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Abstract

Chemicals policy is designed to protect human and ecological health from the adverse effects
that can result from exposure to manufactured chemical substances. It entails a complex
process of regulatory chemical risk assessment and risk-management decision-making,
drawing expertise from a diverse range of fields including toxicology and environmental
health. However, these decision-making processes have come under increased scrutiny in
recent years — criticized for bias, lack of transparency, rigor and a failure to identify
unacceptable risks before widespread exposure occurs. This has resulted in calls for a more
“evidence-based” approach, in which all relevant, available evidence is analyzed in a robust,
transparent and reproducible manner. There is thus a growing need to incorporate
methodological frameworks capable of facilitating evidence-based approaches to chemical

risk assessment and regulatory decision-making.

Such frameworks have been successfully developed in the field of medicine, which underwent
a similar paradigm shift to that currently shaping chemical risk assessment, in the early 1990s.
The gold-standard for evidence-based decision-making championed by the evidence-based
medicine movement takes the form of systematic review. Systematic review describes a
prescriptive and transparent method for collating, appraising and analyzing all available,
relevant evidence in answer to a specific research question. By pooling the results of individual
(independent) studies, systematic reviews synthesize conclusions which are not only more
precise but are representative of an entire evidence-base. Now well established within clinical
decision-making, the application of systematic review to chemical risk assessment is beginning

to gain prominence.



However, several challenges and barriers threaten to slow the uptake and quality of
systematic review for chemical risk assessment. These include the prohibitively narrow focus
of systematic reviews, which are at odds with the information requirements of regulatory
decisions, and a mismatch in the resource availability within chemical risk assessment

compared to the resource demands associated with systematic review.

This thesis explores the challenges associated with implementing evidence-based approaches
such as systematic review for chemical risk assessment, and identifies key methodological

solutions:

Chapter 1 examines the risk of bias assessment process — one of the most important but also
most challenging aspects of systematic review methodology to adapt for environmental
health. It examines the rationale for eschewing seemingly objective, quantitative approaches
to assessing risk of bias in favour of seemingly more subjective, qualitative approaches.
Through illustrative models, this thesis uncovers the mismatch between the mechanics of
guantitative risk of bias assessment methods and the fundamental mechanics of risk of bias
itself. Promoting understanding of this issue is increasingly important as systematic review
gains prominence within chemical risk assessment — a field traditionally reliant on quantitative

scoring methods for assessing the quality of included evidence.

Chapter 2 considers the wider challenges to uptake of systematic review in environmental
health, and proposes “systematic evidence mapping” as a methodological solution. A
systematic evidence map is a queryable database of systematically gathered evidence which
facilitates the broader identification of trends across the evidence-base. In this thesis, the
potential utility of systematic mapping for existing and future chemical risk assessment
workflows is characterized and critically assessed. A hypothetical but representative example
(in which legacy flame retardants are prioritized for further regulatory assessment) is used to

demonstrate the trend-spotting capacity of the methodology.



Chapter 3 further explores the methodological adaptions required for effective
implementation of systematic evidence mapping in chemical risk assessment and wider
environmental health. By surveying current evidence mapping practice in environmental-
management (a field where the methodology is more mature), and qualitatively appraising
this practice against the concepts of “data storage technology”, “data integrity”, “data
accessibility”, and “transparency”, this thesis reveals the ill-suited nature of conventional
tabular data structures for housing complex and highly connected environmental
health/toxicology data. It identifies graph-based storage technologies as the most flexible and
optimally suited data structures for the varied needs of chemical risk assessment workflows,

and makes recommendations for their uptake in systematic evidence mapping.

Chapter 4 of this thesis explores the practical implementation of graph-based solutions to
evidence mapping in environmental health by conducting a proof-of-concept evidence
mapping exercise, in which trends in the study of exposure-outcome associations for National
Health and Nutrition Examination Survey (NHANES) datasets in the academic literature are
explored. By contrasting this graph-based evidence mapping exercise to an equivalent tabular
scoping review, this chapter demonstrates how significant gains in resolution and complexity
can be achieved by adopting the graph data model — leading to greater insights than can be
offered by traditional evidence-surveillance methods. The transparency, accessibility,
interoperability and potential to expand graph-based evidence maps is also highlighted in this
chapter by providing data models and methods which can be further adapted e.g. for the

development of a suitable controlled vocabulary ontology.

Finally, this thesis concludes by discussing the future direction of evidence-based chemical risk
assessment and the role of graph-based evidence mapping within it, highlighting the need for

further advances in automation and the uptake of data standards.
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Introduction

Background

Chemicals regulation, risk assessment and risk-management

Manufactured chemicals are ubiquitous to all aspects of modern life. Designed to perform a
range of functions, they are integral to the consumer goods and industrial processes on which
society relies. The chemicals industry is beneficial for improving standards of living and life
expectancy, as well as promoting economic growth. However, many of its products can
additionally have unintended and/or unforeseen negative impacts on human and
environmental health (Egeghy et al., 2012; Koch & Ashford, 2006; Schwarzman & Wilson,
2009). It is therefore vital to implement a system able to identify, weigh and control the risk
of such adverse outcomes. This function is served by the chemicals regulation system, which
promotes maximum benefit of manufactured chemicals by minimising the harmful

consequences of their use, driving industry towards safer alternatives.

Chemicals regulation achieves these aims by setting limits that control a population’s exposure
to a chemical through restricting its manufacture, distribution and disposal or controlling its
approved uses. In the European Union (EU), the European Chemicals Agency (ECHA)
implements such legislation through the REACH regulation (Registration, Evaluation,

Authorisation and Restriction of Chemicals).

The severity of regulatory action taken against a chemical substance is determined by

assessing the risk associated with exposure to that substance.



Chemical risk assessment is a complex process comprised of four key stages (Beronius &

Vandenberg, 2015; National Academy of Sciences, 1983):

e hazard identification - assessing the hazardous properties intrinsic to a chemical;

e hazard characterisation — charactering the relationship between chemical dose and
biological response, i.e. investigating the mode and level of exposure required for

the substance’s hazardous properties to affect an adverse outcome;

e exposure assessment - investigating and/or estimating the potential sources and

severity of a population’s exposure to a chemical;

e Risk characterisation — combining hazard and exposure data to determine the

magnitude of the risk posed by a chemical substance.

A variety of heterogeneous data sources are relevant to each of these stages, encompassing
physio-chemical, in-vitro, in-vivo, in-silico and human epidemiological studies, as well as
environmental- or bio-monitoring and exposure studies. Chemical risk assessment, and the
subsequent risk-management process, draw together these varied scientific disciplines when
reaching overall conclusions on the safety of a chemical substance. It is the challenges
associated with drawing together, managing and synthesising data from disparate sources,
and the consequences of failing to meet those challenges, which motivate the research

discussed in this thesis.

Regulatory failings, data availability and regulatory reform

Chemicals regulation is designed to protect human and environmental health (Abelkop &
Graham, 2014). However, regulatory decisions have not always been successful in meeting
this aim. Chemical policy’s brief history is marred by case studies of regulatory failure, where

substances allowed to market are later confirmed to be of significant harm to public and/or



environmental health (Commission of the European Communities, 2001; European
Environment Agency, 2013). The adverse effects which result from such widespread exposures
can be severe, irreversible but also long-lasting — as persistent and/or bio-accumulative
substances continue to cause harm many years after reactive regulatory action reduces or
eliminates sources of exposure. This is well illustrated by case studies concerning exposures
to infamous legacy chemicals such as dichlorodiphenyltrichloroethane (DDT) (Commission of
the European Communities, 2001) and polychlorinated biphenyls (PCBs) (Silbergeld et al.,

2015).

Consequently, regulatory frameworks and the chemical risk assessment process have come
under increased scrutiny in recent times (Whaley et al., 2016). Lack of sufficient toxicological
data, and failure to adopt a precautionary approach in light of such data gaps, have been cited
as key flaws of regulatory frameworks (Applegate, 2008; Eckley & Selin, 2004). In a 1998 report
by the US EPA, it was estimated that a full set of basic toxicity data was only available for 7%
of the high production volume chemicals (produced or imported at or above 1 million pounds
per year) produced in the US — with 43% of those chemicals lacking any human or
environmental toxicity data at all (EPA’s Office of Pollution Prevention and Toxics, 1998).
Similarly, in a white paper published by the European Commission, it was indicated that some
80,000 legacy chemicals (released to market prior to 1981) in use across Europe had
undergone no formal risk assessment (Brown, 2003; Commission of the European

Communities, 1998, 2001).

These issues are being addressed by initiatives to reform reactive chemicals regulation
systems toward more proactive systems, where the risks associated with exposure to
chemical substances can be assessed and managed prior to their release (Abelkop & Graham,
2014; Commission of the European Communities, 2001; United States Environmental

Protection Agency, 2016).



The largest, most ambitious and complex of these reforms is that of the European Union’s
REACH (Registration, Evaluation, Authorisation and Restriction of Chemicals) regulation
(Commission of the European Communities, 2001; European Comission, 2016). In contrast to
the frameworks which it replaces, REACH operates under a “no data, no market” ethos
(European Comission, 2016). It shifts the burden of demonstrating safety away from regulators
and onto manufacturers. Entered into force in June 2007, REACH has seen data gaps for tens
of thousands of chemicals filled within its 10 year registration period (ECHA, 2019a). While not
as extensive as REACH, the recent reform of the US Toxic Substances Control Act (TSCA) has
similarly introduced measures designed to fill data gaps (Schmidt, 2016; United States

Environmental Protection Agency, 2016).

However, with so many legacy chemicals in commerce (Abelkop & Graham, 2014), and with
new chemicals continually approaching market, filling data gaps represents a considerably
resource intensive task. A key feature of REACH designed to avoid redundant repeat toxicity
testing is the requirement that applicants registering a chemical substance share toxicity data
with other manufacturers of that substance. This data is made available in the International
Uniform Chemical Information Database (IUCLID), which has been described as the “world’s
largest database on the properties of chemical substances” (Buxton, 2017; European

Comission, 2016).

To further improve resource efficiency and the minimisation of expensive and/or unethical in-
vivo toxicity testing, REACH and other reformed chemicals policy workflows emphasise the
need to identify, and make best use of, pre-existing data. For example, pre-existing data can
be used within REACH in read-across applications, where predictions regarding the
toxicological behaviour of data-poor substances can be made by evaluating structurally similar
data-rich substances (Schaafsma et al., 2009; Vink et al. 2010); or in weight-of-evidence

assessments (WoE) — where, although data for a specific toxicological endpoint may be



insufficient, the data gap can be addressed by combining related data from several

independent pre-existing sources (ECHA, 2019b; Schoeters, 2010).

Continued discrepancies in chemical risk assessment

In tackling the toxicity data gap, reformed regulatory processes such as REACH serve to
demonstrate how lack of data is a solvable and diminishing challenge for chemicals policy.
Despite this, concerns over the generation, identification and/or synthesis of toxicologically
relevant data continue to be raised (Hartung, 2009; Hoffmann & Hartung, 2006).
Consequently, the chemical risk assessment process has been criticised for issues concerning
conflicts of interest, poor transparency (Ingre-Khans et al., 2016), poor reproducibility and a
continuing tendency to miss “early-warnings” (European Environment Agency, 2013;
Hoffmann & Hartung, 2006). These concerns are in-part founded by the fact that while more
data is available for chemical risk assessment (i.e. endpoints for a larger suite of toxicological,
chemical and exposure testing) the frameworks for collecting, managing and appraising this
data remain unsystematic and opaque. This is a key criticism of the current REACH registration
and assessment frameworks (Ingre-Khans et al., 2016), whereby the methods used to collate
and select the evidence presented in registration dossiers and chemical risk assessments are

inaccessible.

This makes it difficult to determine whether the data selected for chemical risk assessment is
in fact representative of all available evidence, or whether this data has been cherry picked;
potentially by an industry with vested interests in a substance’s regulatory approval (a threat
of particular relevance to REACH (Ingre-Khans et al., 2016)). Appraising the assessment
process itself, in which selected data are analysed and evaluated to reach conclusions on a
chemical’s safety, is similarly difficult. This process has traditionally relied upon expert
elicitation (Ingre-Khans et al., 2016; Morgan, 2014) — where a panel of specialists with varied

expertise interpret primary toxicity and exposure data for the wider human or environmental



context. However, without an objective, consistent and robust framework to guide expert
assessment, the conclusions of this process may be biased by the variation in methodological
choices made by assessors, and by the variation in individual knowledge, experiences and

opinions which exist from one expert to the next (Rudén, 2001b; Whaley et al., 2016).

Several case studies demonstrate the discrepancies which can arise from an unsystematic and
opaque chemical risk assessment process, where different assessors reach conflicting
conclusions regarding a chemical’s safety despite access to the same evidence base (Hoffmann
& Hartung, 2006; Whaley et al., 2016). Examples range from inconsistent and/or contradictory
conclusions between two risk assessments (e.g. PCBs (Golden et al., 2003)) to multiple risk
assessments (e.g. trichloroethylene, for which 29 assessments reached varied conclusions
(Rudén, 2001b, 2001a)). Similarly, discrepant risk assessments lead to contradictory and
conflicting regulatory action from one authority to the next (e.g. between European Food
Safety Authority (EFSA) and the French Agency for Food (ANSES) regarding the regulation of

Bisphenol-A (BPA) (Whaley et al., 2016)).

Such discrepancy causes uncertainty, confusion and a lack of trust in the ability of chemicals
policy to protect human and environmental health. Thus, robust, transparent and systematic
methodological frameworks are required to ensure that chemical risk assessments avoid bias
and discrepancy. At the very least, increased methodological rigour and transparency would
allow sources of discrepancy to be identified and assessed by all stakeholders. Such
methodological frameworks are offered by evidence-based approaches such as systematic

review (SR) and systematic evidence mapping.



Evidence-Based Approaches

Systematic review

Systematic review is a method of systematically gathering, appraising and synthesising all

relevant and available evidence such that a single, representative answer to a specific research

guestion can be derived from the pooled results of individual, independent studies.

The steps of the methodology are organised within a consistent and prescriptive framework

(summarised briefly in Figure 1 and elaborated further in Table 2 of Chapter 2). Each step

advocates transparency, and is designed to ensure the rigour of the review and/or the

representativeness of its pooled finding/s. Briefly, systematic review builds on the methods of

traditional narrative reviews in several key ways (see Chapters 1 and 2 for further detailed

discussion of systematic review methods):

All methodological decisions are planned ahead of commencing the review and are
specified in a pre-published protocol. This holds reviewers accountable to their
methods and prevents the kind of ad-hoc analyses which introduce bias and
discrepancy. Pre-published protocols also increase transparency and reproducibility,
allowing others to critically appraise the methods via which a review conclusion has
been reached and to update the review in the future. Pre-publication of systematic
review protocols also offers an opportunity for peer-review of planned methods,
allowing any potential issues or sources of bias to be amended prior to conducting the
review itself.

Systematic searches form the basis of the evidence gathering step of systematic
reviews. A systematic search consists of a series of search strings formatted for specific
bibliographic databases. These search strings are designed to cover all key concepts

relevant to the review question and ensure that the search returns as much relevant



information as is available. Reporting the search strategy (i.e. the combination of
search strings and bibliographic databases searched) in the review’s protocol ensures
the search can be updated in the future.

In contrast to narrative reviews, which rely on ad-hoc processes of literature searching
and selection, often shaped by the reviewer’s own expertise and interests — systematic
reviews ensure that the all search results returned via a systematic search are
considered for inclusion in the review (against a set of pre-defined inclusion criteria).
Giving equal consideration to all returned results ensures that no potentially relevant
information is omitted from the review.

Assessing the risk that studies included in a systematic review are biased is a key
feature of systematic review methodology (see Chapter 1) — which aims to consider
the potential impacts that this bias might have on the results of the review.

In contrast to narrative reviews — which may have a broader focus or may not be
driven by a narrowly focused research question e.g. instead describing the “state of
the science” within a field— systematic reviews address specific, closed-framed
research questions. They employ narrative or statistical methods (as appropriate) for
deriving an overall answer to this research-question.

