogeneity; choice of effect measure {e.g. RR, OR etc.); methods for meta-analysis and other quantitative synthesis;
pre-defined, appropriate effect modifiers for sub-group analyses. Recommendations 1.4.4, 6.1

Synthesis Component Planned Methods
Qualitative or narrative methods
Quantitative methods
Conditions for combining studies in overall and subgroup
analyses
Choice of effect measure
Assessment of heterogeneity (6.3) and consequences of
developing summary results (6.4)
Effect modifiers for subgroup analysis
Transformation of scales into common measures (6.2)
Assessment of publication bias (6.5)
Impact of the risk of bias assessment on the synthesis
(6.6)
Sensitivity analyses (6.7)
Other methods
Methods for synthesising the included evidence

E Refer to section 6 of COSTER for detailed recommendations for how evidence should be synthesised in
systematic reviews. Popay et al. (2006) attached provides very useful guidance on how to approach the non-
quantitive components of the synthesis.

) Popay et al. 2006 - Guidance on the Conduct of Narrative Synthesis in Systematic Reviews.

22 Define the methods for determining how, given strengths and limitations of the overall body of
evidence, confidence in the results of the synthesis of the evidence for each outcome is to be
captured and expressed. (For reviews which include multiple streams of evidence, this may need to be defined for
each stream.) Recommendation 1.4.5

E The components of assessment of confidence or certainty in the evidence are described in section 7 of
COSTER.

22.1 Pilotthe process for the assessment of confidence in the results of the synthesis of
the evidence. How will the review team be trained in use of the tool, and what are the conditions
under which the piloting process will be determined satisfactory? Recommendation 1.4.7

23 For reviews which include multiple streams of evidence (e.g. animal and human studies), define the
methods for integrating the individual streams into an overall result. Recommendation 1.4.6

This should include a description of the relative relevance of populations (e.g. species, age, comorbidities ete.),
exposures (e.g. timing, dose), and outcomes (direct or surrogate, acute or chronic model of disease, etc.}, as
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appropriate, per which inferences about predicted effects in target populations can be made from observed effects in
study populations.

Registering and publishing the protocol |

24 Create a permanent public record of intent to conduct the review (e.g. by registering the protocol in an
appropriate registry) prior to conducting the literature search. Recommendation 1.5.1

25 As appropriate for review planning and question formulation, secure peer-review and public
feedback on a draft version of the protocol, incorporating comments into the final version of the protocol.
Recommendation 1.5.2

26 Publish the final version of the protocol in a public archive, prior to screening studies for inclusion in the
review. Recommendation 1.5.3

E Publication of the protocol in a journal is equivalent to publication in a public archive.
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ARTICLE INFO ABRSTRACT

Background: While systematic review (SR) methaods are gaining traction as a method for providing a reliable
swmmary of existing evidence [or health risks posed by exposure to chemical substances, it is becoming clear that
Teview their value is resiricted (o a specific range of risk management scenarios - in particular, those which can be
addressed with tightly focused questions and can accommodate the time and resource requirements of a sys-
Lemalic evidence synthesis,

Methods: The concept of a systematic evidence map (SEM} is delined and contrasted to the function and lim-
itations of systematic review (SIU) in the context of risk management decision-making. The potential for SEMs to
facililale cvidence-based dedision-making are explored using a hypothelical example in risk management
pric etting. The patential role of SEMs in reference to broader risk management work(lows is characterised.
Results: S1 are dalabascs of sysiemalically galhered rescarch which characlerise broad features of Lhe ey
dence base. Although not intended to substitute for the evidence synthesis element of systematic review
provide a comprehensi ummary of a large body of policy relevant rescarch. They provide an
evidence-based approach tn characterising the extent of available evidence and support forward looking pre-
dietions or trendspotting in the chemiecal risk sciences. In particular, SEMs facilitate the identification of related
bodics of decision crilical chemical risk information which could be further analysed using SR melhods, and
highlight gaps in the evidence which could be addressed with additional primary studies to reduce uncertainties
in decision-making.

Conclusions: SEMs have strong and growing potential as a high value tool in resource efficient use of existing
research in chemical risk management. They ean be used as a critical precursor Lo efficient deployment of high
quality SR methods lor characterising cherr health risks. Furthermore, SEMs have potential, at a large scale,
to support the sort of evidence summarisation and surveillance methods which would greatly increase the re-
source cfficiency, transpareney and effectiveness of regulatory initiatives such as EU REACH and US TSCA.

Handling Fditar: Hamma Boogaard
Keywords:

Systenn
Tvidence mapping

Consequently, interest in the application of systematic review to reg-
ulatory decision-making contexts within chemicals policy and wider

1. Introduction

Systematic review is the epitome of the evidence-based approaches
that have revolutionized clinical decision-making. The methodology was
developed in response to medical practitioners” need to distill clear and
reliable conclusions about the efficacy of clinical interventions from an
evidence base seemingly full of contradiction, heterogeneity and bias
(Chalmers et al., 2002; Garg et al., 2008; Higgins and Green, 2011). This
need parallels that of chemicals policy; where conclusions regarding the
safety of exposure to a chemical substance must be synthesised from a
significantly more disparate evidence base (Whaley et al., 2016),

environmental health is growing. This is evidenced by the increasing
number of systematic reviews published in the field (Whaley and Halsall,
2016), the establishment of collaborations and workgroups dedicated to
development and dissemination of environmental health systematic re-
view methodology (Morgan et al, 2016; NTP, 2015; Woodruff and
Sutton, 2014), and the adoption and use of systematic review by reg-
ulatory bodies such as the United States Environmental Protection
Agency (US EPA) (EPA, 2018; The National Academies of Sciences,
2017) and World Health Qrganization (Mandrioli et al., 2018),

* Corresponding author at: Lancaster Environment Centre, Lancaster University, Lancaster, UK.

E-mail address: Lwoltfe@lancaster.acuk (ILAM. Wolffe).

https://doi.org/10.1016/).envint.2019.05.065
Received 28 March 2019; Received in 1o
Available online 26 June 2019

0160-4120/
(hitp://creativecommons.org/licenses/BY /4.0/).

sed form 10 May 2019; Accepled 24 May 2019

- 2019 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license


https://doi.org/10.1016/j.envint.2019.05.065

T.AM. Wolffe, et al.

Growing interest in systematic review approaches is indicative of
the evolutionary journey chemicals regulation follows as it attempts to
reconcile past oversights with present day knowledge and mounting
future challenges. A number of legacy chemicals released to market
under past regulatory workflows persist on the market without risk
assessment. Meanwhile, an overwhelming number of new chemicals are
presented for assessment each year while awaiting release to market
under modern regulatory workflows (European Comission, 2007; Pool
and Rusch, 2014). This amounts to increasing strain on regulatory
processes, which must operate without a proportionate increase in re-
source availability. While providing and/or gathering relevant data for
new chemicals now forms a vital part of risk assessment, advances in
analytical techniques and scientific understanding continue to broaden
the scape of this data beyond the realms of traditional in vivo toxicity
testing. Although vital for compiling a more complete understanding of
a chemical's toxicity, the broad scope and increasing availability of such
data presents challenges for decision-makers tasked with handling,
appraising and interpreting this data for risk assessment. Failure to have
a transparent structure for considering all relevant data appropriate to
risk assessment (e.g. a stepwise approach for addressing in vitro data
following evidence from in vivo studies or comprehensive assessment of
all in vitro data) reduces stakeholder confidence and has the potential to
bias regulatory decisions. Studies reporting results amenable to the
observer bias of independent assessors, or to the vested interests of non-
independent assessors, may be cherry picked from the wider evidence
base. Even where all relevant studies are considered, the role that sci-
entific judgement plays in the process of appraisal and interpretation of
data can lead to conflicting conclusions between different regulatory
bodies (Whaley et al., 2016). Transparency in identifying both the
evidence and scientific judgement are critical to establishing trust in
decision-making.

Systematic review offers a framework for piecing together this
varied data in a transparent and resource efficient manner, such that a
more complete picture of toxicity can inform regulatory decision-
making. It details methodology for ensuring all such data is identified,
gathered and considered - preventing cherry picking of studies that
only provide part of the complete toxicity profile for a chemieal, or that
present biased or unrepresentative results. As well as reducing bias, all
steps of the methodology are designed to maximise transparency. A
well conducted and reported systematic review effectively outlines the
research question, the approach taken to address the question, the
evidence considered, and the scientific judgement applied to reaching
conclusions. Thus, differences across reviews or regulatory bodies can
be effectively identified and explained. Considering the results of all
relevant studies makes maximum use of existing data and increases the
precision of a systematic review's conclusions. This allows reliable de-
cisions to be made without the commissioning of redundant and re-
petitive primary research, or conversely identifies specific knowledge
gaps at which smart testing strategies can be focused.

Although the aim of systematic review (i.e. to transparently and
robustly synthesise all available data in answer to a research question)
aligns well with the needs of chemicals policy, conflicts between the
practicalities associated with the methodology and those associated
with regulatory frameworks hinder their wider uptake, and/or the
production of reviews that are of sufficient quality to produce trust-
worthy results (Kelly et al., 2016; Marshall et al., 2018; Reynen et al.,
2018). Key areas of conflict include the time and resource intensity of
the systematic review process, the scope of the research questions ad-
dressed by the methodology, and the ease with which the output of a
systematic review can be accessed, interpreted and updated. Further,
the fluid and rapidly expanding nature of scientific research and the
chemicals industry creates a constant and pressing need for evidence
surveillance, such that regulators can keep apace of the growing body of
scientific literature and update regulation accordingly. This challenge
demands a responsive and living solution beyond the reach of current
systematic review practice.
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In this manuscript, we briefly outline systematic review metho-
dology to illustrate its strengths and highlight the transferable barriers
which have been suggested as preventing its wider uptake in other
fields (Oliver and Dickson, 2016). We discuss how these difficulties may
be addressed through the novel implementation of systematic evidence
mapping in environmental health. Systematic evidence maps (SEMs)
provide a broad and comprehensive overview of an evidence base
(Haddaway, Bernes, Jonsson, & Hedlund, 2016; James et al., 2016).
They facilitate the identification of trends which can be used to inform
more efficient systematic review, or more targeted primary research.
The methodology behind SEMs, and how this might be adapted to suit
the demands and limitations of regulatory decision-making in chemi-
cals policy is discussed, along with the advantages and future potential
of SEMs as a fundamental tool for evidence-informed risk management
and decision-making.

2. The application of systematic review methods in chemical risk
management

The utility and advantages of systematic review methods for ad-
vancing chemical risk assessment have been extensively documented
elsewhere (Aiassa et al., 2015; Hoffmann et al., 2017; Hooijmans et al.,
2012; Rooney et al., 2014; Vandenberg et al., 2016; Whaley et al., 2016;
Woodruff and Sutton, 2014). Systematic review provides a transparent
and reproducible approach to summarising and critically assessing ex-
isting evidence on potential health risks associated with exposure to a
chemical substance. These transparent methods serve to document the
basis of scientific judgments, minimising the potential for bias and error
presented by more traditional narrative approaches in which opinion is
not clearly distinguished from evidence.

The key features of a systematic review (Table 1) are:

a clearly specified research objective - usually captured in a
Population-Exposure-Comparator-Outcome (PECO) statement

a comprehensive search strategy

screening of the search results - for evidence relevant to addressing
the research objective

extraction of data from included studies - using a prespecified data
extraction framework

critical appraisal of included studies - according to a prespecified set
of quality criteria, usually targeting risk of bias

synthesis of findings from the included studies - using suitable
quantitative statistical methods and otherwise qualitative methads
as appropriate

characterisation of confidence in the evidence for the results of the
synthesis - according to a prespecified set of criteria

statement of conclusions - including an assessment of limitations in
design and conduct of the review itself.

Specific methodological decisions concerning each of these key
features, from definition of the PECO statement to the chosen synthesis
approach, are specified in a pre-published protocol.

However, with the methodology's pursuit of rigor and comprehen-
siveness comes a significant demand for time and resources. Evidence
from medical systematic reviews indicates it takes on average ap-
proximately 70 weeks to progress a systematic review from protocol
registration in the PROSPERO registry (National Institute for Health
Research, 2018) to publication of the final systematic review (Borah
et al., 2017). Variance around this average is wide (from 6 to
186 weeks), but the significance of person-hours and planning time
prior to protocol registration is not considered in these estimates. More
recent analysis of environmental science systematic reviews estimates
an average of 164 (full time equivalent) person-days required for
completion of systematic reviews (Haddaway and Westgate, 2018).
However, in the absence of comparable evidence in the field of che-
mical risk assessment, these figures agree with anecdotal reports of the
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Table 1
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The key features of systematic reviews and their primary advantages. PECO = Population-Exposure-Comparator-Outcome.,

Systematic review step

Primary advantages

Pre-published protocol

Statement of objectives

Comprehensive search

Screening against eligibility criteria (study
inclusion)

Data extraction using appropriate extraction wols

Critical appraisal of included studies

Synthesis of included studies

Characterisation of confidence in the evidence

Drawing conclusions/key review ourput

Reduces risk that expectation bias will influence reviewers' choice of methods and approaches for analysis mid-review; if
formally published, external peer review can reduce risk of limitations in planned methads from compramising final results.
Provides a structured framework for the aims of the review (including specific statement of the research question and PECO
criteria) against which appropriate review methods can be defined.

Reduces risk of only partial retrieval of the overall body of evidence that is relevant to answering the research question.
Reduces risk of only partial retrieval of the overall body of evidence that is relevant to answering the research question, in
particular the risk of selection bias when reviewers are deciding which evidence to include in the review.

Reduces risk of inconsistent or partial retrieval of data from studies included in the review, reducing risk of selective use of
dara from studies deemed relevant to answering the research question.

Encourages consistent assessment of validity of included studies according to factors internal to study design, reducing risk of
expectation bias or other factors causing studies to be inappropriately weighted, and helping ensure that bias in the findings
of the included studies is not transmitted through to the findings of the review.

Pooling or integration of sufficiently comparable studies increases the power of an analysis, whether quantitative or
qualitative, allowing overall trends in results to be more reliably identified.

Encourages consistent assessment of the validity of the results of the synthesis according to features which manifest at the

level of body of evidence as a whole rather than the individual study. Outlining the scientific judgement applied in rating
confidence is key to the transparency of subsequent conclusions.

Qualitative and/or quantitative summary effect estimates help direct policy decisions based on permissible exposure levels
and related controls; assessment of limitations in the review methods helps ensure that any residual potential biases in the
review are made clear to the reader and can additionally be accounted for in uncertainty assessment and consequent risk

management action.

average systematic review taking around 12 to 18 months to progress
from inception to publication. A significant factor which contributes to
the length of the systematic review process is the manual way in which
each step of the methodology is conducted. All studies returned by a
systematic search strategy are generally screened by human reviewers,
in duplicate, one-by-one, before included studies undergo a similarly
manual data extraction and critical appraisal step,

Sy ic review mar t software has been developed (e.g.
“HAWC: Health Assessment Workplace Collaborative,”, 2013;
Covidence, 2019; Evidence Partners, 2019; Science for Nature and
People Partnership Evidence-Based Conservation working group,
Conservation International, Datakind, 2018; Sciome, 2018; Thomas
et al., 2010; CAMARADES-NC3Rs, 2019) to assist human reviewers
with maintaining transparency in SRs and with organising the review
process. Acknowledging the impedance caused by a review's manual
workload, review management software is beginning to incorporate
machine learning as a means of automating labour-intensive tasks (e.g.
Evidence Partners, 2019; Science for Nature and People Partnership
Evidence-Based  Conservation working group, Conservation
International, Datakind, 2018; Sciome, 2018; CAMARADES-NC3Rs,
2019). Automation has the potential to result in significantly reduced
workloads and subsequent demands for time and resources (Mara-eves
et al., 2015). Pending further advances, the time and resource demands
of systematic review are at conflict with the intense time/resource
pressure under which regulatory processes must operate (Innvaer et al,
2002; Oliver and Dickson, 2016).

Also at conflict with the demands of regulatory decision-making is
the narrow scope of systematic reviews, which are designed to address a
specific and clearly defined objective or research question. To ensure a
manageable, relevant and focused review, suitable research questions
are typically closed framed, such that the review can synthesise a
single, coherent answer. These closed-framed questions are well suited
to the decision-making contexts of medicine (the field from which
systematic reviews originate), but may be difficult to apply to chemical
risk assessment. The web of interlinked endpoints, potential variation in
sensitive populations, uncharacterised low dose effects, and unknown
behaviour of a chemical in the environment or in contact with other
chemicals can mean that the decision-critical information which can be
supplied by a tightly focused research question is often not readily
apparent in chemical risk assessment contexts. Even where such a
question can be devised, and the answer reached through systematic
review, the specificity of the research problem and its resolution are

likely to comprise only part of the much broader range of unaddressed
decisions and information requirements faced by risk managers.

3. Systematic evidence maps for chemical risk management

In light of the tfime and resource intensity of current systematic
review practice, identifying the most informative research questions is
important for maximising the value and efficiency of systematic reviews
in regulatory decision-making. Investing resources in systematic review
as a means of addressing specific research questions is inefficient if
there is a lack of data available for answering those questions. Devising
specific research questions therefore becomes a reactive process, rather
than a proactive one. This is at odds with the goals of chemicals policy,
which aims to predict and prevent harm as a result of exposure to
chemical substances.

Decision-makers therefore need to monitor and understand the
evidence base as a whole — such that emerging trends or issues of po-
tential concern can be identified and investigated in a timely manner,
Identifying trends in the evidence base, including evidence clusters and
evidence gaps, facilitates the formulation of proactive research ques-
tions by relevant stakeholders. Reviewers need not rely on environ-
mental health outcomes becoming infamous or epidemic as an indicator
of sufficient evidence for an efficient and valuable synthesis. Instead,
trends in the availability of evidence ensure prevention of synthesis
attempts for which there is insufficient data (or for which syntheses
already exist) and promote the targeting of primary research efforts at
evidence gaps. This kind of evidence surveillance has traditionally been
the domain of scoping reviews. These reviews are often narrowly fo-
cused precursors to systematic reviews. Thus a specific systematic re-
view question has already begun to be framed, and the literature scoped
for sufficient data to address/focus it — rather than vice versa (e.g.
Bolden et al., 2017). Scoping reviews also typically present their find-
ings in tabular format. This compromises the accessibility of the evi-
dence they scope, and makes them ill-suited for applications beyond
determining whether there is sufficient literature to merit a systematic
review (Grant and Booth, 2009).

Instead, the introduction of systematic evidence mapping, a meth-
odology recently adapted from the social sciences (Clapton et al., 2009}
for environmental management (James et al., 2016), has the potential
to facilitate evidence surveillance in a transparent and reproducible
manner, providing a broader understanding of the extant evidence base
through interactive outputs.
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Table 2

A comparison of systematic review and systematic evidence mapping methodoelogy and their respective roles in risk management decision-making (adapted from
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James et al., 2016). SR = systematic review, SEM = systematic evidence map, RM = risk management, TDI = tolerable daily intake.

Step

Conduct of step in SRs related to assessing
chemical health risks

Conduct of step in SEMs related to assessing
chemical health risks

SR vs SEM for responding to risk management
needs

Pre-published protocol

Statement of objectives

Comprehensive search

Screening against
eligibility criteria
(study inclusion)

Data extraction using
tested extraction
sheets

Coding of extracted data
using controlled
vocabularies

Critical appraisal of
included studies

Synthesis of included
studies

Characterisation of
confidence in the
evidence

Drawing conclusions/key

Define all methods in advance of conduct of
review

Question concerns the effect of an exposure on
health; or the effect of intervening to reduce
exposure in terms of health benefit. Usually
targets a single or few exposures and outcomes.

Search terms highly resolved and specified for
most key elements of the objective statement,
returning a moderate volume of evidence.

Inclusion criteria specified in detail for all key
elements of the objective.

Complete extraction of meta-data and study
findings.

Coding facilitates grouping of included studies
for synthesis/integration according to review
objectives. Cading is closely related to review
objectives and data extraction process,
whereby narrow research question and PECO
statement inherently define specific code
applicable to raw extracted data.

Assessment of internal validity (risk of bias)
conducted for all included studies.

Quantitative synthesis where possible to

tion of hazard from
synthesis where paoling
studies is not possible.

Assessment of confidence or certainty in the
results of the synthesis, according to
characteristics of the evidence base taken as a

whole.

SRs primarily provide a summary effect
estimate and surrounding uncertainty based on
strength of the evidence and review methods.

Same

Question concerns the state of the evidence
base for a topic. Usually open-ended and
encompassing a range of multiple related
exposures and outcomes,

Wide ranging search strings of lower
specificity based on topic rather than defining
all key elements of the objective in the search.

Inclusion criteria defined in terms of topic
rather than key elements of the objective,

Extraction of meta-data; optional extraction
of study findings and other study
characteristics depending on SEM objectives.

Coding facilitates broad comparison of
heterogeneous data across an evidence base.
Broad map objectives necessitate extensive
coding process, whereby specific code must
be defined in a step distinet from the
formulation of end-users' specific research
questions,

Study validity assessment is optional and to
some extent restricted if outcome is not a
defined aspect of the SEM; study
characteristics relevant to risk of bias
assessment can be extracted,

Reports of systematic maps can provide
narrative synthesis of characteristics of the
evidence key to a given decision-making
Context,

SEMs do not synthesise included studies.
SEMs help identify regions of evidence with
characteristics indicative of being worth
further, detailed analysis in support of a
prospective decision.

SEMs primarily provide a searchable datahase
of the characteristics of the evidence base,
making the knowledge base locked away in
manuscripts accessible to decision-makers.

Provides transparency; reduces bias; opportunity
for peer review and stakeholder engagement.
Applies to bath SRs and SEMs.

SR: Focused, closed questions of SRs best service
specific RM decisions such as characterising
specific health risks/TDIs.

SEM: Open questions of SEMs best service
scenarios in which evidence should be surveyed
and scoped, such as problem identification and
priority-setting.

SR: Narrow searches efficiently identify evidence
related o exposure-oulcome pairs. Maximum
feasible mumber of sources searched to ensure
collation of all relevant evidence for synthesis.
SEM: Broader, topic-based SEM search allows
evidence supportive of multiple decision scenarios
to be identified. Flexible number of sources
searched, or sources searched in a step-wise
manner as appropriate to broader research
objectives.

8R: As for search, specific inclusion criteria ensure
SRs efficiently service a specific research question.
SEM: Broad objectives ensure inclusion of
evidence relating to multiple decision scenarios.
SR: Data extraction determined by objectives.
SEM: Data extraction more {lexible and can
respond to needs of risk management process to
develop fit-for-purpose maps of varying degrees of
comprehensiveness.

SR: Tight review objectives pre-specify applied
code (e.g. considering ages 0-18 as “‘Child’ for
reviews focusing on a population of ‘Children).
Narrower range, or grealer specificity of
controlled vocabulary terms applicable per item of
extracted data.

SEM: Code pre-specified where possible, but
addition of new terms (which could not be
accounted for a priori) considered flexible, Any
one item of extracted data may be coded by
multiple and variably resolved terms. Openly
accessible ontologies may be used for coding to
promote consistency and interoperability.

SR: Describe the internal validity of the evidence
base, which is an essential step of characterising
confidence in the evidence.

SEM: Flexible, critical appraisal step can be
omitted; study methods are mapped or
methodological quality assessed to goals, can be
part of stepwise approach where quality only
assessed for studies addressing key ourcomes etc,
SR: Synthesis supperts a specific type of decision
context.

SEM: Primary output is a more context-agnostic
database which can be used by risk managers to
support multiple decisions in the RM workflow; or
to aid in a stepwise approach.

SR: Provide detailed conclusions on certainty of
evidence in hazard characterisation or to support
risk assessments.

SEM: Support a range of decisions, particularly
decisions to focus research and review, e.g.
indicating clusters where evidence may be strong
enough to warrant SR (e.g. have a reasonable
likelihood of changing a TDI), fill in gaps to reduce
uncertainty and for surveillance.

SR: provide a qualitative and/or quantitative
summary effect estimate in answer to a narrow
and specific decision-making question.

SEM: identify evidence gluts for synthesis. When
combined with an understanding of RM needs,
transparent criteria for prioritization of gluts for
synthesis and gaps for commissioning primary
research can be presented.
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The methodological steps involved in constructing a systematic
evidence map are similar to those involved in the initial stages of
producing a systematic review (see Table 2, adapted from James et al.,
2016) whereby a systematic search strategy is employed to collate
evidence, which is subsequently screened for relevance before under-
going data extraction. The key difference between the methodologies
comes in the form of their aims and subsequent outputs. Systematic
reviews collate a relatively narrow subset of the evidence base to an-
swer a specific research question. Conversely, SEMs do not attempt to
answer a specific, closed-framed research question, and are instead
guided by much broader research objectives. SEMs collate a sufficiently
broad subset of evidence such that many different specific research
questions might be formulated from, and addressed with, a single sys-
tematic evidence map. SEMs are concerned with characterising the
evidence base within a given research area, such that the availability,
type and features of the evidence can be clearly mapped and explored
through data visualization.

To facilitate this exploration, the output of a SEM takes the form of a
queryable database (Clapton et al., 2009; James et al., 2016) as opposed
to the lengthy and technical documents which form the main output of
a systematic review. The database format allows users to query the
evidence base according to their research interests, providing func-
tionality which is void from systematic review documents and their
associated static data tables. This format addresses the inability of
systematic evidence mappers to predict what the specific research in-
terests of users might be by providing the option to search for, and
select, the specific subsets of data relevant to a particular use case.

Whereas systematic reviews present users with select information
from included studies (i.e. data relevant to addressing the research
question), SEMs aim to extract a broader range of data from included
studies and aim to maintain the native format of these data. In this
sense, the search and screening process are the steps of SEM metho-
dology most affected by its research objective or context, as the focus of
data extraction remains broad regardless. This is in contrast to sys-
tematic review, where all steps are heavily influenced by its research
question. The data extracted for inclusion in a SEM database can then
be flexibly categorised, or “coded” to facilitate comparison of an
otherwise heterogeneous evidence base.

Resolution of coding can be adapted to suit the needs of regulators.
For example, coding the species under investigation in a study might
use categories such as “Sprague-Dawley”, “Rat”, “Rodent” or
“Mammal”; or may use all of these categories such that the data can be
interrogated in successively deeper levels of detail. As well as facil-
itating variably resolved interrogation of the evidence base, coding
plays a significant role in systematic mapping's amenability to up-
dating. Use of universal, standardised ontologies for cading, such as the
Unified Medical Language System (UMLS) (U.S. Naticnal Library of
Medicine, 2016), offers a degree of consistency that future users can
readily exploit when updating a map (Baker et al., 2018). These
ontologies also offer interoperability between SEMs, creating the po-
tential to expand and merge evidence maps — a feature likely to become
increasingly attractive as the scope of evidence relevant to assessing
toxicity grows along with our understanding of its interconnectedness.

In current practice it is common to present users with SEMs that
house only coded information for simplicity and ease of access (e.g.
Papathanasopoulou et al,, 2016), However, this conflates data extrac-
tion with coding. Maintaining the native format of extracted data and
applying coding on top of this therefore ensures maximum transparency
in SEMs. This additionally promotes the ease with which a map can be
updated as advancing scientific understanding calls for coding cate-
gories to be redefined. As with systematic reviews, the data extraction
and coding steps of a SEM represent a manual workload. Presenting
only coded data may offer a saving in the resource intensity of the
process. However, in maintaining a transparent link between raw ex-
tracted data and the code used to categorise it, SEMs offer a gateway to
automation — whereby controlled vocabulary ontologies can be used to
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train machine learning algorithms to automatically identify, extract and
code data from the literature.

Pending such advances, the time required to conduct a fit for pur-
pose systematic map in environmental health is uncharacterised.
Evidence from the wider environmental sciences (Haddaway and
Westgate, 2018) suggests that (on average) systematic maps take longer
to complete than systematic reviews. This is due to the generally larger
number of studies they manually collate, screen and extract data from.
While maps might present a larger upfront cost in terms of time, their
multipurpose nature has the potential to offer more long-term resource
savings compared to exclusively conducting systematic reviews. This is
because a single systematic evidence map may continue to be useful to
several different aspects of the regulatory workflow (see Sections 4 and
5 below).