Many of the steps of the systematic review process are conducted in duplicate by at
least two independent reviewers, including the literature screening, data extraction
and risk of bias assessment processes. This ensures the rigour of the review process

and helps to protect the review against human error.
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Figure 1: Brief outline of the methodological stages involved in conducting a systematic
review. All proposed methods are clearly defined in a pre-published protocol, holding
reviewers accountable to their methods and creating an opportunity for peer-review and
stake-holder input. Several stages of the review process are conducted in duplicate by two
independent reviewers — minimizing the influence of human error and ensuring consistent

understanding of the research methods and objectives.



The origins of systematic review methodology lie in the field of medicine, where it was
introduced as a tool for clinical decision-making. It arose out of the evidence-based medicine
(EBM) movement in the early 1990s (Chalmers et al., 2002; Hooker, 1997), which sought to
shift the paradigm of clinical-decision making away from its reliance on expert opinion,
experience and intuition, and toward the more holistic consideration of best current available
evidence (Guyatt et al., 1992). As well as increasing the robustness and precision of clinical
decisions, the introduction of systematic review sought to increase transparency and
accountability within a field plagued by discrepancy and bias (Goldacre, 2013). It has since
become firmly established in the field, with organisations such as the Cochrane Collaboration
(The Cochrane Collaboration, 2019) leading the production of accessible high-quality

systematic reviews, methodological guidance and standards (Lefebvre, 1994).

The similarity between the issues faced in clinical decision-making and chemicals policy
settings, and the demonstrable success of systematic review in overcoming these issues in the
field of medicine have led to increasing interest in the application of systematic review to
chemicals policy contexts such as chemical risk assessment (Whaley et al., 2016). Calls for a
move toward evidence-based toxicology (EBT) (Hoffmann & Hartung, 2006) have seen
systematic reviews on environmental health topics begin to emerge (Whaley & Halsall, 2016)
along with networks and collaborative workgroups (e.g. (Johns Hopkins Bloomberg School of
Public Health, 2019; NTP-OHAT, 2019; The Endocrine Disruption Exchange, 2019b; UCSF
Program on Reproductive Health and the Environment, 2019)) dedicated to establishing the
methodology within the field. While regulatory agencies such as ECHA are yet to incorporate
systematic review in their assessment frameworks, the US EPA have recently taken up the

methodology for TSCA risk evaluations (EPA, 2018).

Although increasing interest in systematic review is indicative of progress within the EBT

movement, evidence-based methods are still relatively novel to the field and several barriers
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to their effective adaptation and widespread uptake remain. In clinical settings, evidence
synthesised in a systematic review is typically derived from studies of similar design (i.e.
randomised controlled trials) in answer to a well-defined research question (e.g. Is x an
effective treatment for y in population z?). However, evidence from a heterogenous range of
study designs must be integrated when addressing research questions regarding chemical risk
assessment. The focus of those questions is also more complex to define for chemical risk
assessment where no measure of a single, consistent outcome is necessarily indicative or
sufficiently informative of toxicity in the same way as the prevalence of a single, consistent

outcome might be indicative of an effective clinical treatment.

Despite methodological guidance for addressing these and other challenges specific to
environmental health systematic reviews (Hoffmann et al., 2017; NTP, 2015; Woodruff &
Sutton, 2014), examples of questionable methodological conduct continue to emerge (Whaley
& Halsall, 2016). Similarly, despite the growing presence and application of systematic review
in chemical risk assessment contexts, ECHA have yet to follow the US EPA in adopting the
methodology. This indicates a need for further research into the successful implementation of
evidence-based methodologies in environmental health, as well as the need to disseminate
such research to stakeholders working within a chemical risk assessment capacity — including
regulatory bodies such as ECHA and the US EPA. It is this need which motivates the research

discussed in this thesis.

Aims and structure of this thesis

This thesis aims to explore the adaptation and application of evidence-based methods for
chemical risk assessment and risk management decision-making within chemicals policy and
wider environmental health. This overarching aim is met through four key objectives. These

objectives, and the chapters in which they are addressed, are briefly summarised below.
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Finally, this thesis concludes by outlining the future work required to successfully implement

evidence-based approaches to chemical risk assessment at scale.

Objective 1: Understand the challenges associated with implementing systematic
review in chemical risk assessment and wider environmental health.

Chapter 1 of this thesis focuses on a significant challenge for systematic review: the use of
guantitative systems for assessing risk of bias in included studies. Assessing the risk that
studies included in a systematic review are biased is a key step of the systematic review
process (Fig. 1) and determines the degree to which the conclusions of a systematic review
can be trusted. The Cochrane Collaboration advises against the use of quantitative, scoring-
based systems for assessing risk of bias in included studies, and offers an alternative,
qualitative “domain-based” approach (Higgins, 2011). Despite this advice, quantitative

scoring-systems have become a prevalent issue in the field of medicine.

As with the Cochrane Collaboration, there is an understanding of these issues among the
workgroups dedicated to establishing systematic review in environmental health. Guidance
published by The National Toxicology Program’s Office for Health Assessment and Translation
(NTP-OHAT) (OHAT, 2015) and the Navigation Guide (Woodruff & Sutton, 2014) both advise
against the use of quantitative scoring systems and instead offer guidance for making
qualitative, domain-based risk of bias assessments. However, as in the field of medicine, the
allure of quantitative scoring systems for assessing risk of bias threaten the robustness and
transparency of systematic review practice in environmental health — especially while the
methodology and its associated best-practice are still relatively novel to the field. This can be
evidenced by the fact that, despite methodological guidance advocating otherwise, the
systematic review methodology adopted by the US EPA for TSCA risk evaluations uses a
numeric scoring system for risk of bias assessment (EPA, 2018). Similarly, the critical appraisal

process associated with chemical risk assessments conducted under REACH adopt the Klimisch
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criteria (Klimisch et al., 1997) — a quality scale in which studies are rated using numeric
judgements. Chapter 1 addresses the issue of quantitatively assessing risk of bias of included
studies. It aims to improve understanding of systematic review methodology (and its
motivating rationale) within environmental health —learning from the challenges encountered

in the field of medicine and warning against their introduction to chemical risk assessment.

However, there are several additional challenges associated with the implementation of
systematic review which are more specific to chemical risk assessment. These challenges stem
from the higher degree of heterogeneity present in studies relevant to chemical risk
assessment, as well as the breadth of research questions which must be assessed in chemical
risk assessment. Additionally, in striving for robustness, systematic review makes significant
demands on time and resources. Such demands are at odds with the increasingly strained
availability of resources in chemicals policy (Pool & Rusch, 2014). These challenges are

discussed further in Chapter 2, before the proposition of a methodological solution.

Objective 2: Seek methodological solutions which facilitate the uptake of systematic
review and other evidence-based approaches in chemical risk assessment.

Chapter 2 identifies systematic evidence mapping as a promising methodological solution for
overcoming many of the barriers associated with pursing evidence-based approaches to
chemical risk assessment. A systematic evidence map (SEM) is a queryable database of
references, data and meta-data which provides a use with computational access to the wider
evidence-base. SEMs share much of their methodology with systematic review (see Table 2 of
Chapter 2), but do not synthesise an overall conclusion and are not motivated by a single
specific research question (Clapton et al., 2009; James et al., 2016). Instead, the purpose of a
SEM is to characterise the evidence base more broadly — such that trends in the type,

availability and outcomes of research can be investigated by end-users. This facilitates the
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rapid identification of issues of emerging concern and allows resources to be more efficiently
targeted (e.g. by focusing primary research efforts on evidence-gaps and secondary research
efforts on evidence-clusters). Additionally, the breadth of SEMs allows a single mapping
exercise to meet the needs of several, varied end-users — maximising the return on resource

investment for these evidence-products.

To some degree, the IUCLID database which houses chemical risk assessment data for REACH
already emulates the output of a systematic evidence map — although the data it houses
remain unsystematically curated, and inaccessible for broader query by varied stakeholders.
Introducing systematic evidence mapping methodology offers a potential resolution of these

issues.

Objective 3: Characterise methodological solutions in the context of environmental
health and toxicology, identifying specific adaptations required for chemical risk
assessment.

Systematic evidence mapping conceptualises the barriers associated with implementing
evidence-based methods as a problem of data management and access, approaching the issue
with the transparency and robustness associated with systematic review. Although novel to
chemical risk assessment, the methodology has been successfully applied in the social and
wider environmental sciences (Clapton et al., 2009; James et al., 2016). Chapter 3 studies this
successful application for lessons applicable to adapting the methodology for environmental

health.

By conceptualising current evidence mapping practice through the lens of environmental
health, Chapter 3 identifies key methodological considerations of relevance to chemical risk
assessment applications. Most notably, this chapter demonstrates how the rigid, tabular data
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structures favoured in current evidence mapping practice are ill-suited to housing
environmental health data. This is owed to the complexity of environmental health data —
which is not only highly heterogeneous, but also highly connected. Looking beyond
traditionally employed databasing solutions, Chapter 3 identifies knowledge graphs as the
future of evidence-mapping in environmental health. The flexibility of the graph data model,
and its ability to preserve complex connections increases transparency and access to the
evidence-base and is readily compatible with increasing research efforts in machine-learning

and automation within the field.

Objective 4: Explore the practical application of these methodological solutions to
environmental health research problems, identifying remaining challenges and
clarifying the direction of future work.

Interest in systematic evidence mapping is beginning to accelerate in the field of
environmental health (e.g. (Beverly, 2019; NTP-OHAT, 2019; The Endocrine Disruption
Exchange, 2019a)), with the first protocol for an environmental health SEM recently published
in the Environment International journal ((Pelch et al.,, 2019), Appendix). However, the
demand for computational expertise in databasing and data modelling threaten accessibility
of the methodology for the wider research community, and perpetuate the production of
manually produced, low-resolution evidence maps. Thus, to sustain interest in developing the
methodology to its full potential, Chapter 4 illustrates a proof-of-concept case study using the

graph data model for mapping environmental health data.

In this chapter, a scoping review on the use of National Health and Nutrition Examination
Survey (NHANES) datasets is expanded using an evidence-mapping approach and graph-based
data model. This chapter aims to illustrate the greater return of the graph data model for

evidence mapping by comparing this methodology to that of the corresponding scoping
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review. It serves to raise the profile of graph-based data modelling in environmental health,

and seeks to clarify a direction for future work in this field.

The flexibility of the graph data model, and its ability to maintain the complex relationships
connecting datasets, could offer much to evidence mapping at scales akin to the REACH IUCLID
database — facilitating high resolution queries and more pro-active/predictive chemical risk

assessment.
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*In response to reviewers’ comments this chapter is being revised to better contextualise the
role of systematic review within chemical risk assessment and toxicology — improving access

for readers unfamiliar with the methodology.

Conducting systematic reviews in environmental health and toxicology requires that the
methodological quality of primary studies included in reviews is assessed in a consistent,
robust and transparent manner. However, the considerable variation in design and conduct
among primary studies from a diverse range of fields, all of which may be eligible for inclusion
in a single environmental health systematic review (Rooney et al., 2016), makes this a
significant challenge. Studies of different design are prone to different specific systematic
errors (biases) (Rooney et al., 2016). While many of these biases are well described — the
specific impacts that these biases have on the overall results of a study (i.e. the direction and
relative magnitude of the systematic errors they introduce) are understudied in environmental
health and toxicology — and further complicated by study designs in which isolating the effects
of a single source of systematic error is difficult (e.g. epidemiological studies) and/or by the
empirically inaccessible nature of the “true” result of an effect under investigation in a study.
However, within the field of medicine, meta-epidemiological studies have assessed the
relative impacts that certain biases have on the results of a study. Several of these biases may
be directly applicable to toxicology studies (Rooney et al., 2014). For example, failure to
randomly assign study participants to intervention or control arms of a clinical trial can be
likened to failure to randomise animals to exposure or control groups of an in-vivo toxicology
study. Similarly, environmental epidemiology studies note the opposing directions that certain
biases can operate e.g. differential misclassification bias can skew results away from null,
whereas the healthy worker effect can skew results towards null (McMichael, 1976; Rothman
& Greenland, 1998). More explicit mention of these toxicological and epidemiologically

relevant sources of bias are being incorporated into the revision of this manuscript — such that
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relatable examples improve the accessibility of the manuscript for environmental health

practitioners.

As systematic review is still relatively novel in toxicology and environmental health, there are
relatively few examples of tools developed for assessing the risk of bias of primary studies
included in environmental health systematic reviews. Those that are available (such as the
Navigation Guide (Woodruff et al., 2011; Woodruff & Sutton, 2014) and OHAT’s Risk of Bias
Rating Tool for Human and Animal Studies (OHAT, 2015) discussed in the current version of
the manuscript) will not cover bias domains and signalling questions applicable or suitable to
all study designs within environmental health. Therefore, conducting systematic reviews on
environmental health topics may necessitate the development of new appraisal tools which
guide reviewers through the assessment of biases specific to certain fields or study designs
e.g. the RoB-SPEO tool (Pega et al., 2020) — which was very recently developed for the
assessment of biases specific to studies estimating the prevalence of exposure to occupational

risk factors.

Qualitative, domain-based approaches to assessing risk of bias provide a best practice
framework with sufficient flexibility for adaptation to specific fields or novel study designs.
Ensuring that qualitative, domain-based approaches are adopted in such scenarios — and that
guantitative scoring approaches to risk of bias assessment are avoided, is a key aim of this
manuscript. As well as highlighting existing tools that adopt the best-practice of qualitatively
assessing risk of bias in a domain-based fashion, the revision of this manuscript further draws
on examples of numerical appraisal tools which have traditionally been employed, or are
currently being employed, in other areas of toxicology and chemical risk assessment e.g. the
Klimisch Criteria (a numerical judgement system for assessing reliability, relevance, and

adequancy of data to be included in a chemical hazard or risk assessment (Klimisch et al.,
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1997)), the Newcastle-Ottawa Scale (a numerical scoring system for assessing the quality of
primary nonrandomised studies included in a systematic review, originally developed for
medicine but popular in environmental epidemiology (Wells et al., 2014)) and the recently
developed numerical assessment tool developed by the EPA for application of systematic
review to TSCA risk assessments (EPA, 2018). This is to better evidence the persistent threat

of scoring-based practice in the field.

Finally, the illustrative scoring models in the current version of the manuscript (designed to
illustrate the fundamental flaws of quantitative approaches to risk of bias assessment) are
being further developed in the revision. Additional models which account for scenarios in
which numerical scoring systems attempt to weight assessment criteria, and/or account for
the direction of bias, are being incorporated into the revision and contrasted against the use
of qualitative judgements in terms of the subjectivity required for assignment and

interpretation.
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Abstract

Systematic review is gaining popularity in environmental health as a robust and objective
means of pursuing more evidence-based approaches to decision-making. A key part of the
systematic review workflow is the critical appraisal step, in which the risk that evidence
collated from primary studies is biased, is assessed by members of the review team. There is
a wide range of tools available to help reviewers conduct this quality appraisal step, with
guantitative scales (which produce an overall summary score) being particularly popular.
However, published methodological guidance for conducting critical appraisal in
environmental health systematic reviews advocate for a qualitative, structured and domain-
based approach, eschewing the use of quantitative scales. In this commentary, we explore
why this is the case — presenting a theoretical, visual exploration of how quantitative scales

and summary scores fail to appropriately represent magnitude of bias.

Introduction

Environmental health (EH) encompasses a diverse range of disciplines producing a significant
volume of heterogeneous but highly interwoven data, spanning evidence from human
epidemiology studies to in vitro experiments. Considering data from all such avenues provides
a fuller understanding of the effects that environmental exposures can have on human health.
This is vital for evaluating and informing risk-management and regulatory decision-making.
However, the growing volume and scope of environmental health data presents a challenge
for its translation into regulatory outcomes. This has led to a growing interest in the
application of evidence-based approaches to environmental health (e.g. (EPA, 2018; The

National Academies of Sciences, 2017; World Health Organization, 2019).
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Evidence-based approaches advocate for the identification and use of all relevant, pre-existing
evidence for evaluating environmental health risks and mitigation strategies. They seek to
increase the precision of risk-management decisions and to reduce the bias associated with

analysing cherry-picked and non-representative subsets of an evidence base.