As the purpose of a SEM is to characterise the evidence base, there is
no risk of allocating resources to the production of an inconclusive
output, as is the case for “empty” systematic reviews (systematic re-
views which ask research questions for which there is too little included
evidence for them to reach a conclusion or be supportive of a decision).
In fact, systematic evidence maps may reduce the resource strain as-
sociated with systematic reviews. A SEM's broad overview of the evi-
dence base allows fast identification of topics for which there is suffi-
cient data to warrant a full systematic review. The SEM itself, if
conducted to sufficiently rigorous standards, can even replace the lit-
erature search and screening process of a systematic review. As SEMs
present all available relevant evidence on a broader topic such as the
“health effects of bisphenol-A" (obtained through a systematic but less
specific search strategy), filtering this information according to the
PECO statement of a systematic review may act in an equivalent
manner to approaching the literature with a more focused search
strategy in the first instance. The pre-screened nature of this subset is
likely to reduce the number of false positive results, facilitating faster
syntheses.

As advances in machine learning facilitate more highly resolved
data extraction processes, future SEMs may even store enough detail for
them to form the basis of meta-analytical syntheses. If all data con-
tained within study reports is extracted and indexed within a SEM,
there would be no data required specifically for syntheses which could
not be found in the SEM. This would allow SEMs to form the dataset on
which meta-analytical and predictive toxicological models are based,
the results of which may additionally be incorporated into the SEM
itself - facilitating more transparent, resource-efficient and easily up-
dated syntheses.

4. Exploring the evidence base with SEMs

Systematic evidence mapping facilitates identification of trends
which are informative for many risk management scenarios. To illus-
trate the flexibility and potential utility of SEMs' trendspotting capacity,
this section highlights the type of data visualization and exploration
possible through querying subsets of information in a SEM database.
Specifically, “priority setting” (National Academy of Sciences, 1983;
Pool and Rusch, 2014), the process by which regulators identify the
most pressing chemical substances for assessment and regulation (e.g.
from a pool of unassessed legacy chemicals) is presented as context for
the exploration of a hypothetical SEM.

Several factors are relevant to prioritizing individual chemicals for
assessment, broadly ranging from recorded levels of exposure to evi-
dence for toxicity. Underlying these broad considerations are several
more specific factors such as the bio-accessibility of the chemical, the
relevance of its toxicity evidence for predicting health risks in human
populations ete, In order to make the most efficient use of resources and
the systematic review process, decision-makers require access to a
means of comparing these features to justify prioritization of a parti-
cular chemical for review/risk assessment.

This is the role of a SEM, which may be constructed with the aim of
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QUERIES 1 &2
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o - - = (SR —
- OEa - - -
[ Carcinogenicity
FR-C 6 3 5 9 g [ Immunotoxicology
Bl |
FR-D 2 0 4 2
k-]
RE 4 1 4 9 g
:
FR-F 7 10 7
g
d‘¢ z
Q@"" ﬁ ‘;ff £ I
,9-
v"’f FR A FR-F
QUERY 3 QUERY 4
3. What have been rep | for Flame 4. Has toxicity been observed for Flame Retardant B ot doses below the current TDI?
Retardants A and 8 in human blood and breast milk?
'Y t 4
— - s o
-
FR-A %
i :
S . : ° °
2
8 & -
— : :
g L 4
FR-B §
r T 1 T T T T
Low HIGH B [«
Concentrations reported in human blood and breast milk Toxicly
Breadth of research questions addressed at each stage of data exploration
i
i
i
i
1
What is the Where have these flame retardants i i
nature of the been reported in the literature? H o eorion Tor  Has toxicry been * Should Flame
risk assessment Flame Retardants A and observed for Flame \  RetardantB
relevant evidence | B e Bt Retardant B at doses | beclassified
for legacy flame What type of toxicity has been reported b i below the current TDI? | as neuratoxic?
e ) for these flame retardants in the literature? reast milk? |
i
i
i
1
1 SYSTEMATIC
SEM QUERIES REVIEW

Fig. 1. The process of identifying trends and exploring the evidence landscape involves querying the SEM database and visualizing the results of the query. Queries
may start by asking broader questions which consider a wider range and volume of data (e.g. Queries 1 and 2). Users may then further explore any trends of interest
discovered in the results of these broad queries by running narrower queries which consider a more specific subset of data (e.g. Queries 3 and 4). Data displayed in
this Figure have been artificially generated to illustrate a hypothetical use case for SEMs. FR = flame retardant, TDI =

evidence map.

Paul Whaley - January 2021

tolerable daily intake, SEM = systematic
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identifying and characterising the risk assessment relevant evidence for
a broader group of legacy chemicals, e.g. flame retardants. Once data
has been extracted and coded from the literature, the SEM can be ex-
plored with a succession of queries of increasingly narrow focus, each
considering a narrower subset of the evidence base than the last, such
that a research question appropriate for more detailed synthesis is re-
solved at the end of a process which begins with a very broad research
objective. This is illustrated in Fig. 1 using the hypothetical context of
priority setting with a group of arbitrary chemicals, in this case flame
retardants (FRs) A-F.

Queries 1 and 2 depicted in Fig. 1 explore the frequency with which
the literature observes a flame retardant in a coded location category
(e.g. human blood, human breast milk, house dust, etc.) and the fre-
quency with which the literature observes an association between a
flame retardant and a coded toxicity category (e.g. reproductive toxi-
city, neurotoxicity etc.}). The heatmap visualizing the results of Query 1
shows a comparatively large number of observations of FRs A and B in
location categories directly relevant to human populations (i.e, human
blood and breast milk). Query 2 clarifies whether these observations
require further attention by indicating what kind of toxicity informa-
tion is available for each flame retardant. The bar chart visualization
indicates comparable numbers of observations for most of the flame
retardants and types of toxicity but a comparatively large number of
observations that associate FR B with neurotoxicity,

Based on (hypothetical) existing evidence, Queries 1 and 2 indicate
flame retardants A and B as potential candidates for full assessment.
Resolving which to prioritize involves accessing more study-specific
information through a series of queries which consider a successively
narrow subset of the evidence base. Despite availability of toxicity data,
observing flame retardants in human relevant locations might not be
concerning if the concentrations observed are negligible. Thus Query 3
examines the range of concentrations reported in the literature for FRs
A and B in human blood and breast milk. Visualization of Query 3 in-
dicates a wider range of lower concentrations reported for FR A, com-
pared to a narrower range of higher concentrations for FR B. Query 4
then examines the relevance of these concentrations against the current
estimated tolerable daily intake (TDI) for FR B, indicating several ob-
servations of toxicity below the current TDI and supporting prioritiza-
tion of FR B for assessment. Further, the relatively large volume of
observations of neurotoxicity may indicate sufficient data available to
conduct a systematic review on FR B's relationship with neurotoxicity.

However, it is important to distinguish the results of SEM queries
from synthesis. SEMs only present what has been studied in the lit-
erature - they cannot present what has not been studied, and do not
always assess the risk of bias of the findings they report. Thus, while a
high number of observations of flame retardants A and B in human
relevant locations is a valid trend to explore further, it does not ne-
cessarily mean that there are fewer of the other flame retardants pre-
sent in human relevant locations, but rather that there may simply be
fewer of these flame retardants studied at all. Identification of such
evidence gaps is equally valid for focusing primary research. For ex-
ample, the relatively high number of observations of reproductive
toxicity for FR F, but comparatively low number of observations of this
flame retardant in any exposure locations might warrant re-analysis of
samples or new exposure studies to verify whether exposure to this
substance is of concern.

The SEM is also sufficiently flexible that different trends can be
investigated, and different research questions formulated, based on the
priorities of regulators. For example, the number of observations in the
literature which found FR D in aquatic environments might spur further
investigation into the ecotoxicity of this compound. A single SEM ex-
ercise therefore makes efficient use of resources in its potential to meet
the varied needs of several end users.
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5. The role of SEMs in wider risk management workflows

In addition to priority setting, SEMs have the potential to fill several
roles within wider workflows.

5.1. Data gathering

Although evidence synthesis methodology can be considered costly
in terms of time and resources, this cost can be dwarfed by the
equivalent resource demands associated with conducting primary re-
search relevant to assessing the hazards associated with exposure to a
chemical, as illustrated with more established examples in the field of
medicine (Glasziou et al., 2006). In an effort to manage these demands,
reduce the production of research waste, and comply with principles
such as the three Rs (European Chemicals Agency, 2018a, 2018b;
National Centre for the Replacement Refinement and Reduction of
Animals in Research, 2018), a key first step in many regulatory work-
flows is the identification and gathering of all pre-existing evidence
relevant to a specific risk management decision. This can be illustrated
in regulatory frameworks such as the European Union's REACH (Re-
gistration, Evaluation, Authorisation and Restriction of Chemicals) in-
itiative, which requires registrants to make an attempt to identify all
available, pre-existing evidence on the hazards associated with the
chemical substance under registration (European Chemicals Agency,
2018a, 2018b). Similarly, REACH imposes a “one substance, one re-
gistration” policy, whereby all parties with an interest in registration of
a substance must share data, minimising repeat testing. Although pro-
moted in guidance documents (European Chemicals Agency, 2016), a
lack of a sufficiently robust methodology for finding, collating, housing
and reporting these data leads to poor transparency, and therefore does
not remove the potential for cherry picking of key studies which may
not be representative of the evidence base as a whole.

SEMs have the potential to provide this much needed transparency.
The nature of a SEM’s output being a collection of relevant search re-
sults, and specific information coded from those results, introduces a
greater level of accountability for registrants. Studies are identified by
registrants as “key”, “supporting” ete. based on the perceived relevance,
adequacy and reliability of the evidence they provide for a specific
endpoint, assessed using “sound scientific judgement” (European
Chemicals Agency, 2011), These assignments are aided by application
of the Klimisch criteria (Klimisch et al., 1997) - a rating methodology
criticised for its lack of transparency and failure to consider non-in-
dustry sources of evidence (Ingre-Khans et al., 2019). This poor trans-
parency hinders the appraisal of registrants' choices (e.g. of key study),
and the degree to which those choices can be considered representative
of the wider evidence base. Using SEM methodology alleviates this issue
by requiring registrants to clearly document the efforts of their search
and screening process, constructing a database of the pool of evidence
considered in their evaluations. Additionally, applying code to the
specific extracted study features which influence a decision to assign a
study as “key”, “supporting”, “weight-of-evidence” etc. serves to
document the basis for these decisions in a structured and queryable
way. As registrants submit SEMs at the level of single substances, these
efforts can be merged to build a SEM that spans all registered sub-
stances. This facilitates appraisal of registrants' choices of key study in
the context of the wider evidence base. The ability to explore trends in
the features influencing assignment of key studies may even assist in
refining and improving the registration process — as emerging issues or
shortcomings can be quickly evidenced.

5.2. Problem formulation

Beyond offering improvements in transparency during the data
gathering phase, SEMs may be of particular value to the problem for-
mulation stage of regulatory decision-making. Problem formulation is a
prerequisite to conducting a chemical risk assessment, identifying an
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issue of regulatory relevance around which the assessment will be fo-
cused (Solomon et al., 2016). These issues can be subtle and difficult to
identify at a sufficiently early stage in the field of environmental health,
putting the problem formulation process at risk of focusing on issues of
lower severity or significance. In implementing a SEM with a broad
(lower resolution) coding process, but with a key focus on the hierarchy
of coded data and the nature in which this data is related, trends in the
evidence base can be effectively and efficiently identified. This allows
risk assessors to use these broad, coded parameters to reliably identify
problems in need of further assessment, either through secondary
syntheses (if the SEM presents a sufficiently large evidence cluster) or
primary research (if the SEM indicates an evidence gap).

5.3. Read-across

Identifying trends in the evidence base may also play a significant
role in read-across applications. Read-across allows the toxicologically
relevant properties of a chemical to be inferred by comparison with a
structurally similar chemical of known toxicological behaviour
(European Chemicals Agency, 2017a). Read-across aligns well with the
need to make best use of existing evidence (van Leeuwen et al., 2009),
and the storage of data in a related manner within a SEM could allow
the identification of appropriate read-across scenarios. In filtering an
evidence map by outcome features, exposures which behave in a similar
manner can be identified and investigated further for chemical simi-
larity and/or shared modes of action. This information can be used to
group substances, such that data-rich members of the group can be used
to make predictions about data-poor members, without pursuing fur-
ther primary research (Vink et al., 2010). Conversely, filtering an evi-
dence map by chemical group or structural similarity may allow iden-
tification of shared outcomes, of similar relevance to read-across
applications.

5.4. Evidence surveillance

Once regulation is in place, it is vital that it is kept up to date. Such
is the role of the ongoing, evidence surveillance phase of regulatory
decision-making. Within REACH, registrants are required to update
their registration dossiers “whenever new information is available”
(European Chemicals Agency, 2017b), such that dossiers are living
products. However, a report commissioned by the European Chemicals
Agency (ECHA) found that 64% of REACH registration dossiers sub-
mitted to ECHA since 2008 have never been updated (Amec Foster
Wheeler Environment and Infrastructure UK Limited, 2017). The report
details several obstacles experienced by registrants faced with updating
dossiers, including technical difficulties, issues of ownership or re-
sponsibility for updates among co- and lead registrants, the potentially
labour-intensive nature of updating dossiers and a perception of REACH
registration being the “end of a process”.

Openly accessible and easily updated SEMs may serve to address
such obstacles. As the population of a SEM database does not require
detailed analysis or complex interpretation of the raw data, SEMs could
be amenable to automation. Technological advances in text-mining and
artificial intelligence might assist the automatic screening, extraction
and coding of new information as it is published, based on the data
fields and coding ontologies used to populate the original SEM.
Although some years away from implementation, application of SEM
methodology in the interim will promote fast uptake of such techno-
logical advances.

6. Conclusion

Systematic evidence mapping presents a transparent and robust
methodological framework with which to assess the evidence landscape
at the level of individual chemical risk management and innovation, to
regulatory decision-making in chemicals policy. The broad scope of
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SEMs lowers the barrier to evidence synthesis in chemical risk assess-
ment through more efficient use of resources. Future developments in
text mining and machine learning are likely to further reduce the re-
source intensity of the methodology, and of chemical risk assessment in
general. These advances will enable the automatic production of highly
resolved SEMs capable of synthesising evidence or feeding predictive
models.

In the interim pursuit of a more evidence-based approach to che-
micals policy, the resource strain associated with producing a SEM can
be managed through adaptation of the methodology to present day
limitations. Depending on the needs of the user and the constraints of
their use case, SEM methodology is sufficiently flexible that it may be
adapted (e.g. by searching fewer databases, extracting data based on
only title/abstract etc.) without compromising the utility of the end
product in the same way as the results of a synthesis might be adversely
affected by modification of systematic review methodology. By working
closely with stakehalders to define objectives, the scope of the SEM (i.e.
bibliographic databases covered, types of studies included, ete,) can be
adjusted as appropriate to objectives. For example, critical appraisal of
studies may not be imperative to the aim of the SEM and may therefore
be omitted or might be planned as part of a stepwise approach after the
SEM identifies pockets of evidence of interest to stakeholders. Although
designed to reduce the resource strain of SEM exercises, such flexible
adaptation of the methodology does not compromise the fitness-for-
purpose of SEMs as a means of identifying and comparing trends in the
availability of evidence in a vast and heterogeneous information land-
scape.

Consequently, examples of research activities producing fit-for-
purpose SEM outputs and/or developing aspects of SEM methodology
specific to chemicals policy contexts are beginning to emerge (Beverly,
2019), with research institutes such as NTP-OHAT and The Endocrine
Disruption Exchange (TEDX) conducting evidence mapping activities
(NTP-OHAT, 2019; The Endocrine Disruption Exchange, 2019). A key
consideration for these emerging efforts is the accessibility of SEMs'
queryable output for non-technical audiences. To this end, researchers
have made use of a variety of readily available and user-friendly tools
(e.g. Datawrapper GmbH, 2019; IBM, 2019; QlikTech International AB,
2019; Tableau Software, 2019 etc.) to facilitate visualization of, and
promote interaction with, the data collated in evidence surveillance
exercises (e.g. Pelch et al., 2019; Walker et al., 2018), These tools may
similarly serve to lower the barrier to accessing (as well as producing)
SEMs, provided the underlying database is made available for more
specialist users. Although future technological advances will have sig-
nificant implications for the production and use of SEMs, these efforts
indicate how SEM methodology can be effectively applied in present
day, highlighting how SEMs can be adapted for engaging with a variety
of stakeholders. More immediate establishment of (adapted) SEM in-
frastructure in current regulatory workflows will therefore not only
lower resource barriers to evidence-based decision-making, but will
ensure that technological advances in automation, and in SEM metho-
dology itself, can be readily exploited by regulatory decision-makers in
chemicals risk management.
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ABSTRACT

Systematic evidence mapping offers a robust and transparent methodology for facilitating evidence-based approaches to
decision-making in chemicals policy and wider environmental health (EH). Interest in the methodology is growing;
however, its application in EH is still novel. To facilitate the production of effective systematic evidence maps for EH use
cases, we survey the successful application of evidence mapping in other fields where the methodology is more established.
Focusing on issues of “data storage technology,” “data integrity,” “data accessibility,” and “transparency,” we characterize
current evidence mapping practice and critically review its potential value for EH contexts. We note that rigid, flat data
tables and schema-first approaches dominate current mapping methods and highlight how this practice is ill-suited to the
highly connected, heterogeneous, and complex nature of EH data. We propoese this challenge is overcome by storing and
structuring data as “knowledge graphs.” Knowledge graphs offer a flexible, schemaless, and scalable model for
systematically mapping the EH literature. Associated technologies, such as ontologies, are well-suited to the long-term
goals of systematic mapping methodology in promoting resource-efficient access to the wider EH evidence base. Several
graph storage implementations are readily available, with a variety of proven use cases in other fields. Thus, developing
and adapting systematic evidence mapping for EH should utilize these graph-based resources to ensure the production of
scalable, interoperable, and robust maps to aid decision-making processes in chemicals policy and wider EH.
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Data relevant to assessing the human and ecological health risks
associated with exposure to chemical substances are increasingly
available to stakeholders (Barra Caracciolo et al,, 2013; Lewis et al.,
2016). This trend is owed to a variety of factors, including the ad-
vent of the Internet and increasingly sensitive analytical techni-
ques {Lewis et al, 2016}, regulatory and economic changes
(Lyndon, 1989; Pool and Rusch, 2014}, demands for increased

transparency (Ingre-Khans et al, 2016), stricter regulatory data
requirements (Commission of the European Communities, 2001;
United States Environmental Protection Agency, 2016), reform of
regulatory reliance on in vivo toxicity testing (ECHA, 2016), and a
continually growing chemicals industry. The growing pool of
available evidence has significant potential for informing regula-
tory and risk management decision making.
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licenses/by-nc/4.0/), which permits non-commercial re-use, distribution, and reproduction in any medium, provided the original work is properly cited.
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Box 1 Glossary of Terms

Database An organized and structured collection of informa-
tion (data) stored electronically within a computer
system, which allows data to be accessed, manip-
ulated, and updated.

Systematic A queryable database of systematically gathered evi-

evidence dence (eg, academic literature and industry

map (SEM) reports). SEMs extract and structure data and/or
metadata for exploration following a rigorous
methodology which aims to minimize bias and
maximize transparency.

Coding The process of assigning controlled vocabulary

labels or categories (referred to as “code”) to data,
which allows comparisons to be drawn despite
the heterogeneity of the underlying dataset. For
example, extracted data such as “mouse,” “rat,”
and “guinea pig” might all be coded as “rodent” for
broad comparison.

Query Arequest for data from a database. By requesting
data that meets a particular set of conditions, users
can query a database for a subset of information of
relevance to their specific research interests,

Schema The organizational plan (“blueprint”) for the struc-
ture of a database, detailing the entities stored in
the database, the attributes associated with those
entities, how those entities are related, what data-
types can be stored in the database, etc.

Schemaless  Refers to databases which do not have a fixed and
predefined schema.

Schema, Refers to the application of a schema before data is

on-write stored (written) to the database.

Schema, Refers to the application of a schema after data has

on-read been written to the database, at the time the data
is accessed (read).

Ontology A shared and reusable conceptualization of a do-

main which applies a logically related controlled
vocabulary to describe the domain concepts, their
properties and relations.

Evidence-based approaches aim to minimize the bias associ-
ated with cherry-picking an unrepresentative subset of evi-
dence for consideration in the decision-making process. They
advocate for robust, transparent consideration of all relevant,
available data and are the core of the evidence-based toxicology
movement {Hoffmann and Hartung, 2006; Hoffmann et al.,
2017). However, locating, organizing, and evaluating all relevant
data is challenging when the quantity of that data is very large
and growing exponentially.

Systematic evidence mapping is 1 such evidence-based ap-
proach to drawing into consideration all data which are relevant
to chemicals policy and risk management workflows (see
Wolffe et al., 2019). Systematic evidence maps (SEMSs) are query-
able databases of systematically gathered research (Box 1). They
provide users with the computational access needed to orga-
nize, compare, analyze, and explore trends across a broader evi-
dence base (Clapton et al., 2009; James et al., 2016) by:

* Collating data from different sources and storing it in a single lo-
cation, such that users need only query a single database to sat-
isfy their information requirements;

* Extracting unstructured data and storing it in a structured format,
such that data can be programmatically accessed and analyzed;

* Categorizing extracted data using controlled vocabulary code,
such that evidence can be broadly and meaningfully compared
despite its inherent heterogeneity.

SEMs organize and characterize an evidence base such that
it can be explored by a variety of end-users with varied specific
research interests. The methodology was developed to address
some of the limitations of systematic review and has found ap-
plication in fields where formulating a single, narrowly focused
review question is difficult or uninformative (Haddaway et al.,
2016; James et al., 2016; Oliver and Dickson, 2016, Wolffe et al.,
2019). Similarly faced with this challenge is chemicals policy
and the fields which it encompasses, ie, environmental health
{EH) and toxicology. It is difficult to frame a single research
question with a scope which is simultaneously narrow enough
to elicit the synthesis of a coherent conclusion through system-
atic review, and also broad enough to address the varied infor-
mation requirements of chemicals policy workflows. This
means that potentially several syntheses over multiple system-
atic reviews are required to facilitate a single decision-making
process in chemicals policy. However, the significant demand
for time and resources associated with systematic reviews, and
the unmatched resource availability of chemicals policy, neces-
sitates a priority setting, or problem formulation process to en-
sure the most efficient use of systematic review. Thus,
systematic evidence mapping provides a valuable first step in
this prioritization process, where the identification of emerging
trends across the wider evidence base ensures resources can be
targeted most efficiently (see Wolffe et al. [2019] for further dis-
cussion of the applications of SEMs in chemicals policy).

These issues are likely to become increasingly pressing as the
chemicals policy paradigm shifts toward more evidence-based
approaches and methods such as systematic review gain promi-
nence. For example, agencies such as the U.S. EPA (EPA, 2018),
EFSA (European Food Safety Authority, 2010), and WHO (Mandrioli
et al., 2018; World Health Organization, 2019) have already begun
to incorporate systematic review in their chemical risk assess-
ment frameworks. Thus, ensuring that evidence synthesis efforts
are targeting the most appropriate issues, and that the data col-
lated for synthesis can be accessed for alternative applications,
potentially across agencies, is increasingly important.

Interest in the application of SEM methodology for this con-
text is beginning to emerge in the form of SEM exercises target-
ing chemicals policy issues (Martin et al., 2018; Pelch et al., 2019},
various working groups expanding their evidence synthesis ac-
tivities to include broader scoping and surveillance exercises
{NTP-OHAT, 2019; Pelch et al.,, 2019; The Endocrine Disruption
Exchange, 2019; Walker et al, 2018), and conference sessions
discussing the potential benefits of SEMs for EH (Beverly, 2019).
This emerging interest in SEM methodology, and its ability to fa-
cilitate evidence-based approaches, necessitates study of the
factors key to its successful adaptation to EH contexts.

Therefore, we seek to understand how SEM databases are
built and presented to end-users in fields where the practice is
more mature. We hope that contextualizing this understanding
within the needs of chemicals policy, risk management, and
wider EH research will expedite the development of effective ev-
idence mapping methods in this domain.

To achieve this, we examine the current state-of-the-art and
common practices associated with constructing and presenting
a SEM database in environmental management, a field with a
strong history of systematic mapping publications and method
development (Collaboration for Environmental Evidence, 2019¢;
Haddaway et al., 2016, 2018a; James et al., 2016). We discuss the
implications of current practices for EH and highlight the chal-
lenges associated with using rigid data structures for storing the
highly connected and heterogeneous data associated with the
field. We outline the need for more flexible data structures in
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Concept Definition

Metadata Extracted

Data storage

How data extracted and collated during the systematic

Format in which the systematic map database is presented

technology 'mapping exercise were stored for future exploration to users (eg, spreadsheet, relational database, in-text
data table, and in-text figure).
Data integrity How accurately the systematic map is able to represent the How the relationships between entities (or study attributes)
raw study data on which it is based which underpin the raw data are maintained in the sys-
tematic map.
Data How easy itis for end-users to access the data relevant to The querying mechanisms recommended in the systematic
accessibility their research interests, or the ability of the systematic map's study report (eg, filtering table columns and navi-
map to return data relevant to an end-user's queries gating interactive dashboards).
Transparency The ability of end-users to verify how the systematic map Whether the map maintains a link between raw extracted

represents the raw study data on which it is based, ie,
whether the map maintains a link between raw extracted

data and eg, controlled vocabulary code.

data and controlled vocabulary code (eg, map presents
code-only, map presents raw data and code), and how
this link is maintained.

EH SEMs and introduce the concept of “knowledge graphs” as
an effective and intuitive model for the storage and querying of
highly connected EH data. Finally, we discuss graph-based SEMs
in the context of current, complementary efforts in the develop-
ment of toxicological ontologies, outlining the future of system-
atic evidence mapping for regulatory decision making.

MATERIALS AND METHODS

Survey of published Collaboration for Environmental Evidence SEMs.
‘We identified a dataset of exemplar SEMs for analysis: the com-
plete set of SEMs of the Collaboration for Environmental
Evidence (CEE). These maps were chosen because of CEE's role
in pioneering the adaptation of systematic mapping methodol-
ogy from the social sciences (Clapton et al., 2009; James et al.,
2016). Through example (Collaboration for Environmental
Evidence, 2019b), communication {Collaboration for
Environmental Evidence, 2019a), published guidance (James
et al., 2016), and reporting standards (Haddaway et al.,, 2018b),
CEE advocate for systematic mapping and represent an on-
going case study for how the methodology can be developed as
a policy and decision-making tool. Understanding how system-
atic map outputs serve this function, and what methodological
adaptation is required to produce these outputs, is vital for suc-
cessfully applying the methodology in EH. Thus, the outputs {ie,
the queryable databases) of CEE’s more firmly established sys-
tematic mapping practice were surveyed.

All CEE systematic maps completed before July 2019 were
identified in the CEE Library (http://www.environmentalevi
dence.org/completed-reviews, last accessed July 2019). The
study reports and the Supplementary information for these
maps were downloaded and key metadata extracted, including
title, authors, publication date, and map objectives
(Supplementary Table 1). Metadata regarding the output of the
systematic mapping exercises were then gathered and assessed
in duplicate by T.A.M.W. and P.W. using a data extraction sheet
which asked open-ended questions relating to 4 key themes of
analysis: data storage technology; data integrity; data accessi-
bility; and transparency {Table 1). These themes were developed
in discussion among].V., TAMW., and P.W.

“Data storage technology” concerns the software used to
construct the systematic map databases and their associated
data storage formats.