Among evidence-based approaches to evaluating environmental health risks, systematic
review (SR) offers an objective, robust and transparent methodological framework for
pursuing evidence-based approaches to decision-making, describing an extensive and
comprehensive process for synthesising or integrating evidence in answer to a specific
research question. Originally developed in the clinical and social sciences (Chalmers et al.,
2002; Lau et al., 2013), SR methodology is now being adapted for the context of environmental
health (Hoffmann et al., 2017; Whaley et al.,, 2016). Several examples of detailed
methodological guidance for conducting environmental health SRs have been published,
including the Navigation Guide (Woodruff & Sutton, 2014), the National Toxicology Program’s
Office of Health Assessment and Translation (NTP-OHAT) (NTP, 2015), the Texas Commission
on Environmental Quality (Schaefer & Myers, 2017), and the SYRINA framework (Vandenberg

et al., 2016), among others.

The above SR frameworks detail the formulation of well-focused research questions and the
process of devising, documenting and conducting the steps required to answer such questions
using existing evidence. Each step can be broadly categorized as belonging to one of three
phases of the systematic review process: identifying evidence of potential relevance to
addressing the research question; appraising this evidence; and synthesising or integrating

evidence using quantitative and/or narrative techniques (Fig. 1).
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Figure 1: Key phases of the systematic review process.

Fundamental to the SR workflow is the critical appraisal step, in which the strengths and
limitations of included studies are characterised. This step is necessary for allowing the final
results of a SR to be contextualised in terms of the overall quality of the evidence base. In
conducting a SR, it is not only important to synthesise a pooled result through combining
multiple studies, but also to determine how trustworthy that pooled result is (Morgan et al.,

2016).

Although the importance of the critical appraisal step in systematic reviews is well established
(Juni et al., 2001; Lundh & Ggtzsche, 2008; Moja et al., 2005), there appears to be less
consensus on how this step should be conducted. This is evidenced by the variety of tools
designed for this purpose (see reviews by Deeks et al., 2003; Krauth et al., 2013; Samuel et al.,

2016), which range from quantitative approaches that promote assessing primary study
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quality with summary scores and numerical scales (e.g. Wells et al., 2014) to more qualitative

approaches that promote assessing primary study quality on a narrative scale.

The critical appraisal steps of the SR frameworks published by both the Navigation Guide and
NTP-OHAT target internal validity, which is assessed via a qualitative, domain-based analysis
of risk of bias, and eschews quantitative scoring (NTP, 2015; OHAT, 2015; Woodruff & Sutton,
2014). This follows the recommended approach of Cochrane (Cochrane Community, 2019;
Higgins & Green, 2011). In this commentary, we explain why this type of approach should be
considered sound practice in EH SRs. We highlight the significance to SR of what these
approaches assess (internal validity via risk of bias), how they assess it (using a qualitative scale
evaluated on a domain-by-domain basis) and why they assess it in this way (why they do not

advocate for a quantitative approach).

Why critical appraisal of studies included in a SR should target

internal validity

The concept of “quality” when it comes to research is ambiguous, covering a variety of
concepts of differing breadth and subjectivity. Characteristics of a study which are regularly
identified in critical appraisal tools as contributing to being of “high quality” include: relevance
to solving a research problem (Downs and Black 1998); how comprehensively the methods
and results of a study have been reported and how easy the report is to understand (reporting
and transparency) (Jadad et al. 1996); how likely the study is to suffer the impacts of random
error (precision) (De Vet et al. 1997); how likely it is that the results of a study will be subject
to systematic error or bias (Higgins et al., 2011); whether a study is sufficiently sensitive to
detect the effect of interest (Cooper et al., 2016); and whether the study design conforms with

a recognised international standard (Klimisch et al., 1997), among others.
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However, in conducting a SR it is propensity for systematic error which should be the target of
critical appraisal at the level of the individual study (Higgins et al., 2011). Systematic errors are
reproducible inaccuracies, capable of introducing a consistent bias to the results of a primary
study, resulting in either an over- or under-estimate of the true value of the effect under
investigation. As systematic reviews are concerned with synthesising the results of primary
studies, it is important that these systematic errors are not unwittingly carried forward to the
synthesis step of the SR, where they would introduce bias to the overall conclusions of the
review. Since the trustworthiness of this summary result is a direct function of the
trustworthiness of the results of the individual included studies, it follows that it is the
propensity of the design and conduct of each included study to introduce systematic error (i.e.
bias) which must be targeted during critical appraisal. The extent to which the methods
employed in a study are sufficient to prevent bias is equivalent to the extent to which a study

is “internally valid” (Hartling et al., 2009).

Quality constructs other than internal validity will be relevant in critical appraisal contexts
outside the systematic review of an environmental health risk. For example, reporting quality
is a key construct for assessment during peer-review of scientific manuscripts to ensure
transparent, comprehensive and concise reporting of methods and findings to the prospective
reader. However, when conducting a systematic review with the objective of elucidating
relationships between environmental exposures and subsequent health effects, the construct
which matters is the one which directly affects that determination, i.e. potential for systematic

error or bias.
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Why critical appraisal should not use a quantitative scale and/or

summary score to describe risk of bias

Having argued that assessing bias should be the primary focus of a systematic review's critical
appraisal step, we now demonstrate why scoring systems should not be used to conduct this
task. We do this in three steps: firstly, we show how scores do not reliably correlate with
magnitude of systematic error, such that a high score can be consistent with a low degree of
bias and vice versa; secondly, we argue that although calibration of a scoring system would
address this issue, it is very unlikely to be practically achievable; thirdly, we argue that scales
and checklists discourage the deeper level of subjective engagement with the quality of

included evidence which SRs need to properly contextualise their results.

1. Scores do not reliably correlate with magnitude of systematic error

In this section, we show how scores do not reliably correlate with magnitude of systematic
error, such that a high score can be consistent with a low degree of bias and vice versa. To do
this, we present two models of bias, which we refer to as the “Simple Model” and the “Revised
Model”. The Simple Model exposes false assumptions made by linear scoring models in
describing risk of bias. Correcting for these assumptions in the Revised Model then
demonstrates how summary scores fail to scale with magnitude and direction of systematic

error.

The Simple Model: At their simplest, quality scales operate by awarding individual points to a
study for conforming with each item on a list of n criteria, with 0 out of n being the worst, and
n out of n being the best possible quality scores. Table 1 depicts a simple model scale based
on nine criteria, A-l. The specific methodological standards underpinning A-Il are arbitrary for
the purposes of the model, but can be considered to represent study design features which

would safeguard a study from the introduction of bias. These features might involve e.g.
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ensuring that comparator or control groups are otherwise treated identically to exposure
groups, ensuring that outcome assessors are blinded to the exposure status of participants in
epidemiology studies (or animals in toxicology studies), that all potential confounders in
epidemiology studies have been identified and appropriately accounted for, etc. (OHAT, 2015;
Rooney et al., 2014). One point is awarded for every such criterion a study fulfils, giving a
discrete scoring range of 0 to 9 out of a possible 9. Table 1 illustrates how a study might score
4 out of 9 by complying with criteria C, F, G and H. There are multiple further possible ways of

obtaining a score of 4/9, so long as a study complies with any four of the nine criteria.

Criterion Study complies with criterion?
A No
B No
C Yes
D No
E No
F Yes
G Yes
H Yes
I No
Total Score 4

Table 1: A simple quality scale comprised of nine quality criteria, (A to I), which each
represent a different aspect of quality within a study (e.g. use of controls, blinding, etc.). One
point is awarded for every criterion fulfilled, and points are subsequently summed to

produce an overall score (e.g. 4 out of 9).
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Since a score of 4/9 has the same meaning regardless of the specific criteria met in order to
achieve the score, it follows that each criterion from A to | contributed equal weight to the
overall quality score. In evaluating the bias of primary studies during a systematic review,
simple scales such as this are therefore assuming that the magnitude of bias introduced to the
study count equal for every criterion that is not met. In other words, the simple model assumes
that each unmet criterion introduces the same degree of systematic error. This is represented
in Table 2, where failure to comply with any criterion is assumed to introduce 10 units of
systematic error. Table 2 shows how three different studies with three different sets of
limitations, and therefore different sets of unmet criteria, are scored. In the Simple Model the
sum total systematic error is equal for studies with the same score regardless of which unmet
criteria introduced the error (Studies A and B, Table 2). As score increases the number of
unmet criteria decreases, resulting in a proportional decrease in total units of systematic error
(Study C, Table 2). The linear relationship between score and magnitude of error assumed by

the Simple Model is shown in Figure 2.
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Study A Study B Study C
Criterion Magnitude of bias Study complies Magnitude of Study complies Magnitude of bias Study complies | Magnitude of bias
introduced for non- with criterion? bias introduced with criterion? introduced with criterion? introduced
compliance with
criterion
A 10 X 10 v 0 X 10
B 10 X 10 v 0 v 0
C 10 v 0 X 10 v 0
D 10 X 10 v 0 v 0
E 10 X 10 v 0 v 0
F 10 v 0 X 10 v 0
G 10 v 0 X 10 X 10
H 10 v 0 X 10 X 10
[ 10 X 10 X 10 v 0
Total - 4 50 4 50 6 30

Table 2: The assumption that the magnitude of bias introduced by failing to meet a criterion is equal for all criteria allows a summary score to mean the
same thing in all scenarios (e.g. Study A compared to Study B above), and allows the score to accurately scale studies; those with a higher score suffer a

smaller magnitude of bias (i.e. Study C compared to Study A or B).
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Figure 2: The Simple Model of scoring study quality assumes a linear, proportional
relationship between magnitude of error and study score. As study score increases, bias

decreases.

The Revised Model: A key problem with the simple model is its underlying assumption that all
criteria count equal in terms of magnitude of systematic error is false. There is good empirical
evidence that different limitations in study design and conduct introduce different degrees of
systematic error in comparable studies, and also that the same limitations will introduce
different degrees of systematic error in different research contexts (Cochrane Methods Group,
2017). For example, evidence from preclinical trials of treatments for glioma (brain tumour)
show that failure to randomise animals to intervention and control arms introduces a larger
bias than failure to blind study personnel (Macleod et al., 2015). The assumption that an equal
magnitude of bias is introduced by different study limitations cannot therefore be sustained,

and the Simple Model must be relinquished.
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A more realistic picture of how scores actually represent bias can be developed by revising the
assumption that all criteria count equal in terms of introducing systematic error. To do this,
each unmet criterion is now assumed to introduce a different magnitude of systematic error
(Table 3). We also relinquish the assumption that biases act in a single direction. For example,
in epidemiology it is recognised that while recall bias resulting in differential misclassification
can bias the apparent effect of an environmental exposure away from null, the healthy worker
effect can bias the apparent effect towards null (e.g. McMichael, 1976; Rothman & Greenland,
1998). This variation in direction of bias is represented in Table 3 by some criteria introducing

positive systematic error, while others introduce negative systematic error.

Under this more realistic model of bias, it becomes evident that different ways of achieving
the same score will introduce different degrees of systematic error. This is illustrated in Table
3, using the same examples of scoring 4/9 as presented in Table 2. Not only does a score of
4/9 no longer mean the same thing in every context, but the variable and bidirectional nature
of bias means that a higher score does not necessarily account for a lower overall sum
magnitude of systematic error. This can be seen in the magnitude of bias for a higher score of
6/9 (Study C in Table 3) being greater than a lower score 4/9 (Study A in Table 3). It follows
that if quality criteria do not have equal value, then a higher quality score does not correlate

with a lower risk of bias —in the Revised Model, a “better” study can be giving a worse result.
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Study A Study B Study C

Criterion | Magnitude and Study Magnitude of Study Magnitude of bias | Study complies Magnitude of bias
direction of bias complies with | biasintroduced | complies with introduced with criterion? introduced
introduced from non- criterion? criterion?
compliance with
quality criterion

A +10 X +10 v 0 X +10

B -5 X -5 v 0 v 0

C +30 v 0 X +30 v 0

D +40 X +40 v 0 v 0

E -25 X -25 v 0 v 0

F -10 v 0 X -10 v 0

G +15 v 0 X +15 X +15

H +10 v 0 X +10 X +10

I -5 X -5 X -5 v 0

Total - 4 +15 4 +40 6 +35

Table 3: Removing the assumption that the magnitude of bias introduced by failing to meet a criterion is equal for all criteria breaks the ability of the same
score to represent the same magnitude of bias (e.g. Study A compared to Study B above). Additionally, removing the assumption that bias is unidirectional
breaks the ability of a score to scale with quality, as it is no longer true that a higher score necessarily accounts for a lower sum magnitude of bias compared

to a lower score (e.g. Study C compared to Study A).
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The full range of values for the Revised Model, based on bias values presented in Table 3, is
shown in Figure 3. This is calculated on the basis of there being one way of scoring 9/9 or 0/9,
nine ways of scoring 8/9 or 1/9, thirty-six ways of scoring 7/9 or 2/9, and so forth. Since scoring
follows a probability distribution, there are 512 possible scoring combinations in total. Figure
2 shows how each score (apart from 0/9 or 9/9) is consistent with multiple different sum total
introductions of systematic error: a score seemingly indicative of high study quality (e.g. 7/9
or 8/9) can equate to an equal or larger degree of systematic error than scores indicative of
lower quality (such as 3/9 or 4/9). The scores are collapsing a wide range of potential for
systematic error into a single summary figure, therefore obscuring rather than revealing the

effect of methodological shortcomings on the extent to which a study’s results are likely to be

biased.
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Figure 3: Revising the assumptions underpinning the Simple Model. Expanding on Table 3,

the total magnitude of bias associated with every possible way of achieving a score on the
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artificially generated scale is displayed, illustrating the range of meaning a single score might

serve to mask.

2. Scales cannot readily be calibrated

In our illustrative evaluation of how summary scores cannot realistically represent bias, we
have assumed that all the studies used as examples in Tables 2 and 3 are of the same type,
designed to assess results for a shared research context, and therefore similar in overall study
design. This is not representative of real-world environmental health systematic reviews,
which will synthesise or integrate studies of varied design to obtain a summary result.
Empirical evidence shows that differences in context have a large impact on how limitations
in study design can bias the effect estimate of a primary study (Balk et al., 2002; Berkman et
al., 2014), such that magnitude of bias introduced by a particular limitation in design or
conduct will vary depending on the type and design of the study in which it is found (Cochrane
Methods Group, 2017). For example, evidence from patient blinding techniques in clinical
trials has shown that when patients are not blinded to treatment, intervention efficacy is
exaggerated but the degree of bias varies according to study design (Hrdbjartsson et al., 2014);
and in studies in which investigators are not blinded, whether the outcome is objective (such
as mortality) or subjective (such as patient reported pain levels) affects the magnitude of bias

which failure to blind introduces (Wood et al., 2008).

While scales could in theory weight their scores according to whether e.g. blinding was
occurring in the context of a subjective or objective outcome, in practice researchers would
end up in a situation where, in order to accurately represent systematic error, each scale
would have to be adapted for each individual study design. Even if this did not arguably defeat

the purpose of a scale, which is to be readily applied by the user as a measure of quality in
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multiple situations, such calibration would require knowledge of exactly how much bias a

limitation in design and conduct of a study will introduce to its results.

Acquiring information for calibration either requires a near-perfect version of a study to have
been conducted against which the study under appraisal can be compared, or it requires meta-
epidemiological research designed to determine the relative effect a methodological
limitation has on the findings of a group of otherwise sufficiently comparable studies. Near-
perfect studies, such as sufficiently-similar randomised trials against which an observational
study can be compared are almost always either unethical, or simply impractical. Even where
this gold standard is available, where an exceptional observational study might provide a
reasonable benchmark for comparison, there is little guarantee that any given observed effect
represents the true effect because the true effect is empirically inaccessible (Groenwold and
Rovers, 2010); (Jadad and Enkin, 2008). When it comes to meta-epidemiology, there are rarely
enough studies to power precise analysis of the effect of e.g. failure to blind in various research
contexts (Giraudeau et al., 2016) - let alone produce enough data to permit a scoring scale to

be calibrated for each study design likely to be included in a systematic review .

Scale calibration is therefore beyond the practical reach of most research teams working in
most systematic review contexts (Balk et al., 2002; Berkman et al., 2014). This makes the
process of appraising studies for bias in the majority of circumstances a qualitative, subjective

process.

3. Scores mask the subjectivity of appraising studies for risk of bias

Despite theoretical (Greenland & O’Rourke, 2001) and empirical (Jiini et al., 1999) arguments
against numerical approaches to critical appraisal, and over a decade of official guidance
arguing against their use (Higgins & Green, 2009), scales and scoring systems continue to be
popular (Beronius & Hanberg, 2017; EPA, 2018; Wells et al., 2014; Schneider et al., 2009). In

addition to ease of use, the persistence of scales may in part be due to a perceived need to
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resist subjectivity when conducting assessments which are supposed to be objective and
scientifically robust; such are the values of systematic review. Using scales and checklists may
offer an impression of objectivity by producing a fixed numerical summary which appears to

involve minimal subjective interpretation.

However, in attempting to limit the subjectivity of interpretation, simply scoring a list of
quality constructs does not do enough to elicit further discussion or justification from the
reviewer. This compromises the transparency that is fundamental to the systematic review
process. Furthermore, because presenting a summary score in lieu of the explicit reasoning
behind reviewers’ judgements masks the subjective judgements involved in reaching the
score, it arguably encourages the sort of inconsistent and subjective interpretation by users of

the review that quality scales are seeking to avoid (Shamliyan et al., 2010).

Masking subjectivity in this manner also has the potential to stymie the progression of risk of
bias assessment and related tools, especially in the fields of environmental health, toxicology
and chemical risk, where systematic review is gaining prominence. It does not encourage
understanding and appreciation of factors important for reducing bias in different
experimental designs. The attempted rigidity of the scales leaves little room for
accommodating innovative study designs, as studies are only expected to rate favourably in a
risk of bias assessment if they fulfil the criteria the makers of the scale dictate as valid

(Groenwold and Rovers, 2010).

Where scales attempt to simplify and render objective the process of evaluating risk of bias,
they instead create a system whereby not only are the scales used to assign points to a study
based on a subjective process, but the overall summary score presented to the reader remains
open to interpretation (Sanderson et al., 2007). This makes scales a poor choice for thorough,

robust and transparent systematic reviews.
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Domain-based assessment of risk of bias as a response to the

shortcomings of scores and scales

Since magnitude of bias cannot normally be measured, and scores cannot reliably represent
magnitude of bias, studies included in a SR have to be appraised for bias on a case-by-case
basis. This is best conducted by targeting risk of bias, and managing subjectivity through a

domain-based risk of bias assessment.

1. Targeting risk of bias

While the precise extent to which any given study is biased cannot be readily quantified, there
is good empirical evidence from meta-epidemiological research (e.g. Bolvig et al., 2018;
Crossley et al., 2008; Dechartres et al., 2016) that certain methodological features consistently
introduce systematic error to the results of a study. These include failure to blind study
personnel to experimental and control arms of a study, not controlling for important

confounders in observational studies, etc.

It can be assumed that, if a study has methodological features which have been shown
elsewhere to introduce bias, then the study is at least at risk of likewise being biased - even if
that risk may only be characterised qualitatively (Higgins & Green, 2011). Since most meta-
epidemiological evidence for risk of bias comes from healthcare research, it is arguably even
more important to characterise risk qualitatively, pending more detailed information about
how study design variables can introduce systematic error into environmental health study
results. While the precise magnitude of bias cannot be known, it should still be possible to
come to a meaningful judgement as to whether the probability and likely direction and
magnitude of bias in the study is important enough that it should reduce confidence that the

reported results of the study in question are true.
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2. Manage subjectivity through domain-based assessment of risk of bias

The process of managing subjectivity can be promoted through the use of domain based
approaches to assessing risk of bias, such as those utilised by the Navigation Guide (Woodruff
& Sutton, 2011, 2014) and by OHAT’s Risk of Bias Rating Tool for Human and Animal Studies
(OHAT, 2015), both of which are adapted from the Cochrane Collaboration’s Risk of Bias tool
for non-randomised studies (Higgins & Green, 2009). As opposed to scales, which result in
opaque, quantitative conclusions, domain-based systems consider each specified bias
construct individually (O’Connor et al., 2015), eliciting consistent appraisal of key issues via a
structured questionnaire format to reach a transparent, qualitative conclusion about risk of
bias. Formatted as a framework for the kinds of bias that are likely to impact the effect
estimate, reviewers are guided to consider appropriate factors and the relative significance of
these factors within the context of individual studies. This promotes distinction between the
concepts of “quality” and “risk of bias” so as to account for scenarios in which studies may
have been conducted according to the highest quality standards, but may still suffer a
significant risk of bias — such as scenarios in which blinding may have been impossible (Armijo-

Olivo et al., 2012) — or may be poorly reported yet still at low risk of bias.

Unlike scoring systems, domain-based risk of bias tools acknowledge the need for reviewers’
experiences and knowledge when considering which types of bias are likely to be significant
given the context of the review. They account for subjectivity by managing it in a transparent
manner, prompting reviewers to pre-specify how risk of bias will be handled in their protocol
and requesting that reviewers provide justification and evidence for their judgements,
allowing readers to decide whether they agree with the results (Higgins & Green, 2011;
Rooney et al., 2014; Woodruff & Sutton, 2011) — an approach which provides the necessary
balance between qualitative, subjective judgements and transparency about the context in
which those judgements are being made. By not defining a priori the relative weight or

importance of any one specific source of bias (within a domain) compared to another,
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approaches following the same principles as the NTP-OHAT and Navigation Guide allow for the
context-dependent nature of bias. Arriving at qualitative judgements promotes consideration
of a study’s limitations and its context as a whole, rather than first considering limitations and

only then assessing whether a study has these limitations, as is promoted in numerical scales.

The major advantage of these qualitative, domain-based approaches is their potential to yield
consistent appraisal of potential for systematic error, even when the “true” result of a given
study is empirically inaccessible: they elicit from experts what they do know about study
limitations, to a judgement consistent with what can realistically be inferred from those
limitations given limited access to “true” results. To limit the extent to which expert judgement
can reduce transparency and be itself a risk of bias in a systematic review, this subjectivity is

managed by domain-based tools through their structured approach to critical appraisal.

Conclusion

Systematic review is still relatively novel in the field of environmental health. However, a
growing appreciation of the importance of making evidence-based decisions which consider
all available data continues to see increasing interest in the application of systematic review
to environmental health contexts (Whaley et al., 2016). It is therefore vital to adopt
methodology that eschews the use of scales and scoring systems for rating risk of bias at this
early stage, to avoid repeating the mistakes and learning the same hard lessons experienced

in the medical field.

Where scales have tried to simplify and objectify the evaluation of risk of bias, they have
instead simply masked the subjectivity associated with its assessment. Combining this with
their inability to represent the true nature of bias makes scales a poor choice for thorough,
robust and transparent systematic review. Qualitative domain-based approaches, on the

other hand, offer a process for acknowledging and managing subjectivity.
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Acknowledging the role of subjectivity, rather than hiding it behind a summary score, is
currently the most transparent means of tackling the inherent subjectivity associated with
assessing primary study quality. In an area as complex as risk of bias assessment, there may
even be significant value in some degree of subjectivity. So far as this is transparently justified,
the freedom to be subjective may result in a well-considered appraisal of included studies,
particularly where unique or emerging study types are concerned, leaving room for
progressive debate, review and future improvement. This is likely to be particularly important
in chemical risk assessment, a field ever pressured to adopt new and alternative toxicity

testing procedures, the quality of which cannot be appropriately accounted for by rigid scales.

However too much freedom in assessing risk of bias may have the opposite effect, providing
insufficient means of focusing the process or holding reviewers accountable for their
judgements, creating confusion and inconsistency, and resulting in a backward slide to the
well-documented challenges with narrative appraisals of quality of evidence (Chalmers et al.,
2002). It would therefore seem that the most suitable means of assessing risk of bias must
target a middle ground, neither masking subjectivity nor giving it free reign, but rather

“managing” it.

Well-managed and open consideration of the limitations, not only of the primary studies, but
of the methods used to assess them, has the potential to increase the reliability of chemical
risk assessment conclusions. Assessing risk of bias in a domain-based manner should allow a
wider variety of resources to inform risk assessment, increasing the precision of safety

estimates, and reducing the research waste and costs associated with repeat testing.
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ARTICLE INFO ABSTRACT

Background: While systematic review (SR) methods are gaining traction as a method for providing a reliable
summary of existing evidence for health risks posed by exposure to chemical substances, it is becoming clear that
their value is restricted to 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-
tematic evidence synthesis.

Methods: The concept of a systematic evidence map (SEM) is defined and contrasted to the function and lim-
itations of systematic review (SR) in the context of risk management decision-making. The potential for SEMs to
facilitate evidence-based decision-making are explored using a hypothetical example in risk management
priority-setting. The potential role of SEMs in reference to broader risk management workflows is characterised.
Results: SEMs are databases of systematically gathered research which characterise broad features of the evi-
dence base. Although not intended to substitute for the evidence synthesis element of systematic reviews, SEMs
provide a comprehensive, queryable summary of a large body of policy relevant research. They provide an
evidence-based approach to characterising the extent of available evidence and support forward looking pre-
dictions or trendspotting in the chemical risk sciences. In particular, SEMs facilitate the identification of related
bodies of decision critical chemical risk information which could be further analysed using SR methods, 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 can be used as a critical precursor to efficient deployment of high
quality SR methods for characterising chemical 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 efficiency, transparency and effectiveness of regulatory initiatives such as EU REACH and US TSCA.

Handling Editor: Hanna Boogaard
Keywords:

Systematic review

Evidence mapping

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).

Consequently, interest in the application of systematic review to reg-
ulatory decision-making contexts within chemicals policy and wider
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 Organization (Mandrioli et al., 2018).
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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 scope 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 chemical, 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:

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

e a comprehensive search strategy

e 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 methods

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 tools

Critical appraisal of included studies

Synthesis of included studies

Characterisation of confidence in the evidence

Drawing conclusions/key review output

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 methods from compromising 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
data 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 guantitative 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.

Systematic review management software has been developed (e.g.
“HAWC: Health Workplace 2013;
Covidence, 2019; Evidence Partners, 2019; Science for Nature and

Assessment Collaborative,”,
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
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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 time 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
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A comparison of systematic review and systematic evidence mapping methodology and their respective roles in risk management decision-making (adapted from
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
review outputs

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. Coding 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
produce characterisation of hazard from
exposure; qualitative synthesis where pooling
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 distinct 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 database
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 both 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 to exposure-outcome pairs. Maximum
feasible number 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.

SR: 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 flexible 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 greater 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 outcomes etc.
SR: Synthesis supports 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 coding, such as the
Unified Medical Language System (UMLS) (U.S. National 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 etc. 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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1. Where have these flame retardants been reported in the literature?
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2. What type of toxicity has been reported for these flame retardants in the literature?
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3. What concentrations have been reported for Flame
Retardants A and B in human blood and breast milk?
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4. Has toxicity been observed for Flame Retardant B at doses below the current TDI?
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Breadth of research questions addressed at each stage of data exploration

What is the Where have these flame retardants
nature of the been reported in the literature?
risk assessment

relevant evidence
for legacy flame
retardants?

What type of toxicity has been reported
for these flame retardants in the literature?

What concentrations
have been reported for
Flame Retardants A and
B in human blood and
breast milk?

Has toxicity been
observed for Flame
Retardant B at doses
below the current TDI?

Should Flame
Retardant B
be classified
as neurotoxic?

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 = tolerable daily intake, SEM = systematic
evidence map.
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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” etc. 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 stakeholders to define objectives, the scope of the SEM (i.e.
bibliographic databases covered, types of studies included, etc.) 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 propose 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.

Key words: systematic evidence map; knowledge graph; evidence synthesis.

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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Box 1 Glossary of Terms

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.

A queryable database of systematically gathered evi-
dence (eg, academic literature and industry
reports). SEMs extract and structure data and/or
metadata for exploration following a rigorous
methodology which aims to minimize bias and
maximize transparency.

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.

A request 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.

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.

Refers to databases which do not have a fixed and
predefined schema.

Refers to the application of a schema before data is
stored (written) to the database.

Refers to the application of a schema after data has
been written to the database, at the time the data
is accessed (read).

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.

Database

Systematic
evidence

map (SEM)

Coding

Query

Schema

Schemaless

Schema,
on-write

Schema,
on-read

Ontology

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 (SEMs) 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.
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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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Table 1. The Concepts Used to Guide Data Extraction and Subsequent Assessment and Discussion of the Outputs of CEE Systematic Mapping

Exercises

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 it is 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 AM.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 J.V., TAM.W., 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
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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 query-
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 query the systematic map
database, and recording P.W. and T.AM.W.’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



38 | KNOWLEDGE GRAPHS IN ENVIRONMENTAL HEALTH AND TOXICOLOGY

Number of CEE systematic maps published per year

2011
2012
2013
2014
2015

2016 CEE Systematic Mapping Methodology Published

2017

Year

2018
2019

1 2 3 4 5
Number of CEE systematic maps published

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 corresponding 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 5—Transparency

* Supplementary Table 6—Additional notes

Excluded Maps

Two systematic 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
etal., 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
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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 otherina 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 3A).

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 unique 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 6) 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 CEE Systematic Maps

Storage
Technology 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 made up of rows and columns. By
referencing the coordinates of cells in mathematical formulae, spreadsheet applications such as Microsoft Excel 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 (Elmasri and
Navathe, 2013).

Structuring choices for CEE systematic maps

Relational Database Spreadsheet

No
Expanding
Columns/

Rows

Expanding
Rows

Expanding
Columns

Expanding
Rows &
Columns

6 5 4 3 2 1 1 2 3 4 5 6

Il Multiple entries per cell [ Single data entry per cell

Figure 2. The number of CEE systematic maps that are structured with expanding rows and/or expanding columns as a means of preserving data relationships. Maps
using the relational database storage technology are presented on the left, while maps using the spreadsheet storage technology 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 solid shading, whereas those that do not are
indicated by patterned shading.

A Long form data table B Wide form data table

Year Population [ Tumors i
g Weight Changes
Yes Yes

m S S

Scientist et al. Reduced Birth Weight
Scientist et al.

Expanding Rows SR Tumors

Y

Expanding Columns

Scientist et al. Behavioral Changes

Figure 3. Illustrative example of how “expanding-rows” (A) and “expanding columns” (B) are used in long-form (A) and wide-form (B) tabular data structures,
respectively.
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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 wvocabulary
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.
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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
etal., 2013; Vandenberget 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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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 not be known to the user. B, For example, a user may (in this case, correctly) infer that “sex” is a property of “species” and
not “outcome,” but this inference is made using external conventions and contextual understanding—the relationship is not in fact known to the table. All the table
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.

Limitations of Current Evidence Mapping Practice: Data Storage and
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.

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 techniques were employed by CEE maps for
maintaining the relationships between attributes, and for
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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.
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A Expanding columns leading to loss of referential integrity

T

Population

T

Outcome

B Multi-valued cells leading to loss of referential integrity

Figure 5. A, Loss of referential integrity resulting from the column expansion of more than 1 study attribute (data field). The recording of multiple populations and mul-
tiple outcomes on a single row compromises the ability of users to decipher which population 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 behavioral changes), respectively—which may not be truly representative of the raw
data, compromising data integrity. B, This is 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
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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 at a
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 occur 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 Outcome B and Outcome C—which occur at
the individual study level.
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A Knowledge captured in unstructured, textual data

B Knowledge structured as semantic triples
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C Knowledge stored as a queryable graph

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 resclution of SEMs), the likes of which might
compromise the utility of SEMs for chemicals policy applica-
tions (see Supplementary File 1).