“Data integrity” concerns the structures of the CEE maps.
Although an important aspect of data integrity, appraising the

data extraction efforts of mappers (ie, confirming that the data
extracted, coded, and stored in the database are an accurate
representation of their raw counterparts in the primary litera-
ture) was beyond the scope of this exercise. Rather than verify-
ing the data, how that data are represented (regardless of what is
represented) by the systematic map database output was
assessed by focusing on the ability of the systematic map to
maintain the relationships which underpin these data. For ex-
ample, a mapper may have extracted data from a study which
investigates outcomes in a population. Although the mapper
may have extracted data such as “outcome x” and “population
y"—the manner in which the database structures and organizes
these data will determine whether end-users can decipher that
“outcome x” is somehow related to “population y.”

“Data accessibility” concerns the capacity for CEE’s system-
atic maps to facilitate data exploration by end-users.
Systematic maps are research products in their own right
{Haddaway et al., 2016). They should therefore present end-
users with a means of programmatically accessing and guery-
ing the data they store, such that trends in potentially large
datasets can be quickly identified with minimal manual effort.
Accessibility is an important consideration when producing
maps for an audience of varied technical skill, where ensuring
that the map is accessible for nonspecialist users should not
compromise the ability of more technical users to run complex
queries. Therefore, the extent to which CEE systematic mapping
exercises consider accessibility from the perspective of users
was surveyed by extracting eg, details on the level of guidance
provided to end-users wishing to guery the systematic map
database, and recording P.W. and T.AMW.'s experience of
interacting with and querying the maps.

Finally, “transparency” concerns how systematic maps facil-
itated an end-user’s ability to validate the extent to which the
data presented in a map represents the data in the primary re-
search. This was achieved by determining whether the map
preserved a link between raw data and assigned controlled vo-
cabulary labels/categories (“code” - see Box 1)).

T.AM.W. and P.W. independently noted answers to the data
extraction questions before discussing and agreeing on an ag-
gregate, consensus view. This was to contribute to comprehen-
sive coverage of potential discussion points in relation to each
theme. These aggregate assessments are presented in
Supplementary Tables 1-6 and are used to evidence the state-
of-the-art in terms of producing queryable systematic map
databases for exploration of the environmental management
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Number of CEE systematic maps published per year

ear

Number of CEE systamatic mags publishad

Figure 1. Publication history of CEE SEMs indicating the number of maps pub-
lished per year. The year in which the CEE guidance on systematic mapping
methods was published (2016) is marked on the comresponding bar (James et al,,
2016).

literature. Their contents are referenced throughout the Results
and Discussion sections of this survey.

RESULTS

Twenty-one systematic maps covering a variety of topics were
identified in the CEE library, published between October 2011
and January 2019 (Figure 1),

The aggregated, narrative assessments of each CEE system-
atic map can be found in Supplementary Tables 1-6. The
extracted data and aggregated assessments for each CEE sys-
tematic map are organized as follows:

* Supplementary Table 1—Bibliographic information
* Supplementary Table 2—Data storage technology
* supplementary Table 3—Data integrity

* Supplementary Table 4—Data accessibility

* Supplementary Table S—Transparency

* Supplementary Table 6—Additional notes

Excluded Maps

Two systernatic maps {Johnson et al., 2011; Mcintosh et al., 2018)
are assessed in the Supplementary information but are ex-
cluded from further analysis, as neither provided a database
output which could be analyzed using our framework. Mcintosh
et al. (2018) yielded a null result and therefore provided no data-
base; Johnson et al. (2011) predated CEE’s Environmental
Evidence journal and its definition of systematic mapping and,
although it is included in the CEE library, presented only in-text
tables without an accompanying database.

Data Storage Technology

Two different data storage technologies are used in the outputs
of CEE systematic mapping projects: spreadsheets constructed
in Microsoft Excel {n=14); and relational databases constructed
with the Microsoft Access relational database management sys-
tem {n=5.) One mapping exercise used both of these technolo-
gies to present its outputs in 2 different formats (Haddaway
et al., 2014). The 2 versions of Haddaway et al. (2014) appear to be
identical except that the spreadsheet version includes the
results of a critical appraisal process where the relational data-
base version does not. As the spreadsheet version presents the
more complete dataset, Haddaway et al. (2014) has been coded
as a spreadsheet-based systematic map for the purposes of this
survey (see Supplementary Table 2, discussed in the “Data

Integrity” section). A brief description of each identified storage
technology can be found in Table 2.

Data Integrity

A single, flat data table {2-dimensional array of rows and col-
umns) was the output for the majority (84%) of CEE systematic
maps (16 of 19 maps surveyed, ignoring any look-up tables
housing controlled vocabulary code). 80% (4 out of 5) of the
maps using the relational database storage technology were
also structured as a single, flat data table.

Three maps presented more than 1 table. Two presented at
least 2 tables in separate files which were not formally related
to each other (Haddaway et al., 2018a; Sola et al., 2017), and 1 pre-
sented multiple tables which were related to each other in a 1:1
manner within a relational database. Systematic maps were
considered to be stored in more than 1 table if there was limited
overlap of the data fields housed in each table ie, if querying the
map required accessing information from more than 1 table.
Sola et al. {2017) is an example of this, providing the results of its
quality appraisal process separately to the data it extracted and
coded from the literature—thus any queries investigating criti-
cal appraisal in conjunction with another variable require the
user to access information from both tables. This distinction
was required because some maps, Haddaway et al. (2014) and
Randall et al. (2015}, presented their outputs in multiple tables,
but the additional tables were simply subsets of the most com-
plete table (ie, there was no data in the smaller tables not al-
ready present in the largest table).

Several studies included in the systematic maps contained
multiple potential values for a particular attribute eg, if a single
study had multiple populations and/or multiple outcomes.

Common strategies for maintaining relationships between
such data in the tables of CEE maps included “expanding rows”
{n=6), “expanding columns” {n=2), or a combination of both
{n=5) (see Figure 2). The remaining 6 maps either did not pre-
sent/extract studies with multiple potential values per attribute
{n=1) or opted to house multiple values within a single cell of
the table (n -5, discussed further below).

“Expanding rows” refers to the practice of structuring a data
table in long form: recording an entity over multiple rows. In
long-form tables, a study investigating eg, 3 different outcomes
might be recorded over 3 different rows. Although the data en-
tered under the “outcome” data field might be unique in each of
these 3 rows, the data for all other attributes will be repeated
{Figure 34).

In contrast, “expanding columns” describes the practice of
structuring a data table in wide form; expanding what would be
considered a single data field in long-form tables across several
columns. Thus, all unique values associated with the data field
can be recorded across a single row, eg, a study reporting 3 dif-
ferent outcomes might be recorded across a single row if the
“outcome” attribute is split into 3 unigue columns (eg, “outcome
1,” “outcome 2,” and “outcome 3"} (Figure 3B).

The other strategy for presenting related data in a table was
to record multiple values within a single cell for multiple data
fields (n=11), whereas 1 map presented multiple values per cell
for only a single data field within the database {this distinction
matters for reasons we discuss below). The practice of present-
ing multiple values in a single cell of the database was observed
for most (5 of &) of the maps which avoided expanding row/col-
umn structure, and similarly for most (5 of 6) of the maps adopt-
ing a long form, expanded row structure.
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Table 2. Description of the Storage Technologies Used by CLL Systemnatic Maps

Storage

‘l'echnology Description

Spreadsheets Spreadsheets are stand-alone applications which offer functionality for end-users wishing to explore and/or manipulate
data (Zynda, 2013). A spreadsheet stores data in the cells of 2-dimensional arrays mace up of rows and columns. By
referencing the coordinates of cells in mathematical formulae, spreadsheet applications such as Microsoft Lxcel facilitate
analysis, transformation, and visualization of tabular data. Although designed and optimized for quantitative data and ac-
counting applications, spreadsheets are commonly used for storing and organizing data in a variety of research contexts,
including systematic mapping exercises.

Relational A relational database uses several formally described tables to organize data. Each table stores instances of an entity (across

databases rows), described by a series of attributes (columns). In contrast to storing data in a single, flat data table, relational data-

bases are able to preserve the connection between related entities. These connections are predefined and created through
a system of referencing unique identifiers (primary/foreign keys) in corresponding tables. This allows users to enrich their
queries with connected information, such that more complex questions can be asked of the evidence base {Clmasri and

Navathe, 2013).

Structuring choices for CEE systematic maps

Relational Database

6 5 4 3 2 1

I Multiple entries per cell

Spreadsheet

No
Expanding
Columns/

Rows

Expanding
Rows

Expanding
Columns

Expanding
Rows &
Columns

1 2 3 4 5 6

[ Single data entry per cell

Figure 2. The number of CEE

ic maps that are with

rows and/or expanding calumns us o means of preserving data relationships. Maps

using the relational database storage technology are presented on the left, while maps using the spreadsheet storage technolegy are presented on the right. In addi-
tion, the numbers of systematic maps which store multiple values within a single cell of their data table/s are indicated by sclid shading, whereas those that do notare
indicated by patterned shading

A Long form data table

B Wide form data table

Expanding Raws

Outcome: Reduc
“ﬂ

Selentist et al. Reduced Birth Weight

Sdientist et al.

Behavioral
Changes

Sclentist et al. Tumors

T

Expanding Columns

Scientist et al.

Behavioral Changes

Figure 3. Illustrative exomple of how “expanding-rows” (A) and “expanding calumns’ () are used in long-form [A) and wide-form (B) tabulur data structures,
respectively.

Paul Whaley - January 2021
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Data Accessibility

Eighteen of 19 surveyed systematic maps presented users with
static data visualizations within their study reports (eg, bar
charts, tables, and heat maps) as a means of accessing trends
within the evidence. Six systematic maps additionally provided
users with an open-access interactive data visualization dash-
board, such that users could choose trends for exploration
within the map. Four of the 6 maps supplied comprehensive
guidance and/or instruction for users wishing to interact with
the visualization dashboard.

Far fewer mapping exercises provided any such comprehen-
sive guidance for querying their database output, with only 2 of
19 maps providing a detailed help file for users wishing to query
the database (Haddaway et al., 2014; Randall and James, 2012).
This was also seen in mapping exercises presenting guidance
on interacting with their data visualization dashboards, none of
which provided equivalent detailed guidance for querying the
underlying database. Instead, 6 CEE systematic maps dedicated
only brief discussion to querying within the text of their study
reports, leaving 11 maps which offered no discernible guidance.

Where provided, the querying practices identified in user
guidance/instruction were ‘“filtering,” “sorting”/“ordering,”
“searching,” or some combination thereof (see Supplementary
Table 4). Specific examples of queries which could be run
against the database were rarely provided in such guidance,
with only 2 of 19 maps providing an illustrative example of how
a user’s plain-text question is translated into querying the data-
base (Haddaway et al., 2014; Randall and James, 2012), and a fur-
ther 2 of 19 making only brief mention of how a specific data
field might be filtered (Cresswell et al., 2018; Randall et al., 2015).
None of the maps reported the queries or querying processes
used to generate visualizations or analyses. Two maps (Cheng
et al.,, 2019; McKinnon et al,, 2016) indicated that an additional
data processing step had been conducted eg, using the statisti-
cal programming language R. Cheng et al. (2019) provided a link
to the code used for this analysis, however the link was broken
at the time this survey was conducted.

Transparency

Thirteen of 19 surveyed CEE systematic maps presented only
the controlled vocabulary code which was used to classify the
data of interest, not recording the raw data itself in the map. Six
of 19 maps maintained a link between this code and the raw
data/the coders’ interpretation of the raw data. Approaches to
this included using data fields which contain free-form text
alongside the controlled vocabulary terms applied to categorize
this free text (5 of 6 maps, Macura et al., 2015), and providing the
location of the raw data within the original study report repre-
sented as code in the systematic map (1 of 6 maps, Haddaway
etal, 2015).

Seventeen of 19 CEE mapping exercises provided a codebook.
Codebooks were generally supplied separate to the systematic
map database, in a different file and/or format (n = 14), although
some incorporated codebooks into the database as either look-
up tables {n=1, Leisher et al., 2016), or separate spreadsheets
within the same workbook as the systematic map (n=2, Bernes
et al.,, 2015, 2017).

Codebooks largely presented the controlled vocabulary
terms used to code study attributes {12 of 17) but did not always
provide this detail (5 of 17). For codebooks which did provide
controlled vocabulary terms, a narrative description or discus-
sion of the potential types of data which might be assigned cer-
tain codes was presented in only 2 of the codebooks.

Relationships between controlled vocabulary terms were
generally omitted from codebooks and/or the systematic map
databases themselves, except for 1 map which structured its
code as a hierarchy of nested terms (Haddaway et al., 2015).

DISCUSSION

CEE has been a driving force for the introduction of systematic
mapping to the environmental sciences. Their maps act as case
studies for adapting evidence-based methodologies to other
fields. CEE's involvement of stakeholders in their systematic
mapping approach has undoubtedly resulted in outputs of value
to those stakeholders and their specific research contexts
{Haddaway and Crowe, 2018). The following discussion does not
critique the use of CEE's systematic maps for their intended
purposes, but instead takes the perspective of EH applications
to identify transferable aspects of current practice and remain-
ing challenges.

Systematically Mapping the EH Evidence Base: General
Considerations

EH data are complex, heterogeneous, and highly interconnected
{Vinken et al., 2014). Chemical risk assessment and risk manage-
ment seek to understand the outcomes which result from these
complex connections—synthesizing evidence of varied resolu-
tion and origin eg, considering in combination evidence from
bio- and/or environmental monitoring, in vitro, in vivo, in silico,
and/or epidemiological studies {(Martin et al, 2018; Rhomberg
et al., 2013; Vandenberg et al., 2016).

The relationships which hold the disparate EH evidence
base together are vital for building a more complete under-
standing of toxicity. These relationships underpin adverse out-
come pathways (ie, how molecular initiating events lead to
apical outcomes through a causal pathway of connected key
events [Edwards et al, 2015]), quantitative structure-activity
models (ie, how the chemical structure of a substance can be
quantitatively related to its physicochemical properties and bio-
logical activity [Schultz et al., 2003]), read-across applications (ie,
where predictions for data-poor substances are based on struc-
turally related data-rich substances) and other key components
of chemicals policy workflows. Such relationships are also vital
for understanding the impacts of real-world exposures to mix-
tures of chemical substances (Sexton and Hattis, 2007).