QOvercoming 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
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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,
2019c) (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
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Knowledge graphs can continue growing without the need to migrate data

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 (Jankovicé 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.
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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.



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 querying 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. It 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;
Neo4j, 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.
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Supplementary data are available at Toxicological Sciences
online.
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Supplemental Discussion

Working around rigid schema and lowering resolution

Attempting to balance the rigidity of a schema with the fluidity or heterogeneity of the data it
organizes might lead environmental health (EH) mappers to compromise the resolution of
their data extraction and coding. Consider a set of heterogeneous in-vitro studies which meet
the inclusion criteria of a systematic evidence map (SEM) exercise. Avoiding extracting specific
study detail in favour of more broadly applicable study features (e.g. type of cell tested) allows
those studies to occupy the same schema and avoids the need to update the schema, as all
future encountered studies will likely contain the broad extracted study feature. Coding
heterogeneous studies with a broad controlled vocabulary term can have a similar effect if this
code is provided in lieu of raw data— e.g. broadly coding both a study investigating the
contaminants in drinking water, and another investigating air quality as “environmental

monitoring”.

A preference for producing lower resolution maps was noted in the survey of CEE’s current
mapping practice, where only broad or even censored data were included in systematic map
databases (e.g. Gumbo et al., 2018). The majority of maps also appeared to provide only the
broader controlled vocabulary code in lieu of the raw extracted data to which the code was

applied.

Beyond allowing heterogeneous or complex data to fit within a rigid structure, several

additional motivators might contribute to the current preference for producing low resolution
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systematic maps. Lower resolution maps represent a less severe demand for time and
resources - making their outputs more achievable given the currently manual nature of
systematic mapping. Mappers may also wish to prevent end-users from drawing inappropriate
or premature conclusions based on data which has not been critically appraised by censoring
specific results or data relationships. Alternatively, a lower resolution map may already be fit-

for-purpose, and thus the most efficient and easily understood form of mapping exercise.

However, there are several drawbacks associated with the practices that result in low
resolution maps. Transparency is reduced when end-users cannot access the raw data to
which a code has been applied, and therefore cannot assess whether they agree with the
application of that code. Data integrity is compromised when the relationships between broad
coding categories are unrepresentative of the raw data, or when incorrect relationships are
inferred between broad data fields. Accessibility of the data for end users wishing to query the
systematic map is also limited to a narrower range of broad questions, restricting application
of the map to the use-cases defined by the developer rather than meeting the potentially
unanticipated needs of the user. Thus, while a SEM which facilitates identification of low-
resolution trends might be an efficient research tool in other fields, the demands of chemicals

policy for detail and contextual value limit the utility of these exercises for this application.

Finally, although low resolution maps might represent a smaller upfront cost in terms of time
and resources — they may represent a less efficient approach in the long-term. Details omitted
from a map which later become important or relevant for updated chemical risk assessment
procedures means that data extraction efforts must be repeated. Similarly, although
extracting and storing high-resolution semantic triples in a knowledge graph may incur higher
demands on time/resources in the short term, the preservation of referential integrity in the
graph means that the mapping exercise need not be repeated in order to facilitate a user’s

access to, and understanding of, the data.
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1. Abstract

The National Health and Nutrition Examination Survey (NHANES) is a large, cross-sectional
human biomonitoring program in the United States (US). Among the variables measured in
the survey are biomarkers of exposure to hundreds of manufactured chemicals which are of
interest to chemical risk assessment and chemicals policy applications. The NHANES datasets
are publicly available and offer a unique opportunity for crowd-sourcing analysis efforts. This
allows researchers with varied interests to uncover a broad range of toxicologically relevant
associations between survey variables and ensures maximum return of the resources input
into the survey. However, these analyses are typically published in the academic literature in
unstructured formats. This makes it difficult to gain a broad overview of which associations
have been studied, and whether there are any potential links between such associations which
might inform future analyses. This is an issue which has traditionally been addressed through
scoping review. Limitations in the outputs of scoping reviews make them difficult to update
and compromise their broader utility for characterizing and exploring existing research. In this
manuscript, we explore the future of such evidence-surveillance exercises by conducting a
small-scale, graph-based systematic evidence mapping exercise, in which literature reporting
exposure-outcome associations for the NHANES datasets are mapped. We highlight the
efficacy of the graph data model for preserving data integrity of increasingly complex and
highly resolved datasets — contrasting our approach to an equivalent scoping exercise. Finally,
we outline the research and development required to conduct such graph-based exercises at

scale.

2. Introduction
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The National Health and Nutrition Examination Survey (NHANES) is a large, continuous, cross-
sectional biomonitoring program in the United States. Every year, a representative sample of
the US population are recruited to participate in questionnaires, interviews, physical
examinations and/or biological sampling (Centers for Disease Control and Prevention, 2019a;
Sobus et al., 2015). In addition to biomarkers of nutrition, health and communicable disease -
NHANES measures biomarkers for hundreds of manufactured chemical exposures in samples
of urine, whole blood, plasma or serum (Centers for Disease Control and Prevention, 2019b).
These measures, along with questionnaire, interview and examination data, are made publicly
available through the Centers for Disease Control and Prevention (CDC)’s website

(https://www.cdc.gov/nchs/nhanes/index.htm).

This accessible resource of human exposure data is of significant value to regulatory decision-
making in chemicals policy contexts, and has been described as a “a gold-mine of data for
environmental health analyses” by the United States Environmental Protection Agency (US
EPA) (EPA, 2003), with whom the CDC has a collaborative relationship. Analyses of the NHANES
datasets are relevant to an array of health (Ahluwalia et al., 2016) and chemicals policy tasks,
including: setting national reference levels for health-related variables and/or chemical
exposures (e.g. CDC, 2001); monitoring trends in health-variables (e.g. disease prevalence)
and/or chemical exposure (EPA, 2003); assessing the efficacy of policy interventions to control
chemical exposure (e.g. through phase outs of toxic substances (Easthope & Valeriano, 2007))
or health-outcomes (e.g. through vaccination programmes (Markowitz et al.,, 2013);
identifying disparities in the exposure/health variables associated with specific sub-
populations (e.g. Kobrosly et al., 2012; Nelson et al., 2012; Tyrrell et al., 2013); and assessing

risk-factors for health-outcomes.
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The open access model of NHANES presents a unique opportunity for “crowd-sourcing”
analyses. This means that researchers from across the globe are able to access and analyse
NHANES data, finding trends and associations of potential interest to federal agencies and the
wider research community. Thus, the potential returns of the survey are maximised -
improving resource efficiency. Further, the open accessibility of NHANES promotes
collaboration and progression within environmental health, where pooled expertise builds a
more complete understanding of the data and the statistical methods required for its analysis.
At minimum, the open accessibility of NHANES promotes transparency - whereby analyses can

be verified through independent replication efforts (e.g. Brown et al., 2019).

However, analyses of NHANES datasets are not always as accessible as the raw data
themselves - compromising the potential reach, impact and benefits of these crowd-sourced
efforts. Difficulty accessing analyses may result in inadvertent but redundant duplication,
which threatens the efficient allocation of resources to investigating associations of novel or
emerging concern. For chemicals policy, a lack of accessibility further compromises
consideration of such analyses in the risk assessment process - where associations are

integrated with data from a range of heterogeneous evidence streams.

A central, searchable resource which catalogues research conducted using NHANES data
would therefore maximise its value for stakeholders. Such a resource would facilitate the
meta-research required for identifying trends across analyses, characterising research gaps on
which to focus crowd-sourcing efforts. Several reviews have addressed this need for
monitoring and understanding the research space around the analysis of NHANES data (e.g.
(Bell & Edwards, 2015; Taboureau & Audouze, 2017). One such review of particular relevance
to chemicals policy is that of Sobus et al. (2015) - which focused on analyses concerning

chemical exposures. Broad, “scoping” reviews such as Sobus et al. (2015) characterise the
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research landscape through a process of searching for, screening, extracting and categorizing
evidence. While providing a valuable overview of research activity, the static and inaccessible
outputs of such reviews (e.g. in-text data tables and visualisations) continue to limit their
broader utility. In other words, users are unable to query collated evidence according to their
specific research interests and must instead re-extract and re-structure data as appropriate to
their queries. These are the shortcomings which systematic evidence mapping aims to

overcome (James et al., 2016; Wolffe et al., 2019).

Systematic evidence mapping is an evidence-based methodology of growing interest in
environmental health and toxicology (e.g. Beverly, 2019; Pelch et al., 2019), with wide
potential application in regulatory workflows (Wolffe et al., 2019). It builds on the scoping
review methods traditionally employed in evidence surveillance - with an emphasis on
transparency, robustness and a broad, comprehensive coverage of the evidence landscape.
The key output of a systematic evidence mapping exercise i.e. the systematic evidence map
(SEM) itself, takes the form of a queryable database of references, extracted data and meta-
data. This computationally accessible output can be readily updated without duplication of

data-extraction effort.

In our previous work (Wolffe et al., 2020), we highlighted the utility of the flexible, schemaless
graph data model for maintaining transparency and data integrity within SEMs. However, the
application of graphs for evidence mapping in environmental health is still novel. To resolve a
path toward graph-based approaches to evidence mapping in environmental health, we
conduct an exploratory case-study in which we apply a graph-based approach for mapping
exposure-outcome associations reported for the NHANES dataset - expanding on the outputs

of Sobus et al.'s (2015) scoping exercise.
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In addition to our findings regarding exposure-outcome associations - we highlight key
advantages of the graph data model for evidence surveillance and systematic evidence
mapping methodology and discuss the challenges and future work required to implement our
approach at scale. Through this case-study, we aim to increase familiarity of the evidence
synthesis community with the graph data model. We hope this bridging research will
accelerate and unify efforts to make best use of existing data by better understanding the

needs of evidence-surveillance and the computational tools required to meet those needs.

3. Methods

3.1 Aims

The primary aim of this mapping exercise is to conduct a methodological exploration of the
graph-data model for systematic evidence mapping in a context relevant to chemicals
regulation, and to compare this approach with traditional methods of evidence surveillance
(e.g. scoping reviews). In using NHANES as a case study - the secondary aim of this mapping
exercise is to explore which of the exposures and outcomes measured as part of NHANES have
been investigated for association by the wider research community, and to identify the future

research required to study these associations at scale.

3.2 Dataset

The complete set of 273 publications included by Sobus et al. (2015) in their scoping review
on the use of NHANES data for chemical risk assessment were considered for inclusion in this
mapping exercise. The search strategy and inclusion/exclusion criteria which generated this

dataset can be found in the Methods and Supplemental Information of Sobus et al (2015).
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Briefly, search strings covering the concepts of “NHANES”, the “United States”, and
“biomonitoring” were combined with the “AND” boolean operator and filtered by publication
dates which fell within the range 1999-2013. Results were screened by a single author (Sobus
et al., 2015) at the level of title and abstract, and studies which exclusively reported use of
“endogenous biomarkers (e.g. hormones, antibodies, inflammatory markers), tobacco-specific
biomarkers (e.g. cotinine), dietary biomarkers (e.g. vitamins/nutrients, essential minerals), or

biomarkers of phytoestrogens, isoflavonoids, or aflatoxin” excluded.

3.3 Inclusion Criteria

The full text of each of the 273 publications in the Sobus et al. (2015) dataset were screened
for inclusion in this evidence mapping exercise by a single reviewer (TW). Only those which
presented a statistical measure of association between a health outcome (i.e. a biological

response or markers of biological response) and a chemical exposure were included.

In their scoping review, Sobus et al. (2015) categorised each of the included publications
according to whether they reported a “health association” or “exposure assessment”. Any
discrepancies regarding the inclusion status of publications in this mapping exercise compared
to the category which these publications were assigned by Sobus et al. (2015) were
documented and justified (see Table S1) i.e. indicating if a publication which was categorised
as “exposure assessment” has been included, or conversely if a publication which was

categorised as “health outcome” has been excluded in this mapping exercise.

3.4 Low Resolution Data Extraction

A simple data extraction workflow was developed to assist with the collation of exposure-

outcome associations from included publications. Briefly, data extracted from included study
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reports were divided into one of two categories: bibliographic information pertaining to the
study report; or information pertaining to the studied associations. A relational database
infrastructure was used to construct data extraction forms - whereby study reports were
related to associations through a one-to-many relationship. This allowed the recording of
multiple associations without manually repeating the bibliographic information in long-form,

minimising extraction errors.

Data recorded in the “bibliographic information” component of the data extraction workflow
were as follows:

e Reference ID (as assigned by Sobus et al., to facilitate comparison and validation)

o Title

e Authors

e Publication Year

Associations were defined as occurring between a chemical exposure and a health outcome -
for which the results of a statistical measure of association were reported. Entities for which
an association with chemical exposure was measured - but which represent exposures
(including to other chemicals), non-health outcomes, covariates, adjustment factors or
stratification variables (e.g. sex, age, smoking status etc.) were excluded. Likewise,
associations in which neither entity was considered a chemical exposure (e.g. history of
anaemia and head circumference) were excluded from extraction. Thus, data recorded in the
“associations” component of the data extraction workflow were as follows:
e Chemical exposure

¢ Individual components of the chemical exposure, if applicable (e.g. ZPFAS might
comprise individual components of PFOA, PFOS and PFBS).

¢ Biological medium in which the exposure was measured
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e Associated health outcome

Data were extracted by a single reviewer (TW) from the full-text pdf of each publication. As
far as possible, data were extracted in a consistent manner by using consistent spellings and
structures e.g. exposures reported as “PFOA”, or “perfluorooctanoic acid” were both

extracted in the format “Perfluorooctanoic acid (PFOA)”.

3.5 Data Processing and Graph-based storage

A large, long-form data table (Table S2) was produced by querying the relational data
extraction infrastructure. Chemical constituents were delimited as separate “repeating
columns” (see Wolffe et al. 2020), and biological media concatenated with chemical exposure
- so as to distinguish between e.g. Blood Cadmium and Urine Cadmium etc. Any exposures for
which a biological medium was unreported were also extracted and represented as an
independent exposure i.e. “Cadmium”, “Cadmium, blood” and “Cadmium, urine” were
considered as different specific exposures. Any inconsistencies identified within each column

(e.g. typos etc.) were manually amended.

A graph data model was devised for representing the relationships between entities in the
long-form data table, and is presented in Figure 1. The data within the table was processed for
storage using an iPython Jupyter Notebook (Project Jupyter, 2019) (see Supplementary File
S1) according to the graph data model in Figure 1. The py2neo package (Small, 2019) was used
to connect with a Neo4j graph database instance (Neo4j, 2019) and the graph populated with

data as described in Supplementary File S1.
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Graph data model for mapping exposure-outcome associations studied using the NHANES datasets
Unique
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Figure 1: Graph data model describing the relationships between publications and the
exposure-outcome associations they report. Neo4j’s labelled property graph model was
exploited to represent “ReflD”, “Title”, “Authors” and “Year” as properties of Publication

nodes.

3.6 Applying Controlled Vocabulary Code

10 of the 11 controlled vocabulary terms used to categorise studies by Sobus et al. were
adopted in this mapping exercise i.e.“BFRs” (brominated flame retardants), “Dioxins, furans,
PCBs” (polychlorinated biphenyls), “environmental phenols”, “metals/metalloids”, “other”,
“PAHs" (polycyclic aromatic hydrocarbons), “pesticides”, “PFCs” (perfluorinated compounds),
“phthalates” and “VOCs” (volatile organic compounds) . As individual chemical exposures were
extracted in this exercise, the “multi-group” controlled vocabulary term was omitted. Where
possible - the use of controlled vocabulary by Sobus et al. was mapped directly (see
Supplementary File S2, Table S3), except for the exposures which would solely have been
categorised as “multi-group”. These exposures were manually re-assigned a controlled

vocabulary label (see Supplementary File S2, Table S4 and Table S5). Code was incorporated
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into the graph as nodes and connected to single/mixed chemical exposure nodes through a
“CODED_AS" relationship (see Fig 2A). Similarly, a controlled vocabulary of 18 terms was
developed iteratively for the categorisation of health outcome nodes. These terms were
manually assigned to extracted health outcomes and represented in the graph with a
“CODED_AS” relationship (see Fig. 2B). Where appropriate, more than one controlled
vocabulary term was assigned to a single health outcome (e.g. “Mortality, cancer” was labelled

with both the terms “Mortality” and “Cancer”).