The interconnectedness of the EH evidence base means that
even if SEM methodology is used to explore just a subset of EH
research, or to facilitate just 1 component of chemicals policy
workflows—the data collated, extracted, and coded are likely to
be of relevance to a myriad of alternative EH research interests
and chemicals policy applications. Thus producing “multi-
purpose,” interoperable EH SEMs that can be queried according
to a variety of specific use cases is the most resource-efficient
means of implementing the methodology.

However, many of the complex relationships constituting
the EH evidence base are unknown to individual users, who will
only have cognitive access to part of the total knowledge space
in a given domain. Thus, in addition to facilitating the identifi-
cation of trends which are based on relationships already
known to users, EH SEMs should also facilitate the identification
of relationships which are unknown to users. This would enable
a more highly resolved and customizable querying process
which extends beyond the user’s personal understanding of the
domain, adding valuable connected contextual information
with which to explore and interpret trends. It is this value,
gained through accessing as well as exploring relationships—
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1

Human

Human

Mouse

Human

Outcome
Tumors
Female Tumors
Female Tumors
Female Tumors
Male Tumors

Female Tumors.

Figure 4. A, The relationship between attribute A and entity 3 is explicit in the formal structure of the array. However, the relationship between attribute A and attrib-
ute C is implicit and has to be inferred by the user from features external to the table eg, conventions around interpreting tabular data. The external conventions are
not part of, or known to, the table and may net be known to the user. B, For example, a user may (in this case, correctly) infer that “sex” is a property of “spedies” and

not “outcome,” but this inference is made using external and

1ip is not in fact known to the table. All the table

ding—the

can assert is that each entity 1 through 6 has a relationship to properties of sex, age, species, and outcome, respectively.

along with the inherent complexity of those relationships—
which makes the flat and rigid tabular data structures currently
characterizing CEE systematic maps ill-suited to the task of sys-
tematically mapping EH data.

P
Structure
Data storage is the fundamental component required for creat-
ing a systematic map database, underpinning many of the
themes assessed in this survey. This discussion focuses on
issues of data storage technology and its close relationship with
data integrity.

of Current Evidence Mapping Practice: Data Storage and

Use of spreadsheets (and other flat data tables). The majority of CEE
systematic maps are stored and structured as flat data tables,
mostly as spreadsheets. Tables are a simple, familiar, and ro-
bust means of structuring data. However, maintaining relation-
ships within a 2-dimensional array of rows and columns can be
challenging. This is because the only explicit relationships in a
2-dimensional array (single table), are between the attributes
(columns) and the entities (rows). Any relationships which exist
between columns/attributes in a table can only be inferred by
the user (Figure 4). We found making such inferences a chal-
lenge when surveying systematic maps of research outside of
our own fields of expertise (see Supplementary Table 3). The
prior knowledge required to successfully navigate data relation-
ships within tabular maps limits their accessibility for less spe-
cialized users.

A variety of technigues were employed by CEE maps for
maintaining the relationships between attributes, and for

allowing attributes to record multiple values. Of particular note
were the practices of expanding columns to produce wide-form
tables, and of housing multiple values within a single cell.
Although expanding columns and/or housing multiple data
entries in single cells do not threaten data integrity when ap-
plied to only 1 single attribute (see Thorn et al, 2016,
Supplementary Table 3), a loss of referential integrity was noted
for maps implementing this practice for multiple attributes.

Such loss is illustrated in Figure 5, whereby column expan-
sion (Figure 5A), and similarly multivalued cells (Figure 5B),
falsely assert data relationships unrepresentative of the raw
extracted data. Loss of referential integrity is acknowledged by
Neaves et al. (2015), where the authors highlight falsely asserted
interattribute relationships as a limitation of their mapping
exercise.

The alternative strategy used by CEE systematic mappers
when structuring data as a flat table was row expansion.
Although advantageous for maintaining referential integrity,
these long-form data structures can be challenging to process.
They can create confusion for end-users interpreting what the
study “unit” (entity) which constitutes a new row in the data ta-
ble is (see Supplementary Table 3). Users must also be cautious
of duplicates when querying specific data fields within the ta-
ble. Duplicating data can also increase the risk of data-entry
errors for systematic mappers tasked with manually populating
a long-form table, resulting in inconsistencies.

In summary, the spreadsheet storage technology is an
unsuitable long-term solution for EH SEMs, with wide-form
tables potentially compromising data integrity, and long-form
tables being impractical and/or error-prone.

Paul Whaley - January 2021
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A Expanding columns leading to loss of referential integrity

Scientist et al.

Year (i) Tumors
Weight

Behavioral
Changes

Population

Outcome

B Multi-valued cells leading to loss of referential integrity

m

Population

. Reduced Birth Weight, Tumors,

Outcome

Figure 5. A, Loss of r lintegrity ing from th

1 ion of more than 1 study attribute (data field). The ding of multiple popul

and mul-

tiple outcomes on a single row compromises Lhe ability of users to decipher which papulauun was affected by which outcome. The table asserts that both populations

(mice and rats) were affected by all 3 outcomes (reduced birth weight, tumors, and bel

hich may not be truly representative of the raw

data, compromising data integrity. B, This s similarly observed when multivalued cells are used for more than 1 study attribute.

Use of relational databases. Many of the discussed challenges as-
sociated with implementing systematic maps as flat data tables
or spreadsheets are addressed by relational databases—the al-
ternative storage technology identified in current systematic
‘mapping practice (see Table 2). Relational databases divide enti-
ties into their own, referenceable tables—allowing links be-
tween related entities to be created and maintained. These
links are coded into the database itself, and therefore do not
rely on an end-user's implicit understanding of external con-
ventions to correctly interpret.

The structure of a relational database is organized in an on-
write schema, which is effectively a “blueprint” for the database
(Karp, 1996); ie, the schema defines what constitutes an entity
and therefore a data table, which attributes describe an entity,
how an entity is related to other entities and therefore how data
tables must reference others, all before data are stored. This
necessitates a sound understanding of both the data to be
stored in the database, and also the potential applications of
the database. In fact, the optimization of end-users’ capacity to
query the database for a particular application is a key driver of
schema design (Blaha et al., 1988).

The “schema first, data later” {Liu and Gawlick, 2015) ap-
proach of relational databases requires a more detailed level of
prior knowledge regarding the structure of the evidence and/or
the applications of the database. This is problematic for EH
SEMs for several reasons.

First, the potential applications of an EH SEM are varied.
Even where a specific use case is known, an EH SEM should at
least avoid restricting access to the evidence base for alternative
uses. Second, SEM methodology advises against making deci-
sions which are based on post hoc assessment of included

studies {James et al., 2016). However, without this assessment it
is difficult to design a schema capable of housing all the entities
and relationships likely to arise from the varied study designs
and/or evidence streams collated through an EH SEM exercise.
Even if this prior assessment were advocated by SEM methodol-
ogy and did not lead to the introduction of bias or inconsisten-
cies, there would likely be far too much data for mappers to
feasibly consider in the design of an EH SEM's schema.

Third, SEMs are currently constructed by human mappers,
who screen, assess, and extract data from 1 included study ata
time. In this manner, mappers’ understandings of the relation-
ships between entities are limited to the level of the individual
study. Thus, it can be difficult to design a schema able to appro-
priately account for relationships which ocecur at an interstudy
level, compromising end-users’ ability to query these relation-
ships. For example, a one-to-many relationship between popu-
lation and outcome entities may be appropriate at the level of
the individual study, where a single population can be investi-
gated for many outcomes. However, at the evidence-base level,
a particular outcome may in fact have been reported by many
studies, and therefore investigated in many different popula-
tions—making a many-to-many relationship between popula-
tion and outcome, and a schema capable of representing this
relationship, more appropriate. Alternatively consider the rela-
tionships between adverse outcomes along a causal pathway.
Although a relationship between eg, Outcome A and Outcome C
might become apparent at the evidence base level, mappers
may only have access to relationships between eg, Outcome A
and Outcome B, or Qutcome B and Outcome C—which occur at
the individual study level.

Paul Whaley - January 2021
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A Knowledge captured in unstructured, textual data

Materials and Methods

Mice were exposed to Chemical X {99 %
to the guidelines. On exposure day 4 the m)|
i the concentration of TBI

B Knowledge structured as semantic triples

C Knowledge stored as a queryable graph

Mice were exposed to Chemical X (99%)

Mouse exposed to Chemical X
T T T
+ + +
subject predicate object
Chemical X has purity 99%
T T T
+ + +
subject predicate object

Figure 6. (A) Knowledge captured in unstructured, textual formats e.g. scientific articles, is distributed and programmatically inaccessible. (B) This knowledge can be
structured in an intuitive and machine-readable way as a series of semantic subject-predicate-object triples - where entities are the subjects and/or objects and the
relationships between entities are the predicates. (C) Entities can be stored as the nodes of a graph. The semantic value of the relationships between entities are pre-
served and stored as edges. The graph can continue to grow to produce a queryable representation of all knowledge on a topic (see Figure 7).

Finally, the growing volume and scope of EH data means
that even if it were possible to devise a schema capable of ac-
counting for all study designs that exist at present, new, and
emerging study designs would soon out-date the schema, ne-
cessitating laborious, and potentially error-prone schema mi-
gration (Segaran et al., 2009).

Avoiding these issues and attempting to balance the rigidity
of a schema with the fluidity or heterogeneity of the data it
organizes forces mappers to implement work-arounds (eg,
compromising the resolution of SEMs), the likes of which might
compromise the utility of SEMs for chemicals policy applica-
tions {see Supplementary File 1).

Overcoming the Limitations of Spreadsheets and RDBs: Knowledge
Graphs for Mapping EH Evidence

Expanding and enriching the application of SEMs to varied EH
research problems requires moving away from the rigidity of
tabular data structures and their predefined relationships.
Instead, SEMs in EH should utilize more flexible, schemaless data
models and storage technologies. We believe this flexibility is
offered by knowledge graphs and associated graph-based data
storage technologies.

Knowledge graphs. The scientific knowledge codified in a study re-
port can be readily formalized as a set of subject-predicate-object
“triples.” These triples can be stored as mathematical “graphs”
{nodes and edges) where the nodes are the entities {subjects and
objects) and the edges are the predicates, or relationships, between

the subjects and the objects {see Figure 6). Because the graph is a
direct representation of the semantic content of the studies being
stored, it can be said to represent the knowledge captured in the
study—hence “knowledge graph” (Ontotext, 2019b).

In graph database implementations, data are stored as
nodes and relationships are stored as edges. Unlike the rela-
tional model, the graph model regards relationships as first-
class entities, and keeps them alongside the values they con-
nect. Rather than “artificially” creating relationships through
cross referencing primary and foreign keys in data tables, graph
databases natively store relationships, preserving their semantic
value, and making them accessible to queries {Figure 6 and 7)
{Robinson et al., 2015). This is particularly valuable when the
relationships underpinning data cannot be directly character-
ized a priori, or when the relationship between 2 pieces of infor-
mation (nodes) can only be inferred through traversal of
relationships which indirectly connect those nodes {Ontotext,
2019¢) (eg, the inferred causal relationship between “Chemical
X" and “Tumours” in Figure 7).

The graph model’s flexibility and emphasis on relationships
allows it to accommodate new developments in EH research.
Data produced by studies of novel design can be incorporated
among, and related to, preexisting data in the database without
needing to update schema and subsequently migrate data
{Robinson et al, 2015). This is illustrated in Figure 7 which
expands the amount of data populating the graph in Figure 6.

Knowledge graphs are already being exploited in other fields
centered around the analysis of highly connected data (Ghrab

0z0z Jequaldag g0 uo 1sanb Aq 0ZZ9S.S/SE/L/S L LIBI0INE 08 X0) W0 dno dlwapese)/:sdny Wol papeojumog

151



Applying Systematic Review Methods in Chemical Risk Assessment - Appendices

44 | KNOWLEDGE GRAPHS IN ENVIRONMENTAL HEALTH AND TOXICOLOGY

Knowledge graphs can continue growing without the need to migrate data

N

Figure 7. Storing relationships as first class entities allows knowledge graphs to continue to grow and expand without needing to revise schema and migrate data. This
flexibility is particularly useful when relationships between entities cannot be characterised a priori.

et al., 2016). Notable use cases for graphs include: mapping com-
plex networks of biological interaction {Aggarwal and Wang, 2010;
Have and Jensen, 2013; Pavlopoulos et al, 2011); representing
chemical structures {Aggarwal and Wang, 2010); tracking commu-
nication and transaction chains for fraud detection (Castelltort and
Laurent, 2016; Sadowski and Rathle, 2015); feeding recommenda-
tion engines for online retailers (Webber, 2018); facilitating highly
customized outputs for social media platforms (Gupta et al, 2013;
‘Weaver and Tarjan, 2013); promoting a more proactive service
from search engines (Singhal, 2012); and many more. The key com-
monality between these applications is the identification of trends
or patterns of information that facilitate the generation of new
knowledge that is actionable or of value to decision-making.

Schemaless data storage and data exploration. As relationships are
stored as queryable, first-class entities—the schema which im-
plicitly structures data begins to emerge naturally and can be
discovered and exploited by knowledge finding applications on-
read (Jankovic et al,, 2018; Kleppmann, 2017).

In CEE’s current systematic mapping practice, trend explora-
tion is predominantly reliant on filtering columns of a data table
for specific values of interest. This requires that users are famil-
iar with the structure of the database ie, they know which col-
umns house values of interest, what those values of interest
are, and that their interests align with the data model imposed
by the tabular map. By comparison, graphs are amenable to
some ambiguity in a user's query. Beyond the potential exis-
tence of an entity of interest, users do not require prior knowl-
edge of the graph’s structure, or the relationships connecting
the entity of interest to others, to successfully gain an under-
standing of the graph space around that entity. This facilitates
the building of data models which contextualize this under-
standing within a particular application.