A. Exposures are coded with controlled B. Health outcomes are coded with iteratively
vocahulary terms derived from Sobus et al. (2015) derived controlled vocabulary

Metals/metalloids

Mortality, W’ @

cancer

Cadmium,
urine

Figure 2: (A) Chemical exposure nodes are categorised by a “CODED_AS” relationship to
nodes housing controlled vocabulary terms. (B) Similarly, health outcome nodes are
categorised by a “CODED_AS” relationship to nodes housing controlled vocabulary terms.
Due to the variation and complexity of health outcomes, multiple controlled vocabulary

terms may be used to categorise a single outcome.
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3.7 Exploring Associations

The evidence map was explored through a series of queries written in cypher (neo4j’s graph
guery language) using the py2neo package (see Supplementary File S3). The results of these
queries were typically processed as pandas dataframes and visualised using a variety of tools,

including python data visualization packages (e.g. seaborne, matplotlib etc.) and Tableau.

4. Results

4.1 Included Publications and Number of Associations

In total, we extracted 1656 investigated associations from 132 included publications. These
associations encompassed 326 different chemicals and 265 specific health outcomes. The
number of associations reported within a single publication ranged between 1 and 150, with

a median value of 4.

4.2 Exposures, Health Outcomes and Associations

4.2.1 Exposures

We found that the largest number of associations included in our map could be categorised as
occurring between metals/metalloids and a health effect (see Fig. 3). A total of 86/132
included publications reported at least one association between a health outcome and a
chemical exposure within the metals/metalloids group (Supplementary File S3). Blood lead
and urinary cadmium were the two most frequently associated specific chemical exposures

within this group (Supplementary File S3 & S4). The metals/metalloids exposure category had
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over twice as many studied associations as the next most populous chemical group; Dioxins,

Furans, PCBs - which were reported in only 9/132 included publications.

Metals/Metalloids 583
Dioxins, Furans, PCBs 267
Phthalates 226
PFCs 142
Pesticides 139

Environmental Phenols 131

Exposure Category

VOCs 71
PAHs 60
BFRs 23

Other 14

100 200 300 400 500 600

Number of Associations

Figure 3: The number of associations (x axis) which investigated a chemical exposure within

each of the exposure categories (y axis), across all included publications.

However, “Dioxins, Furans, PCBs” was also the most diverse exposure group, comprised of 110
distinct chemical exposures (see Supplemental File 3). Thus, this exposure group was
characterised by a low frequency of associations for many individual chemical constituents.
The full make-up of each exposure category, and the frequency with which each distinct
chemical within an exposure category is associated with a health outcome, is visualised in
Supplementary File S4. “Dioxins, Furans, PCBs” was also the category most frequently assigned
to associations which investigated mixed chemical exposures, followed closely by phthalates
(Supplementary File S3). The number of individual chemical constituents comprising a mixed

chemical exposure for any category ranged from 2 e.g. for “PCB-196 & PCB-203, serum (Cave

95



et al. 2010)” to 28 e.g. for “Non dioxin-like polychlorinated biphenyls (PCBs), serum (Gallagher

et al. 2013a)” (Supplementary File S3).

4.2.2 Health Outcomes

The most frequently associated health outcome category was the “Body Weight and
Metabolism” group (Fig 4.), which incorporated 61 specific health outcomes (Supplementary
File S3 & S5) and was reported by 34/132 included publications (Supplemental File 3). A full
break-down of the specific health outcomes associated with each outcome category, and the

frequency of associations for each specific outcome can be found in Supplementary File S5.

Number of Associations per Health Outcome Category

Body Weight and Metabolism
Endocrine System 245
Heart and Circulatory 233
Reproductive System 163
Liver 136
Lungs 93
Immune System 284
Mortality 81
Cancer 58

Kidneys 51

Outcome Category

Cognition and Mental Health 39
Bones and Joints 35
Blood 27
Audio-Visual System 16
Other 12
Teeth and Oral Health 10

Gene Expression | 3

Number of Associations

Figure 4: The number of associations (x axis) which investigated a health outcome within

each of the outcome categories (y axis), across all included publications.

“Body weight and metabolism” was also the most diverse outcome category, with nearly
twice as many specific health outcomes coded with the term as the next most diverse group;

“Mortality” (see Supplementary File S3).
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4.2.3 Associations

Figure 5A illustrates which exposure and outcome categories were most frequently associated
with each other, and which were not studied for association at all. Associations between
“metals/metalloids” and “body weight/metabolism” were the most prevalent, followed
closely by “dioxins, furans, PCBs” and “body weight/metabolism”. “Metal/metalloids” was the
only exposure group to have been associated (at least once) with each of the health outcome
categories. Similarly, “body weight/metabolism” and “liver” were the only health categories
to have been associated (at least once) with each of the exposure categories. Figure 5B
illustrates how these associations are distributed across individual publications - indicating
that associations between “metals/metalloids” and “heart and circulatory” outcomes were
independently reported in the largest number of publications. The implications for analysing

trends at the publication vs. association level are further discussed below.
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A. Association-Level Heat Map
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Figure 5: (A) Association-level heat map illustrating the frequency with which exposure and
outcome categories have been associated, across all included publications i.e. a single
publication reporting associations between “cadmium, blood” and “lipid levels” as well as
“lead, blood” and “lipid levels” would count as two associations between
“metals/metalloids” and “body weight/metabolism”. (B) Publication-level heat map

illustrating the frequency with which independent publications report associations between
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exposure and outcome categories i.e. a single publication reporting associations between
“cadmium, blood” and “lipid levels” as well as “lead, blood” and “lipid levels” would count
only once as reporting associations between “metals/metalloids” and “body

weight/metabolism”.

5. Discussion

This case-study mapping exercise expanded on the scoping review of Sobus et al (2015) by
increasing resolution through extracting additional detail regarding exposure-outcome pairs
for each included publication reporting a health outcome. In this exercise we did not present
the direction, significance or statistical methods used to study associations - nor did we
appraise the methodological integrity of the included studies. Thus, the presence of an
association in this map is not indicative of a positive association or causative relationship
between exposure and outcome - but simply of the fact that a study has investigated a

relationship between those two variables.

Inclusion of specific detail regarding results of included studies within systematic evidence
maps is an issue for debate in the field - and has led to the practice of censoring evidence maps
(e.g. (Gumbo et al., 2018). This censorship is borne out of a responsibility to ensure that data
collated within an evidence map are not misinterpreted or misused, as validation and appraisal
of included evidence is often beyond the scope of the evidence surveillance function served
by SEMs. Such issues raise questions over the validity of exposure-outcome associations for
NHANES datasets given limitations in the survey design and/or analytical methods employed
in assessing associations (e.g. Christensen et al., 2014; Stone & Reynolds, 2003). However, the
goal of evidence mapping is to make best use of all available data by improving computational

access to an evidence landscape such that data can be critically analysed. It presents a neutral,
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queryable account of what has been done or investigated within a field, regardless of whether
and how that field “should” have conducted its investigations. Thus, although it may be
appropriate in some cases (e.g. the production of user-interfaces for non-specialist audiences)

censoring should not necessarily present a barrier to the resolution of evidence-maps.

Disregarding censoring, limitations in the resolution of evidence maps are imposed by several
other factors e.g. the prevalent use of rigid data structures which struggle to uphold referential
integrity as the complexity of data increases with resolution (Wolffe et al., 2020). We discuss
our simple and accessible exploration of the graph data model for handling this increase in
complexity - focusing on the application and potential of graph-based methods for facilitating
the production of highly resolved evidence maps. We compare our findings to scoping
methods where appropriate, highlighting the remaining challenges which threaten resolution
of evidence maps and the future work required to address these challenges through the lens

of further expanding this NHANES mapping exercise.

5.1 Mapping vs scoping exposure-outcome associations for the NHANES

datasets

In finding that “metals/metalloids” was the most prevalent exposure group, our results echo
that of Sobus et al (2015), even without taking into consideration the publications which did
not study a health outcome. This raises the question of fitness for purpose of evidence
surveillance exercises, as the scoping methods employed by Sobus et al. are sufficient to
broadly determine the most dominant features of the evidence landscape and are suited to

characterising evidence at the publication level.
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However, this publication level assessment of the evidence base did illicit some results which
were ambiguous, e.g. publications which fall into the “multi-group” category. Additionally, our
results show the potential for considerable differences in trends evaluated at the publication
versus association level (Figure 5). This is because a single publication can be broadly
categorised as being about one thing (e.g. metals/metalloids), but actually present multiple
results (e.g. for five different metals) which are uniquely relevant to the context of chemical
risk assessment, and the manner in which substances are currently regulated on a single
chemical-by-chemical basis. Thus, even minimally increasing resolution, as in our evidence
map, is likely to increase the value of the evidence surveillance exercise for regulatory

applications (e.g. Wolffe et al, 2019).

Presenting mapped associations as a computationally accessible and queryable output (rather
than as a static data table within a pdf) also has advantages over traditional scoping methods
of evidence surveillance. Static data tables or visualizations may be valuable and fit for the
purpose of identifying trends and specific evidence gaps, but they limit the range of questions
which can be asked of the collated data - requiring interested users to re-conduct data
extraction efforts should they wish to explore the presented trends in further detail, or from
alternate angles. Thus, ensuring that the underlying data is computationally accessible
expands the utility of evidence surveillance exercises. This, in combination with increased
resolution meant that we were able to identify evidence gaps in an equivalent manner to
Sobus et al.’s scoping review (e.g. finding a lack of investigated associations between “PAHs”
and “cancer”), but were also able to query the data to learn/infer more about the evidence
landscape. For example, even if completely ignorant to the chemistry of included exposures -
uncovering the fact that the “Dioxins, Furans, PCBs” group was most frequently studied as a

mixture of chemicals - and having access to the constituents of those mixtures, allows users
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to learn something about the potential similarities and/or detection of these chemicals - which

may be of significance for their regulation.

5.2 Exploring application of a graph-based approach to systematic evidence

mapping

Although our mapping exercise only minimally increased the resolution of extracted data, the
subsequent increase in complexity and connectedness of the underlying data model was
significant and began to present issues for representation in flat data structures. This can be
illustrated by comparing the structure of the flat data table which housed the pre-processed
raw data (Table S2) to the graph data model which stored this data. The flat data table
contained a combination of expanding rows and columns, where only the authors (as
producers of the map), are cognizant of the relationships between the attributes and entities
housed in various rows and columns. Contrastingly, the graph data model (Fig. 1) makes these

relationships explicit to end-users and maintains referential integrity.

We opted to use Neodj’'s (community edition) graph database implementation for this initial
exploration of a graph-based approach to evidence-mapping due to its accessibility and the
availability of resources designed for non-technical audiences to familiarise themselves with
the graph database (Robinson et al., 2015; Sasaki et al., 2018). Neo4j implements a labelled-
property graph model, whereby nodes can be assigned labels and properties e.g. labels of
“HealthOutcome”, “SingleChemicalExposure” etc. were applied to nodes in our evidence map,
and properties of “Title”, “Authors”, “Year” etc. assigned specifically to the publication nodes
in our evidence map. We found this graph data model amenable to manual evidence mapping
efforts, utilising labels to facilitate categorising and querying the evidence base. Populating

and querying the graph was intuitive, but did require some technical knowledge in the form

of the cypher querying language. This technical knowledge indicates a key barrier to the wider
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uptake of graph-based approaches for evidence mapping in environmental health. However,
a growing volume of resources (Robinson et al., 2015; Sasaki et al., 2018), tools designed for
non-specialists (e.g. Neo4j, 2020) and increasing computational literacy of evidence mappers

will aide overcoming this barrier.

We found a more severe barrier to the graph-based approach in attempting to balance the
potential for higher resolution with the limitations set by a manual data extraction process. In
the initial planning phase of this exercise, we hoped to expand our definition of an
“association” as “occurring between any two entities for which the results of a statistical
measure/model of associated were reported” - including assessments between e.g. stratified
and non-stratified populations, adjusted and non-adjusted models etc. as independent
associations and extracting detail on the statistical approach, significance and direction of the
associations. However, this dramatically increased the manual data extraction burden of the
exercise e.g. Dye et al. (2002) which reports 4 associations in our lower resolution map would
report 59 associations according to this expanded definition. A lack of sufficient time and
resources meant that we were unable to pursue such high-resolution mapping manually. This
challenge is likely reflected by the limited resource availability of chemicals policy workflows.
This highlights the need for more automated approaches to data screening and especially
extraction if the full potential of high-resolution graph-based evidence maps are to be

realised.

Preserving resolution and facilitating automation appears well aligned with the storage of data
as semantic triples within a knowledge graph, discussed in our previous work (see Wolffe et
al., 2020). This is because all information expressed with language within a publication can be
captured as a series of subject-predicate-object triples, where subjects and objects occupy

nodes of a graph, and predicates form the relationships which connect subjects and objects.
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The designation of subjects, predicates and objects is dependent on rules and conventions
inherent to the structure of language - thus mappers need not manually “choose” information
from a publication for extraction. Instead, all plain text within a publication can be parsed into
sets of semantic triples using natural language processing (Rusu et al., 2014). Although such
parsers are available in other fields (e.g. Gangemi et al., 2009) we are unaware of their
successful application in evidence mapping or environmental health contexts. It can also be
argued that distilling unstructured text into a series of semantic triples is not a data extraction

task, but is the data standard to which publications should adhere in the first instance.

However, with higher resolution and automated extraction workflows comes increased
complexity for graph outputs. Much of this complexity may be noise - i.e. information which
is irrelevant to the interests of users wishing to query the evidence landscape for a particular
application. This makes accessing trends within the graph and/or discovering underlying data
models more challenging than in our lower resolution, manually produced exercise. This is
where binding data to ontologies is vital for distilling data relevant to a particular domain, and
for characterising the evidence space around a domain. However, this is still an area of active
research - and another aspect of the graph-based approach limited by a greater demand for

technical knowledge.

5.3 Expanding this evidence mapping exercise

Pending further advances and applications of the automated approaches required to facilitate
high resolution knowledge graphs, it remains important to continue exploration of graph-
based approaches to evidence mapping as a means of upholding data integrity. To this end,
there is significant scope to expand and improve the NHANES mapping exercise presented in

this manuscript.
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While data extraction workflows are still largely manual, ensuring the process is conducted in
duplicate by two independent mappers will help to protect against human error and improve
the accuracy and consistency of extracted information. Additionally, expanding the search
strategy used to find relevant publications e.g. by removing restrictive terms such as those
relating to specific biomarkers (“urine”, “blood” etc.), and updating the date-range of the
search to encompass current literature, will ensure a more comprehensive coverage of the
evidence-landscape within the map. Extracting even minimal additional detail from each of
the included studies would also serve to increase the resolution and utility of the map.
Similarly, extracting exposure-exposure associations from the exposure studies (excluded for
the purposes of this mapping exercise) will begin to facilitate more complex graph queries,
e.g. where a path from an exposure source such as personal care products can be traversed
to a health outcome through related biomarkers - even if the exposure source and the health
outcome were not reported within the same study. However, screening and extracting a
larger, updated dataset in duplicate will incur the same challenges regarding manual

workflows and resource availability as discussed above.

Even without further screening or data extraction, there is scope for expanding the utility of
the evidence map. Incorporating a relevant ontology will help to further categorise and
organise data, such that the map can be queried against the topics of interest to a particular
domain (e.g. cancer biology). This will also ensure that the map is interoperable and will
facilitate the incorporation of data from sources beyond the publications collated in the
mapping exercise, adding greater contextual value to the interpretation of trends. For
example, incorporating evidence from environmental monitoring studies into the map of

NHANES associations may begin to elucidate potential exposure pathways.
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There is also scope to better characterise the use (or gaps in the use) of NHANES data by
developing an ontology derived from the NHANES datasets themselves. A potential workflow
for the development of such an ontology is briefly outlined in Fig. 6. Incorporating all data
variables available in the NHANES datasets into an ontology will facilitate the identification of
specific variables which might be available for analysis but have been under-utilised in studies
of association. Maintaining relationships between specific variables and the NHANES survey
cycle in which those variables were studied will facilitate detailed exploration and inferencing
of how trends have changed over time, e.g. allowing fast identification of whether a sudden
increase in associations studied for a particular chemical is due to a corresponding sudden
availability of data within a new NHANES survey cycle, or whether such trends can be
attributed to other factors. Ensuring that NHANES variables are related through a hierarchy of
terms will facilitate further, variably resolved querying of included associations e.g. if
“Cadmium, blood” and “Cadmium, urine” are categorised as “Cadmium” before
“metals/metalloids”, trends can be analysed at three levels of resolution. This may be
particularly useful for chemical substances which are currently grouped in very broad

categories e.g. “Dioxins, furans, PCBs".
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A. Access the variable lists for the various NHANES datasets and survey cycles

Tables of NHANES Variable Lists

e.g. https://wwwn.cdc nchs/nhanes/search/variablelist.aspx?Component=Laboratory&CycleBeginYear=2009

B. Extract names/descriptions of data variables and the files in which they are grouped, store these as nodes of a
controlled vocabulary ontology

Variable
Description

Lead,
Cadmium,
Total Mercury,
Selenium, and
Manganese

Data

File Description

Variablfa Cadmium
Description blood (ug/L)

C. Connect variable names and descriptions with broader controlled vocabulary code (derived from both the
variables themselves and the data files in which the variables are grouped)

Cadmium,
blood (ug/L)

Lead,
Cadmium,
Total Mercury,
Selenium, and
Manganese

blood

-
—_

Cadmium, IS_A R @ IS_A

Cadmium,
admium, \sh

bleod (umoliL)
o2 ©
==

Lead,
blood (umol/L)

Figure 6: Brief outline of a potential workflow for devising a controlled vocabulary
ontology which describes the availability of data within the NHANES datasets. Variables
which are more specific to particular survey cycles (e.g. dates) might also be incorporated

into the organisational structure of the ontology.
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Incorporating health related variables from the NHANES datasets would prove similarly
beneficial for the resolution of queries and interpretation of identified trends. We noticed that
the health outcomes reported in many included studies were not explicitly reported as
NHANES variables, but were defined by authors based on several more specific NHANES
variables. For example, Muntner et al. (2005) defined “hypertension” as “...based on the
average of all available blood pressure measurements, hypertension was defined as systolic
or diastolic blood pressure of at least 140 mm Hg or 90 mm Hg, respectively, and/or self-
reported current use of blood pressure— lowering medication.” Thus, maintaining a link
between the individual variables within the NHANES datasets which constitute a defined
health outcome will improve insights into the use of NHANES data, and will allow the

appropriateness of these uses to be appraised.

6. Conclusion

In this manuscript, we presented an exploration of the implementation of graph-based
approaches to evidence mapping using a context of relevance to decision-making in
environmental health, and a dataset accessible to others wishing to learn from, or further
expand this work. The graph data model is a flexible and intuitive means of maintaining data
integrity when extracting, storing and querying increasingly complex, higher resolution
datasets. It has significant potential application for evidence surveillance within regulatory
workflows - and when coupled with SEM methodology, offers greater transparency and

reusability than current scoping approaches.

However, our exploration of the application of graphs to current evidence mapping workflows

identified two key challenges on which to focus future work;
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1. Although the graph data model is arguably more intuitive than flat, or relational data
models - graph-based approaches demand a greater level of technical expertise to
implement. This may present a barrier for evidence mappers who are unfamiliar with
the programming and querying languages required for successful implementation.

2. Graphs are capable of upholding referential integrity for complex and highly
connected datasets and facilitate highly resolved queries. However, the manual
nature of data extraction within SEM methodology limits the resolution and
complexity of the datasets to be stored within a graph- preventing graphs from being

exploited to their full potential.

Research into the automation of evidence synthesis workflows is ongoing (van Altena et al.,
2019; Connor et al., 2019; Marshall & Wallace, 2019) - and will facilitate the production of
large and informative graph datasets. In the interim, it is vital to continue increasing familiarity
with graph-based approaches and their associated data standards. Continued research into
the application of graphs for evidence surveillance will allow independently conducted,
manual mapping efforts to be amalgamated. This will facilitate a deeper understanding not
only of the toxicological evidence landscape, but of the methods required to implement

evidence mapping at scale.
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Conclusion

Evidence-based approaches such as systematic review, which have transformed medical and
social sciences, have much to offer environmental health. Interest in their uptake, especially
for chemical risk assessment and regulatory purposes, is growing —and is representative of an
overall push to reform the resource efficiency, representativeness and rigour in developing
chemicals policy. These sentiments are increasingly important as the chemicals industry
continues to grow, and as the availability of data relevant to chemical risk assessment

exponentially increases.

However, uptake of systematic review for chemical risk assessment is not without its
challenges. Some of these challenges are more fundamental to the systematic review process
(e.g. the need to appropriately manage subjectivity when assessing risk of bias of included
studies, see Chapter One); while others are specific to regulatory decision-making (e.g. limited
resource availability and a broader set of information requirements than can be addressed by
a single systematic review, see Chapter Two); or to environmental health data itself (e.g.
managing the integrity of highly complex and connected data, see Chapter Three). Facilitating
uptake of evidence-based approaches to chemical risk assessment requires that these

challenges are understood and addressed.

Continuing to develop and communicate best practice for environmental health systematic
reviews serves to address the challenges associated with accessing the methodology itself.
This is a key focus for several working groups dedicated to the EBT movement (Johns Hopkins
Bloomberg School of Public Health, 2019; NTP-OHAT, 2019; UCSF Program on Reproductive
Health and the Environment, 2019 etc.) who produce comprehensive systematic review

guidance, training, standards and methodological tools tailored for the environmental health
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context (e.g. Hoffmann et al.,, 2017; NTP, 2015; OHAT, 2015; Schaefer & Myers, 2017,
Woodruff & Sutton, 2014 etc.). Open and constructive dialogue regarding best practice for EH
SRs may help to establish standards and consensus within the field, or at the least — equip
stakeholders with the understanding required to critically appraise current evidence synthesis
practice. Such ongoing communication is an important aspect of the move toward more
evidence-based approaches to chemical risk assessment, especially as ill-defined systematic
review practices begin to appear in regulatory frameworks (e.g. Scientific Committee on
Consumer Safety SCCS, 2019) or as aspects of the methodology adapted for regulatory
frameworks deviate from best-practice (e.g. the numerical scoring system recommended for
assessing risk of bias in the EPA’s systematic review methodology for TSCA risk evaluations

(EPA, 2018)).

Understanding the needs and limitations of regulatory decision-making is key to devising tools
and/or workflows which facilitate the uptake of evidence-based approaches. In this thesis,
systematic evidence mapping is identified as a methodological solution which addresses these
needs and limitations (see Chapter Two). By providing a much broader overview of the
evidence-landscape, SEMs facilitate the identification of trends (including issues of emerging
regulatory concern), on which to focus resources. The computationally accessible and easily
updated format of SEMs as queryable databases renders them multi-purpose and “re-
useable”, ensuring that any data collated, characterised and stored is available for varied
present and/or future uses. This creates larger returns on the resources invested when
developing a SEM. The evidence-surveillance function served by SEMs is an integral
component of existing regulatory decision-making frameworks — and thus the methodology
can be more readily incorporated into current chemical risk assessment workflows. Similarly,
SEMs are able to serve the information retrieval steps of systematic review. Thus, not only do

SEMs facilitate the formulation of informative (rather than empty) systematic review research
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questions through identification of research clusters, but they also potentially reduce the

workload associated with conducting systematic reviews.

As interest in, and application of, systematic evidence mapping beings to emerge — it is
important to understand what underpins the utility of the methodology for chemical risk
assessment and regulatory decision-making. On a fundamental level, systematic evidence
mapping transforms unstructured, textual data which is heterogeneous and distributed over
disparate sources — into a single, organised and machine-readable resource. It is this
accessibility of data which allows trends across vast quantities of evidence to be
programmatically explored, quickly and efficiently. Thus, ensuring that the data management
practices of systematic evidence maps do not compromise this accessibility is vital for the
successful application of the methodology. In this thesis, the familiar, tabular-based data
management practices of evidence mapping in other fields were found to be poorly suited to
the complex and highly connected nature of toxicology and environmental health data. The
rigidity of these data structures was found to compromise data integrity and consequently
reduced the utility of evidence maps for varied application. The graph data model was
identified as a flexible alternative, capable of directly storing the relationships between highly

connected toxicology data (see Chapter Three).

Modelling toxicology data as a graph, and storing relationships as queryable entities, has
significant implications for trend-spotting — facilitating complex and highly resolved graph
gueries which traverse patterns of information. These complex queries have the potential to
move systematic evidence mapping beyond the identification of broad trends such as research
gaps and research clusters, and toward more highly resolved applications such as the
identification of adverse outcome pathways (Villeneuve et al., 2018). This may serve to
facilitate a more predictive (rather than simply proactive) approach to chemical risk

assessment. However, graph-based technologies are novel and unfamiliar to stakeholders
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working within environmental health. There is therefore a need to bridge the gap between
those with expertise in the implementation of graph-based data management, and those with
expertise in the potential applications of graph-based data management (i.e. regulatory
decision-making within toxicology and environmental health). Continued exploration and
communication of the potential gains in data integrity, transparency and interoperability
offered by the application of graphs within environmental health will serve to increase
familiarity within the field and resolve the future research required to implement evidence
mapping at scale (see Chapter Four) - expediting the uptake of resource-efficient evidence-

based methods within chemicals policy and wider environmental health.
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Future Work

Successfully implementing evidence-based approaches to chemical risk assessment requires
that the resource burden associated with these approaches is lessened. Whilst systematic
evidence mapping offers a more resource-efficient framework for pursuing evidence-based
decision-making - its manual workflow continues to present barriers to wider uptake. Thus, a
key focus of future work within the field is the development of automated approaches to

evidence-mapping.

Automation is a topic of increasing interest for evidence synthesis applications, with several
ongoing research efforts (van Altena et al., 2019; Connor et al., 2019; Marshall & Wallace,
2019). These efforts have largely manifested as tools which assist the screening and/or
literature tagging aspects of evidence synthesis workflows and are beginning to appear as
standard features of review management software (e.g. Evidence Partners, 2019; Sciome,
2018). Screening literasture for inclusion in a systematic review represents a typical case for
application of automated approaches. This is because, in addressing specific research
questions, the inclusion/exclusion criteria for systematic reviews are more clearly and
specifically defined. Thus, machine learning classifiers are able to learn from a manually
screened training set where all of the included studies are likely to have very similar features.
In the field of medicine, incorporating automation tools into the systematic review workflow
has been reported to reduce the time and workload required to complete a systematic review

e.g. by 40% for the Rayyan tool (Ouzzani, 2017), among many others.

However, as discussed in this thesis — resolving a specific research question for chemical risk

assessment applications is more difficult — and the range of potentially included evidence
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considerably more heterogeneous. Similarly, the inclusion criteria for systematic evidence
maps are much broader. As systematic evidence mapping is fundamentally concerned with
making data accessible for querying, the data extraction phase of the methodology is most
important and demanding. Thus, focusing automation efforts on the screening stage of the
methodology is insufficient for reducing the manual workload of SEMs. Developing automated
approaches to data extraction, which extend beyond the simple identification of key words
and toward the consideration of context, is therefore a challenge on which to focus future

research.

However, it can be argued that the issue of data accessibility which systematic evidence
mapping targets, is not a challenge for machine learning, but is an issue concerning data
standards. Ensuring that environmental health evidence is published in a machine-readable
format (rather than as unstructured text) in the first instance will alleviate the need to
manually process and store data in a machine accessible format. Similar issues can be found
motivating the Semantic Web movement (Berners-Lee et al., 2001), which fundamentally
strives to make unstructured data published on the web machine-accessible — allowing for
greater connectivity and interoperability. A variety of tools have emerged from this
movement, including: the resource description framework (RDF) data standard (Manola &
Miller, 2004), in which data are stored as a graph of semantic triples (see Chapter Three); the
SPARQL Protocol and RDF Query Language (SPARQL) for querying data stored in RDF format
(The W3C SPARQL Working Group, 2013); and linked open data libraries (e.g. DBpedia, 2020),
which allow RDF datasets to be linked through semantic triples to other datasets for greater
contextual value. Exploring and/or exploiting these tools for evidence mapping applications
and understanding the overlap/applicability of the Semantic Web movement to the EBT

movement, represents a key area for future work.
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Once data are machine-readable, evidence mapping approaches can move away from data
extraction and focus on deriving value from accessible data. Modelling, characterising and
querying data will become the key focus for automation efforts, resolving the “signal” for a
particular research application from what will become a considerably “noisy” computationally
accessible and interconnected evidence landscape. Facilitating automated approaches to
querying or deriving value from accessible data requires implementing graph-based controlled
vocabulary ontologies which organise data for applications within a particular domain (see
Chapter Three). Such ontologies also form a key aspect of the Semantic Web toolkit. More
established applications of ontologies for querying and inferencing over graphs of data can be
found in the pharmaceutical industry (Samwald et al., 2011; Wild et al., 2012; Yankulov, 2019),
and domain-specific ontologies available for biological fields e.g. (Ashburner et al., 2000;
National Center for Biomedical Ontology, 2019). These use cases represent valuable learning
opportunities for evidence-based approaches to chemical risk assessment and risk
management decision-making. Future work within this area will require the development of
toxicological ontologies which are relevant to regulatory workflows (Hardy et al., 2012). This
represents a largely manual, consensus-building exercise and reiterates the importance of

continued communication of evidence-based methods within chemicals policy.

In the interim, the true value of pursuing these avenues of future research can be explored
and refined by conducting slightly more narrowly focused evidence mapping exercises within
environmental health and toxicology, in which the utility of the methodology can still be
demonstrated and developed without exceeding resource availability. Producing evidence
maps which can be incorporated directly into chemical risk assessment workflows will
promote interest and uptake of the methodology, as well as resolve further issues in need of
future research e.g. the development of user interfaces for evidence maps which are both fit-

for-purpose and accessible to chemical risk assessors, decision-makers and/or the public.
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Given that current regulatory workflows operate on a chemical-by-chemical basis, producing
evidence maps which collate all available and relevant information on a particular chemical
(or class of chemicals) offers a more immediately achievable means of exploring and adapting
the methodology — providing much-needed “case studies”. These exemplar evidence-maps

will provide the foundations from which future research efforts can be successfully developed.
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ARTICLE INFO ABSTRACT

Edited by Hanna Boogaard Background: Per- and polyfluoroalkyl substances (PFAS) confer waterproof, greaseproof, and non-stick proper-
Keywords: ties when added to consumer products. They are also used for industrial purposes including in aqueous film
PFAS forming foams for firefighting. PFAS are ubiquitous in the environment, are widely detected in human biomo-
Per- and polyfluoroalkyl substances nitoring studies, and are of growing regulatory concern across federal, state, and local governments. Regulators,
Systematic evidence map scientists, and citizens need to stay informed on the growing health and toxicology literature related to PFAS.
Toxicology Objectives: The goal of this systematic evidence map is to identify and organize the available health and tox-
icology related literature on a set of 29 PFAS of emerging and growing concern.
Search and study eligibility: We will search the electronic database PubMed for health or toxicological studies on
29 PFAS of emerging concern. Eligible studies must contain primary research investigating the link between one
or more of the PFAS of interest and a health effect, toxicological, or biological mechanistic endpoint.
Study appraisal and synthesis methods: Title and abstract screening and full text review will require a single
reviewer for inclusion to the next level and two independent reviewers for exclusion. Study quality will not be
conducted for this evidence mapping. Study characteristics will be extracted and coded from the included studies
and checked for accuracy by a second reviewer. The extracted and coded information will be visualized in a
publicly available, interactive database hosted on Tableau Public. Results of the evidence mapping will be
published in a narrative summary.