In current systematic mapping practice, data models are
closely tied to the data storage mechanism and its structure.
Knowledge graphs do not fix data models on-write, separating
data models from data storage—thus it is possible to apply mul-
tiple models to the same graph, optimizing access to the evi-
dence base for a variety of interests and queries. Changes can
also be readily incorporated into these data models without mi-
grating the underlying data they access.

Ontologies. A key component of wider data modeling activities is
the development of domain-specific ontologies. An ontology is
an agreed upon and shared “conceptualization” of a domain
{Dillon et al, 2008), comprising a formal specification of terms
used for describing knowledge and concepts within a domain
and their relationships to each other, expressed through a stan-
dardized controlled vocabulary (Ashburner et al., 2000; National
Center for Biomedical Ontology, 2019). Developing domain-
specific ontologies closely mirrors the coding step of systematic
evidence mapping, which is designed to conceptualize the evi-
dence base through organizing extracted data using a controlled
vocabulary of terms.

In knowledge graph applications, ontologies are stored as
data themselves (Noy and Klein, 2004)—forming an additional
“layer” within the graph. Raw extracted data stored in the graph
can be viewed as instances of an ontology's classes. By using
data models to bind nodes of raw data to the nodes of a suitable
ontology, users can navigate the evidence base through this on-
tology—but do not lose the ability to access the underlying raw
data relevant to more highly resolved queries. Furthermore,
maintaining a link between raw data and the controlled vocabu-
lary code of a shared toxicological ontology serves to promote
transparency, interoperability (Hardy et al., 2012), and the devel-
opment of training sets for machine-learning classifiers.
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However, these concepts are underexplored in current evi-
dence mapping practice where the majority of maps presented
code in lieu of raw extracted data. This compromises transpar-
ency and limits users’ ability to query data at variable resolu-
tion. In addition, coding vocabularies were rarely descriptive of
the relationships that linked 1 term to another, with only 1 map
organizing its code as a hierarchy of nested terms (Haddaway
et al., 2015). Where relationships between code were implied,
this was generally stored in separate codebooks (ie, not as data
within the database)—requiring users to consult a separate doc-
ument for interpretation.

Other Lessons From Current Systematic Evidence Mapping Practice
Studying the key features of a systematic map database, ie, stor-
age technology and the data structuring choices available for
those technologies, highlights the need to pursue more flexible,
schemaless approaches when adapting the methodology for EH.
‘We have identified knowledge graphs as the technology capable
of providing this flexibility. Although briefly covered in the
above discussion, this survey identified additional aspects of
current evidence mapping practice which are worthy of
discussion.

Data accessibility, user-interfaces, and map documentation. A query-
able database is the main, but not sole, output of mapping exer-
cises. All CEE maps are accompanied by a study report which
details methodology, presents key trends through data visuali-
zation, and/or describes further research needs. These accom-
panying reports can be thought of as documentation for their
database products. In the context of software development,
documentation is a formal written account of each stage of de-
velopment and the effective use of the software for its intended
application. It is an asynchronous means of communication be-
tween all involved stakeholders, including end-users and future
developers, which transforms the tacit knowledge of developers
into an explicit, exchangeable format (Ding et al, 2014; Rus and
Lindvall, 2002).

We found that, in general, the documentation of the maps
was insufficient to make explicit the tacit knowledge of the map
developers. This presented a barrier to successfully and effi-
ciently querying the SEMs assessed in our survey. We observed
that mappers’ knowledge of their data model, database struc-
ture and intended uses for their database were generally under-
reported in accompanying SEM study reports. Discussion dedi-
cated to instructing end-users on how they could or should in-
teract with the database was particularly limited. This might
compromise the ability of nonspecialist users to query SEMs for
their own research interests. Similarly, trends visualized and
analyzed in SEM study reports, which might serve as illustrative
examples of how to interact with the SEM, were not accompa-
nied by any documentation of the queries used to obtain the an-
alyzed subset of evidence from the database—apart from 1
instance where the authors referred to code in GitHub, but the
link was broken (Chenget al., 2019).

A more common practice for facilitating end-user access to
trends in the evidence base was the development of interactive
data visualization dashboards (Bernes et al.,, 2015). Unlike their
underlying databases, these dashboards were generally accom-
panied by documentation detailing how users could interact
with the dashboard. This interaction was intuitive and required
minimal technical expertise—with many dashboards adopting
“point-and-click” functionality. However, interactive visualiza-
tion dashboards should not be conflated with the systematic
map database itself. These dashboards represent the visualized
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outputs of a set of predefined queries, where users can select
which of the set to display. They can be thought of as user-
interfaces which have been optimized for particular queries.
However, users cannot devise and visualize customized queries
through such dashboards. For this, access to the underlying
database is required—reinforcing the need for its
documentation.

Thus the role of high-quality software documentation in
promoting transparency, growth, development and mainte-
nance of SEMs as living evidence products should not be under-
estimated when adapting the methodology for EH.

Including database software capacity in evidence mapping teams. A fi-
nal point of interest from this survey of current systematic
mapping practice is that the multidimensionality of the rela-
tional database storage technology was not utilized in the CEE
maps which employed the technology. This was evidenced by
systematic maps which used a flat data structure even within a
relational database software environment. Such maps included
Neaves et al. {2015)—which presented a single, flat data table
with expanded columns despite the authors’ acknowledgment
of the limitations of this structure and the capacity of the cho-
sen storage technology to overcome them.

Reasons for implementing flat relational databases were
unclear or unreported. However, facilitating the access of non-
specialist users to SEM outputs may have been a potential driver
of this practice. Flat tables are associated with simple querying
processes such as filtering columns, whereas relational data-
bases require a more technically demanding process of con-
structing queries in structured query language (SQL). However,
these concerns can readily be addressed by developing user-
interfaces such as the visualization dashboards discussed
above, and do not explain why inherently flat storage technolo-
gies, such as spreadsheets, were not used preferentially in such
cases.

Thus, an alternative motivation for implementing flat rela-
tional databases might be a lack of familiarity with database
storage technologies. This highlights a key challenge for adapt-
ing SEM methodology to EH, where subject specialists interested
in mapping EH evidence may not have the necessary training to
successfully implement graph-based storage. This underscores
the value of comprehensive documentation—where the techni-
cal construction and guerying of emerging maps might serve as
training opportunities for others interested in the methodology.
It also indicates the importance of developing these skills
within mapping teams—where recruiting databasing specialists
to SEM teams might be considered as important as recruiting
statisticians to systematic review teams.

CONCLUSION

Systematic evidence mapping is an emerging methodology in
EH. 1t offers a resource-efficient means of gaining valuable
insights from a vast and rapidly growing evidence base. Its over-
arching aims, of organizing data and providing computational
access to research, should facilitate evidence-based approaches
to chemical risk assessment and risk management decision-
making.

The methodology has been applied in the wider environ-
mental sciences by the CEE. Characterizing the state-of-the-art
of CEE systematic mapping practices offers valuable lessons for
adapting the methodology for EH.

In particular, the rigid data structures which dominate cur-
rent practice are ill-suited to the complex, heterogeneous and
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highly connected data constituting the EH, and toxicology evi-
dence bases. Flat data structures and those which are closely
linked to predefined, on-write schema are optimized for a nar-
row range of specific use cases, which fits poorly with the much
broader range of uses associated with chemicals policy
workflows.

Successful adaptation of SEM methodology for EH would be
accelerated by adopting flexible, schemaless database technolo-
gies in place of rigid, schema-first approaches. We have argued
that knowledge graphs are 1 technological solution, which po-
tentially provide an intuitive and scalable means of represent-
ing all of the connected, complex knowledge on a topic.
Converse to the flat or relational databases favored by current
practice, knowledge graphs store relationships between data as
first-class entities, preserving their semantic value and making
them accessible to queries. This ability to explore data through
relationships or “patterns of information” does not require that
users are familiar with a predefined data model or schema. This
vastly expands the exploratory use cases of SEMs and even
facilitates the discovery of new, previously uncharacterized
relationships.

There are several readily available commercial and open-
source graph database implementations (ArangoDB, 2019;
Neodj, 2019; Ontotext, 2019a; Stardog, 2019), and a variety of
knowledge graph applications which demonstrate the power
and utility of the graph data model and its inferencing capacity.
Such resources are valuable for investigating the storage and
exploration of SEMs as knowledge graphs and help to lower the
entry barrier associated with familiarizing and training map-
pers in the use of a technology novel to the field.

SUPPLEMENTARY DATA

Supplementary data are available at Toxicological Sciences
online.
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Practical challenges in assessing
indirectness and the implications for
integrating multiple streams of evidence
In systematic reviews

Paul Whaley

Evidence Based Toxicology Collaboration Research Fellow

Lancaster Environment Centre, UK

National Academy of Sciences, Engineering and Medicine, Washington DC
Evidence Integration Workshop, 3 June 2019
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* Researcher at Lancaster University and the Evidence-Based
Toxicology Collaboration at Joehns Hopkins Bloomberg School of
Public Health

* Editor for Systematic Reviews at Environment International (IF 7.297)
* Focus on systematic review methods for environmental health
research: frameworks for systematic evidence surveillance and

synthesis; critical appraisal tools; research standards; quality
assurance and control in SR publishing
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Today’s themes

 Systematic review as a grounded approach to evidence review

¢ A PECO-based framework for assessing external validity of studies

* Evidence that successfully grounding SRs is extremely challenging

* How our PECO framework anticipates a computational approach to SR

* Research needs for delivering grounded, computational SRs

Recap of systematic review and evidence integration
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What is a systematic review?

* A systematic review is a research project which
tests a hypothesis using pre-existing evidence
instead of conducting a novel experiment

* The test should minimise bias introduced by (a)
the evidence included in the review, and (b) by
the performance of the review

* Include all the evidence relevant to testing the
hypothesis (search and screening)

* Appraise the quality of the evidence (at level of
individual study and body of evidence)

» Synthesise the evidence into a summary result
(qualitative & quantitative methods)

= xﬂ

BE
EJECIC
B BE

Systematic review = grounded interpretation

* SR is an advance on traditional narrative review because it uses explicit,

discussable methods to ground the test of the hypothesis

* SRs are grounded when they connect interpretation of the validity of

study procedures and observations with:

a. the textual record in the study documents of those procedures & abservations

b. empirical evidence of the validity of the procedures described in that record

* Can’t take grounding for granted, but because SR methods are explicit,

they can be repeated, evaluated and deliberately changed
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Claim to validity of SR design

procedure

St
to which existi
already suppor

SR hypothesis

Claim to validity of study
design

r 3

Textual record of a study

Aggregation of textual

Hypothesis

£ Procedures

Interpretation of the
textual record of the

observations of multiple
s Lo delermine extent

hypothesis

s and

Derivation of
summary results;
assessment of
certainty based on
emergent properties
of the aggregated
evidence, including
its indirectness and
risk of bias.

Bias; from meta-
epidemiology

g evidence
ris the SR

Selection

Observations

Data extraction: recording
and coding of procedures

and observations relevant.
1o testing SR hypothesis

i

What is “evidence integration”?

.

.

.

Evidence integration is based on a concept of dividing evidence into
streams (or lines) of readily-comparable populations — usually
animal vs. human, though could be a species, genus, or family

Evidence is synthesised to produce summary results of effect of
exposure in each stream

Certainty of the evidence for the effect is assessed for each stream

Integration is a function of combined certainty across each stream,
generating a judgement of the overall level of evidence

In the OHAT framework, mechanistic data can inform changes to the
level of evidence; in the 2019 update to the IARC preamble,
mechanistic evidence is a distinct stream in its own right

@
[
?
|
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Integrating mechanistic information in SRs

* Current approaches were designed to support qualitative hazard
classification, not obviously applicable to complex analysis objectives (e.g.
quantifying health effects of exposures)

* We already exclude or combine multiple study designs according to principles
of relevance or similarity which are informed by mechanistic data

* Mechanistic studies are conducted because they describe and/or predict
health outcomes in a target population — why separate them from the whole-
organism models of which they are intended to be informative?

» Can we do more to systematically incorporate mechanistic evidence into
systematic reviews of exposures?

A PECO-based framework for evidence integration

10
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The role of PECO statements in SRs

SR = test of a hypothesis using existing evidence

Hypothesis interpreted as a research question,
formulated as a Population-Exposure-Comparator-
Qutcome statement

Common research scenario in environmental
health: there is a suspected relationship between
an exposure and an outcome, but the nature of the
relationship is unknown (scenario 1, right)

P: Among adult females, what is the effect of

E: 1 pg/kg bw childhood organochlorine levels in blood, versus.
€: 1 pg/kg bw incremental increase on

Q: endometriosis?

Envirorment Internaional L‘

11

Including indirect evidence

* Necessary in a SR of an exposure-outcome relationship when we do
not have certain evidence within the strict confines of the PECO

* Look at intermediate outcomes, disease markers, animal models,

similar chemicals (read-across), etc. etc.

* All indirect evidence but still relevant to the question, and therefore
could increase certainty in test of hypothesis

* There are lots of ways in which this evidence can be organised

12
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Example: Matta et al. (2019)

K. Matta et al. Environment International 124 (2019) 400-407
Table 2
Body of evidence structure based on major experimental outcomes of endometriosis to guide grouping endpoints and experiments.
Level fosis-related examples Body of evidence grouping examples
outcomes
pical outcomes osi In vivo: onset after chronic/transgenerational exposure in non-human 1-Spontaneous endometriosis in animals
primates
Migration/attachment In vivo: experiments evaluating the invasiveness of implants in 2- Invasiveness of endometriotic tissue in
rodents or primates animals

In vitro: migration assays in cell models
3 - Invasiveness of endometriotic tissue in

cell cultures
Survival/proliferation/ In vivo: experiments on proli pansion of i 4 - Survival/proliferation of lesions in
apoptosis lesions in rodents and/or primates animals

In vitro: proliferation/viability /apoptosis cell assays

5- Proliferation in cell culture

Intermediary /secondary  Progesterone resistance In vivo: PR-B/A expression 6- Progesterone resistance in animals
Aromatase/steroidogenic In vitro: CYP19A1 expression 7- Disruption of aromatase pathway in cell
pathway culture
Inflammatory eytokines In vivo: IL6 levels 8 - Inflammation in animals

Other outcomes: immunosuppression, oxidative stress

13
[leve | populaion | bowre Comparstor | Ouieome |
Non-human primate Chronic ? Spontaneous endometriosis
3 Non-human primate with implanted tissue  Transgen ? Invasiveness of implanted tissue
Rodent Chronic ? Proliferation of endometriotic tissue
In vivo 7 ¢ PR-B/A expression (progesterone resistance)
2°  Invitro ? ? CYP19A1 expression (aromatase pathway)
In vivo ? ? Inflammation
= As described, relationship between included studies, hypotheses under test and the
relevant PECOs are ambiguous — characteristics need to be more tightly defined
« In actuality, we probably don’t need to define in advance all the potentially relevant
sub-PECOs (cumbersome, p-hacking) — can’t we just observe how direct the evidence is?
14
14
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Proposal: PECOs as a directness framework

Relative to the PECO which is the target of a SR, all evidence is to some
extent indirect, and may therefore be evaluated as follows:

+ Define the target PECO (tPECO) for the SR, as we do already
¢ Extract the experimental PECO (ePECQ) from each included study
¢ Evaluate the similarity of each ePECO to the SR tPECO (ePECO—tPECO)

* Describe directness of the evidence overall as a function of how the
ePECOs map in aggregate onto the SR tPECO

15

What this might look like...

[ study | spece | Log. | Age | sec | Chem | Dose | Timing | Dose | Outcome

Whole Pre- Pre- 1 pg/kg bw
organism menopause ESrale e Lug/kg bw puberty increments
Whole
organism

Endometriosis

Target Human

High exposure
group
10uM

solution

1000 pg/kg
bw/d

Upto 16
years age

Low expasure
Eroup
10um

increments

Ref013 Human Adult Female Furan mix Endometriosis

Ref852 Human HESC cells Female TCDD Migration

PR-B/A
expression

until
weaning

Whole
organism

Ref134 Wistar Rat 24 months Male Chlarpyrifos Vehicle

«+ Allows us to describe all types of study design using the same set of categories

+ We can make comparisons between experimental PECOs and our target question,
without having to divide evidence up into streams beforehand

« Makes explicit the information being interpreted (if not yet the rules for interpretation)

16

165



Applying Systematic Review Methods in Chemical Risk Assessment - Appendices

09/09/2020

E features

R = I [ e B

‘Whole Pre-

Pre- 1 ug/kg bw

Target Human A Female oc 1 bw s Endor
i oee | e ] _IENkm__ MRISNAUSE. — LENE puberty___iDuements o
1 m
I Refo13  Human iho's Adult Female  Fumnmix S exposure  Uptodb low exposure oo ioge |
1 arganism group years age group H
1
r———y Toom O U
Rel852 Human HESC cells - TCDD - Migration
L f--mm--'i increments
1 1 7
Ref134 1 wistar Rat thle 24 months male I Chlorpyrifos | Eoodilaty U"",‘ Vehicle L2 AA
[ arganism I 1 bw/d aning expression
L =1 1 -

Judgement of similarity at level of
A.  whole study
B. broad PECO element
C. individual PECO sub-element

How do we ensure these

judgements are valid?

17

Rules for interpretation? Maybe in AOPs

Is the observed intermediate event strangly
predictive of the target outcome?

Do the mechanisms in the observed population
also happen in the target population?

Intuition: the more certain the answer, the
lower the sense that the evidence is indirect

If true, maybe judgement of similarity can be
derived from a function of certainty in the AOP
network

Potential for grounding judgements of
directness in biological knowledge (so long as
that knowledge is gathered systematically)

A

Ll of calllar crgaristicn

Event3

18
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Practical challenges in achieving grounded analysis

19

Two major, practical threats to grounded SR

* Implementing valid processes

* Overwhelming data volume

20
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Prepublication data on EH systematic reviews

+ At Environment International, we triage submissions on six key features of a SR:

Are objectives appropriate to investigating research question?

Does the search methodology miss relevant evidence?

Do the exclusion criteria and screening process exclude relevant evidence?

Have included studies been appraised using a valid risk of bias instrument?

Have appropriate quantitative and gualitative been used to synthesise the evidence?

Has certainty in the evidence been assessed using appropriate, defined criteria?

« We score the methods on a Likert scale of 1-5 (1 = serious concerns)

* A score of 1 or 2 in any domain is a critical shortcoming and results in desk-rejection*

*Authors receive a detailed triage report and editor feedback on identified issues; as often
as possible issues are discussed with authors with a view to enabling resubmissien

21
Summary of Triage Decisions
80.8%
@ Send to peer-review
® Request resubmission
@ Desk-reject
Period April 2018 - May 2019, since introduction of triage tool. n=52
22
22
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Methods for Study Appraisal

- >80% of submissions use invalid
@ study appraisal instruments, or
often none at all

No. of
submissions.

>

Editor’s Score

23
Synthesis methods
i 60% of SR submissions employ obviously flawed methods
“ for synthesising the findings of included studies

24
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Methods for Certainty Assessment

>80% of submissions fail to assess
o _ certainty in the evidence according to a
defined set of criteria

25
Post-publication data from medical SRs
+ 8989 PubMed records tagged by 2004 as “systematic review” yet actual number
of stringently-defined SRs was =2500 (Moher et al. 2007)
* Most published SRs have major flaws in conduct and reporting (Page et al. 2016)
* =3% of manuscripts are “decent and clinically useful” (loannidis 2016)
* What about Cochrane?
* Propadalo et al. 2019: 29% of Cochrane reviews are
discrepant with guidance on allocation concealment
* Babic et al. 2019 : “Assessments of attrition bias in
Cochrane systematic reviews are highly inconsistent”
* These are intervention reviews, not aetiology
26
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Educating our way out of this challenge?

* Most EH research teams do not successfully apply
even the simpler, well-documented instruments
(e.g. OHAT, Navigation Guide, GRADE) which would
better ground their SR methods

« Even if we ended up doing as well on average as
the medics, we wouldn’t be doing well enough

+ Doing as well as the outlier (setting up a Cochrane
for EH research) is not a near-future event

* Complex tools like ROBINS-E: what prospects for
successful use given the above?

S—_— )

Nishiguchi 2005 | (2| (2

sin2000 | (7 | @
Lo2007 ..

Chen 2012

Dong 2008
e (@ 2
Vamamoto 1990 | (2) | (2
Hasegawa 2008 | (2| (2
xazro @) @
enng 203 | (@) @
Tasosni 2000 | (@) @
Mazaero 206 | (@) @
oro1e7 @ 2

27
The data volume problem
CYP19 AOP network
>50 biokinetic events
>65 event/event relationships
. Oty
BNAT hoil "
wello ST
% [
“'% o From: Villeneuve et al. (2018) Adverse
2 8 Outcome Pathway Network Analytics
28
28
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The integration challenge, in a nutshell

« If the stars align, simple SRs can successfully be conducted

* But in most normal scenarios, SR methods are out of reach of most
researchers’ capacity to apply them successfully

* Methods for integrating mechanistic data into SRs are unlikely to be
any easier to apply successfully — plus, they overwhelm us with data

* We can’t escape this challenge: the methods need to be applied in
order for SRs to be grounded

* So we need a scalable approach to grounded integration methods

29

Solution: a computational approach

30
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In favour of algorithms

* By turning features into numbers, we can make
processes repeatable and scalable (i.e. computers can
do the work for us)

¢ Discussable inputs which can be changed deliberately

* The challenge is preserving the links in the chain of
evidence that keeps the process grounded (score-
text-design-validity)

* How do we do that for complex SR questions, e.g.

predicting dose-response relationships in human
populations using indirect evidence?

POV
POV
POV
POV

31
Whole Pre- Pre- 1 bw .
Target Human arganism menopause Female oc 1 pgikg bw puberty inﬁn’ints Endometriosis
Ref013 Human Wha.‘e Adult Female Furan mix (e | WL | e Endometriosis
organism group years age aroup
Rel852  Human  HESCcells - Female TcoD 10un - _1oum Migration
solution increments
Ref3d  wistarRat PO o enths Male  Chlorpyrifos 1000 H/kg - Vehicle I
organism bw/d weaning expression
We can readily turn judgements of similarity into
numbers within our tPECO framework
32
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Whole Pre- Pre- 1ia/kg bw
Target Human orgamsm Female oc = 1 pg/kg bw b
H
Ref013 | 1 3 4 | 4 1
Lo I---- lmmm lmmm
Ref852 1 2 E 3
Ref134 3 1 [ 2 1 4
- 1 2 3 4 5 6 7
How similar?
Same Different

e

g

33
How do we ground similarity scores?
* In our mechanistic study, what makes a rat score a 3? Or PR-B/A a 4?
* The million (multi-trillion?) dollar question
mm-mmmmm

Target Human O:::Lem T Female oc 1 pg/kg bw p:l::rlv ;‘ég:\im Endometriosis

RefD13 1 1 2 1 3 4 4 2 1

Ref852 1 3} - 1 1 2 - 2 3

[om———- T RESSSEs=s -
Refl34 | 3 “ 2 a 1 6 2 1 1 4
34
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Research for grounding similarity scores

* Grounding requires us to connect the numbers to the textual record,
and to the empirical evidence for their interpretation (their value)

* There are at least three big jobs that need to be done
1. Systematic methods for AOP development
2. Automated data extraction
3. Machine-learning models for weighting evidence

* Probably all three need doing, because it looks like a big-data challenge

35

1. Systematic approach to AOP development

« Data model for external validity is underpinned by AOPs

* But we haven’t formalised the key features from which AOPs are built
* What information in the textual record should we use when developing an AOP?

* What rules should we follow in developing valid AOPs / determining their plausibility?
» This will need to be grounded, and therefore systematic*

« If we figure this out, we will know what rules the machines should be
following when identifying and evaluating putative AOPs for us

*SR approach to AOPs is subject of EBTC GRADE pre-meeting in Hamilton next week

36
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Solutions.

2. Automated data extraction

redient specified in the formulation. Solutions.

* PECO features and AOP information need extracting from ol il et vin .
narrative text in full study reports Experimental Protocol
* This will be a very large extraction job: high level of it oo ik sty o b

sprays per season, and type of crop [$-1

granularity across thousands of documents

Would require automation to be practically doable,
therefore natural language processing (NLP) approach

NLP methods can’t yet differentiate the features we are
interested in, at level of full text, with enough reliability to
do data extraction for us

The step-change which is required implies need for a full-
text toxicology corpus training set

37
Rl have four legs, big ears
and a tail.
N an-Wistars. “ ” e ik
Wibreal Lanisls Computers “read” by building statistical models to attempt to
Paul is being because he discern the same regularities in a written document that people
is tired and hungry respond to when discerning the meaning therein (the written
Paul isn’t [llty enough for concept “rat” will have a certain statistical shape in a document)
Warfarin to poison him The problem is there are lots of things which will, to the statistical
models, look like regularities which are not meaningful (i.e. look like
rats but are not rats), while many meaningful regularities will be
invisible to them (are rats, but do not look like them)
To help, we can manually annotate a large, representative set of
s keep stealing food documents (a corpus) to show the machines the parts which are
from our bird-feeders meaningful to us (where the rats actually are). The machine can
o) heavily weight this information in its statistical model, massively
g . @ improving its performance for a data extraction task
38
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Machine-learning models for

weighting evidence

* Starts off with responding to the features we know are important
(blinding, species, vehicle, event, dose regimen, formulation etc.)

* Uses statistical models of those features to repeat human processes
at high volume (e.g. judges risk of bias, indirectness, etc.)

¢ Large datasets yielded by success with NLP implies quantitative
models for interpreting meaning of dataset features

* Qver time, the machine identifies predictive features we are not
aware of, and improves its performance beyond human capability

39

Conclusions and credits

40
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Summary

* Successful evidence integration requires us to ground complex
judgements of the directness of evidence in (a) the textual record
of research and (b) in biological knowledge

* We have proposed a framework for using PECO statements to
structure judgments about external validity, which seems to
necessitate a computational implementation

* We have outlined a research roadmap toward how such an
implementation can be realised and grounded

41

Thanks to...*

« Stephen Wattam, WAP Academic Consultancy Ltd

+ Daniele Wikoff, Toxstrategies LLC

* Oliver Wild, Lancaster Environment Centre, UK

« Taylor Wolffe, Lancaster Environment Centre, UK

+ Paul Rayson, Lancaster University School of Computing and Communications
+ John Vidler, Lancaster University School of Computing and Communications
+ EBTC staff: Katya Tsaioun, Sebastian Hoffmann, Rob de Vries

+ Patient listeners: Rebecca Morgan, Michelle Angrish

*Credit is theirs, mistakes are mine
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Wikoff Model* for quantitative integration

Model measures the extent to which

a body of evidence relevant to the

potential carcinogenicity of a wo)
chemical fulfils the KCCs w23y (w2am)

Uses three inputs (1-3) and an
algorithm (4) to provide a numeric

de-scriptiu‘[\ (5) of hsw well the Z wg(—R; +4) + wuM; - Eacti _ (wr(=R;+4)+wuM; " Einacti

EVidencegmalcliesgielkets iall | \ WrRmax + WnMmax )~ Etotali WRRmax + WMMmax ) Etotali
+ It works a bit like calculating Flesch- N an

Kincaid readability scores in word

processors: overall target
characteristic described as a function -1 0 1
of some measurable properties,
normalised onto a scale

KCCs not fulfilled KCCs fulfilled

*Oversimplified version presented here, see Wikoff etal. (2019) for detail

44
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From Wikoff to grounded integration

Empirical evidence of similarity from being embedded
in biological knowledge, i.e. AOPs — systematic
development and assessment of certainty in AGPs.

Annotation in the textual record of the study
Grounding characteristics which are being interpreted in making.
judgements about external validity

2

External validity model:
study features predictive
of generalisability

Not vote

Similarity to tPECO rather
counting

than KCC feature

(3} is already done computationally;
we think we can extend a
‘computational approach to (2) with
the framework we are describing; the
challenge is then in ensuring {2) is
grounded. Note: the principles of our
approach also apply to (1}

Task-dependent output

45

Paul Whaley - January 2021

180