1. Introduction Teflon and the stain-resistant coating Scotchgard, these chemicals are
now used in a wide range of consumer and industrial products where
grease or water proofing is desired, or surfactant action is a benefit.

These products include food packaging and non-stick cookware, cos-

1.1. Rationale

Over the past few decades per- and polyfluoroalkyl substances
(PFAS) contamination has grown into a serious global health threat.
PFAS are a large class of synthetic chemicals that contain an alkyl chain
with at least one fully fluorinated carbon atom. Although the class is
broad, they are related in their extreme persistence in our environment
and are often referred to as “forever chemicals”. PFAS are also highly
mobile in the environment and some have been found to bioaccumu-
late, or build up, in humans and animals.

Best known for their original use in producing the fluoropolymer

metics, waterproof and stain-proof textiles and carpet, aqueous film
forming foam (AFFF) to fight Class B fires, and as part of metal plating
processes.

Widespread use of PFAS has resulted in the ubiquitous presence of
these chemicals in the environment including in rivers, soil, air, house
dust, food and drinking water from surface water and groundwater
sources. Virtually all Americans have multiple PFAS at detectable levels
in the blood serum (CDC, 2018). Unfortunately, PFAS have been linked
to many harmful health effects, including cancer, immune system
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exposures, comparators, and outcomes; PFAS, per- and polyfluoroalkyl substances; PFBS, perfluorobutane sulfonic acid; PFOA, perfluorooctanoic acid; PFOS, per-
fluorooctanesulfonic acid; PND, postnatal day; PPAR, peroxisome proliferator activated receptor; ppt, part per trillion; QC, quality control
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dysfunction, liver damage, developmental and reproductive harm, and
hormone disruption (ATSDR, 2018).

The most well-known and well-studied PFAS are perfluorooctanoic
acid (PFOA) and perfluorooctane sulfonic acid (PFOS) (ATSDR, 2018).
Due to increasing concern over the harm these chemicals cause to
human health, wildlife, and the environment, the U.S. Environmental
Protection Agency initiated the PFOA Stewardship Program in 2006
(US EPA, 2006). Through the program, the major PFAS manufacturing
companies committed to phasing out PFOA, its precursor chemicals and
related higher homologue chemicals from production in the US by
2015; however, PFOA and PFOS are still produced internationally and
consumer products containing PFOA and related-PFAS may still be
imported into the US (US EPA, n.d.) This, in combination with their
extreme persistence in the environment, ensures that their legacy re-
mains.

The scientific literature on PFAS has increased exponentially in the
last decade, which has resulted in a greater understanding of the po-
tential adverse health effects associated with PFOA and PFOS exposure
(Grandjean, 2018). For PFOA and PFOS this has resulted in increasingly
stricter health thresholds proposed by various agencies (Cordner et al.,
2019). In 2016 the EPA issued lifetime drinking water health advisories
of 70ppt for PFOA and PFOS, individually or combined (US EPA,
2016b, 2016c¢). Recently several states (e.g. MN, NH, NJ, VT, MI) have
proposed drinking water regulatory or guideline levels below 70 ppt
(Cordner et al., 2019; MDHHS, 2019; NHDES, 2019).

For various reasons, including uncertainties in data and biological
significance, the EPA did not select the most sensitive health effects
currently associated with PFOA and PFOS when generating their 2016
health advisories. There is evidence that both altered mammary gland
development for PFOA (Macon et al., 2011; Tucker et al., 2015; White
et al., 2011) and immunotoxicity for PFOS (Dong et al., 2009;
Grandjean and Budtz-Jorgensen, 2013; Guruge et al., 2006; Peden-
Adams et al., 2008) can occur at levels an order of magnitude or lower
than the health effects selected by the EPA. Since the EPA issued its
2016 advisories, the National Toxicology Program (NTP) released a
report concluding that both PFOA and PFOS are presumed to constitute
immune hazards to humans (NTP, 2016). And most recently, the New
Jersey Drinking Water Quality Institute (NJDWQI) and the Agency for
Toxic Substances and Disease Registry (ATSDR) have either acknowl-
edged or attempted to account for these more sensitive health effects in
generating their proposed health standards (ATSDR, 2018; NJDWQI,
2017; NJDWQI, 2018). As a result, both NJDWQI and ATSDR have
proposed significantly more protective (5-10 times lower) health
thresholds for PFOA and PFOS than the EPA health advisories (ATSDR,
2018; NJDWQI, 2017; NJDWQI, 2018).

The expansion of research on PFAS has also resulted in increasing
concern over the rising use of and exposure to replacements for legacy
PFAS. Most legacy PFAS, including PFOA and PFOS, are “long-chain”
chemicals, meaning their molecular structure contains a chain of six
(for perfluoroalkyl sulfonic acids) or seven (for perfluoroalkyl car-
boxylic acids) or more carbon atoms. While there is less toxicity data on
shorter-chain and other alternative PFAS replacing long-chain PFAS,
evidence is growing quickly that indicates they collectively pose similar
threats to human health and the environment; which, combined with
similar concerns over the environmental fate and persistence, have led
independent scientists and other professionals from around the globe to
express concern about the continued and increasing production and
release of PFAS (Blum et al., 2015; Scheringer et al., 2014).

Due to the health concerns related to PFAS exposure and concerns
over their environmental fate and persistence, there have been various
efforts at the local, state and federal level to regulate PFAS. For ex-
ample, severe contamination of drinking water with both legacy and
alternative PFAS in communities across the nation, has led to con-
siderable efforts at the state-level to set enforceable drinking water
maximum contaminant levels (MCLs). It is expected that efforts to
regulate PFAS in drinking water (as well as in ground and surface
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waters, air, consumer products, etc.) will continue over the coming
years. Staying abreast of the current PFAS health effects literature is a
major barrier for setting effective regulations to protect human and
environmental health. Further, as additional communities learn of their
own PFAS contamination, there is a desire from citizens and citizen-led
groups to know more about these chemicals and how they may impact
the health of their communities.

The ATSDR Draft Toxicological Profile for Perfluoroalkyls provides
estimates concerning the volume of available human and experimental
animal studies through May 2016 for PFOA (Fig. 2-1; n = 271), PFOS
(Fig. 2-2; n = 218) and 12 additional PFAS (Fig. 2-3; n = 127) (ATSDR,
2018). Though helpful, the figures provided by ATSDR do not allow the
end-user much flexibility in sorting, filtering, or deeply exploring the
available evidence. Additionally, ATSDR Fig. 2-3 presents the evidence
for 12 PFAS of emerging interest, but it is not possible to determine how
the identified studies are distributed among the chemicals, which limits
its utility to state agencies proposing regulatory values for individual
PFAS beyond PFOA and PFOS.

To this end, we will use systematic evidence mapping methodology
to improve citizen, scientific and regulatory access to current evidence
regarding the health effects associated with exposure to PFAS.
Systematic evidence maps collate and characterise evidence available
on a broad research topic. They distill a potentially vast, heterogeneous
evidence base into a (computationally) accessible, comparable and
easily updated format using transparent and reproducible methodology.
Systematic evidence maps take the form of searchable databases of
references and meta-data, including data extracted and coded from
each individual included study. This format removes the barriers as-
sociated with manually assessing large volumes of data by affording
end users a broad overview of the evidence base, allowing fast identi-
fication of emerging trends, including the presence of evidence gaps
and evidence clusters (James et al., 2016). As such, systematic evidence
maps do not attempt to synthesise or integrate evidence in answer to
any one specific research question, but rather provide users with the
means of exploring the evidence according to their own varied research
interests - identifying trends which might form the basis of future
syntheses or further research.

Here, we propose to create a systematic evidence map that trans-
parently and systematically surveys the available health and tox-
icological evidence associated with PFAS exposure. The result will be
an online, interactive, interrogable, and user-friendly database (Miake-
Lye et al., 2016). Given the pace at which the evidence base appears to
be growing, it would seem that now is a good time to establish a sys-
tematically and transparently created interactive database, such as the
one proposed in this protocol. A database concerning the health effects
of “short-chain PFAS” has been previously suggested, but to our
knowledge has not yet been produced (Bowman, 2015).

1.2. Objectives
The objectives of this systematic evidence map are to:

1. Identify and organize the available scientific research on the phy-
siological health effects of a set of 29 PFAS (see Table 1), in-
dividually or combined, as measured in human, animal, or ex vivo/in
vitro models.

2. Present the literature in a user-friendly, online, interactive database
that will connect end-users directly to referenced primary studies.

3. Identify data gaps and research needs, and publish a narrative
summary of the systematic map.

The protocol described here, serves to document decisions made a
priori regarding the conduct of the systematic evidence mapping.
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Table 1
List of PFAS included in systematic evidence map
Abbreviation Chemical name CASRN
PFHxA Perfluorohexanoic acid 307-24-4
PFHpA Perfluoroheptanoic acid 375-85-9
PFNA Perfluorononanoic acid 375-95-1
PFDA Perfluorodecanoic acid 335-76-2
PFBS Perfluorobutanesulfonic acid 375-73-5
PFHxS Perfluorohexanesulfonic acid 355-46-4
PFUnA Perfluoroundecanoic acid 2058-94-8
PFDoA Perfluorodedecanoic acid 307-55-1
NEtFOSAA 2-(N-ethyl-perfluorooctane sulfanamido) acetic 2991-50-6
acid
NMeFOSAA 2-(N-Methyl-perfluorooctane sulfanamido) acetic 2355-31-9
acid
GenX Hexafluoropropylene Oxide (HFPO) Dimer Acid 13252-13-6
PFTA Perfluorotetradecanoic acid 376-06-7
PFTrDA Perfluorotridecanoic acid 72629-94-8
ADONA 4,8-dioxa-3H-perfluorononanoic 919005-14-4
6:2 CI-PFESA  6:2 chlorinated polyfluorinated ether sulfonic acid 73606-19-6
8:2 CI-PFESA  8:2 chlorinated polyfluorinated ether sulfonic acid ~ 83329-89-9
PFBA Perfluorobutanoic acid 375-22-4
PFPeA Perfluoro-n-pentanoic acid 2706-90-3
Nafion BP2 Nafion Byproduct 2 749836-20-2
PFO4DA Perfluoro-3,5,7,9-tetraoxadecanoic acid 39492-90-5
PFO5DoDA Perfluoro-3,5,7,9,11-pentaoxadodecanoic acid 39492-91-6
Hydro-Eve 2,2,3,3-Tetrafluoro-3-((1,1,1,2,3,3-hexafluoro-3- 773804-62-9
(1,2,2,2-tetrafluoroethoxy)propan-2-yl)oxy)
propanoic acid
6:2 FTSA h,1h,2h,2h-Perfluorooctanesulfonic acid 27619-97-2
8:2 FTSA 2-(Perfluorooctyl)ethane-1-sulfonic acid 39108-34-4
PFPeS Perfluoropentanesulfonic acid 2706-91-4
PFHpS Perfluorcheptanesulfonic acid 375-92-8
PFNS Perfluorononanesulfonic acid 68259-12-1
PFDS Perfluorodecanesulfonic acid 335-77-3
HFPO-TA Hexafluoropropylene Oxide (HFPO) Trimer Acid 13252-14-7
2. Methods

This protocol has been prepared in accordance with the ENVINT
PRISMA-SM-P report (available at (Elsevier, 2017)) and based on gui-
dance from the Collaboration for Environmental Evidence
(Collaboration for Environmental Evidence, 2018). The protocol has
been registered at Zenodo (Pelch et al., 2019).

2.1. Information sources

PFAS (Table 1) were prioritized for inclusion in this systematic
evidence map due to their inclusion in the ATSDR Draft Toxicological
Profile for Perfluoroalkyls (ATSDR, 2018), their presence in US EPA
Method 537.1 (Shoemaker and Tettenhorst, 2018), because they were
reported to be detected in blood in the GenX exposure study (NC State
Center for Human Health and the Environment, 2018a; NC State Center
for Human Health and the Environment, 2018b), or because they were
suggested to be of interest by members of the NGO community (per-
sonal communication). Because PFOA and PFOS have been recently
reviewed by US EPA (US EPA, 2016a, 2016¢), ATSDR (ATSDR, 2018),
and NTP (NTP, 2016), they were not prioritized for incorporation in
this systematic evidence map.

The peer-reviewed published literature will be identified by
searching PubMed electronic database with no date or language re-
strictions. If a search update is needed, the PubMed search will be re-
peated but limited to studies published since the date of the last search
using the “date-create” field in the PubMed Advanced Search Builder.
The number of studies retrieved from searching will be tracked in a
study flow diagram (e.g Fig. 1), which will also track how the studies
progress through the review. Any studies identified from sources other
than PubMed (e.g. identified by hand searching included studies or
relevant reviews) will be marked as “Identified from other sources” on
the study flow diagram.
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2.2. Search strategy

The Pubmed search will include names and synonyms for 29 PFAS
of emerging interest. Specific search terms can be found in Appendix 1.
There will be no search limitations based on health outcome or other
aspects of study design or conduct. Furthermore, the search will be
conducted without limit on publication year or language.

Search terms were identified for the PFAS of interest by searching
the CASRN for each chemical, the common abbreviation, and full
chemical names, which have been identified as synonyms for the che-
mical in PubChem. The search logic for GenX and PFBS are adapted
from the recent EPA GenX and PFBS Draft Toxicity Assessments (US
EPA, 2018a, 2018b). The search logic for PFAS in general has been
adapted from the search logic used in the NTP monograph (NTP, 2016).
When possible, the search will also include CASRN and relevant search
terms for associated salts (see Table 2).

2.3. Eligibility criteria

Study eligibility is based on the PECO statement provided in
Table 2.

To be included in this systematic evidence map, studies must con-
tain primary research investigating the link between one or more of the
PFAS of interest and a health effect, toxicological, or biological me-
chanistic endpoint. Epidemiological, animal, and in vitro and mechan-
istic evidence will be included. Studies that do not contain health,
toxicological, or mechanistic information on the PFAS of interest will be
excluded at the title and abstract level and will not be further data
extracted.

Studies that investigate aspects of PFAS other than health outcomes
will be tagged and categorized as to the nature of the evidence and may
be made available upon request or as a downloadable list on the TEDX
website (www.tedx.org). This includes studies on environmental de-
tection, environmental fate and transport, biomonitoring, detection in
wildlife, reports on the absorption, distribution, metabolism, excretion,
pharmacokinetic or toxicokinetic properties (ADME/PK/TK), in silico
and read across analyses, reviews, and systematic reviews of the PFAS
of interest. Though they will be tagged and collated, studies that lack
health outcome endpoints will not proceed past title and abstract
screening.

Given that this is a systematic evidence map rather than a sys-
tematic review, efforts will be made to include non-English language
studies if essential information (i.e. chemicals tested and health out-
comes assessed) can be obtained from the title and abstract. Non-
English studies will be denoted with square brackets on the title.
Conference abstracts, presentations, posters, and theses/dissertations
will not be included in this systematic evidence map.

2.4. Data management

2.4.1. Management of literature updates and study flow diagram

A study flow diagram will be maintained that describes the number
of studies evaluated in each step of the review (Fig. 1). Any search
updates or modifications to the protocol will also be noted as amend-
ments to the registered protocol.

Literature search results will be imported to EndNote X6. Duplicate
records will be identified using EndNote's “Find Duplicates” feature
based on title and author fields. All records will receive a unique
identification number upon import to EndNote X6 that will be main-
tained throughout the review. Records will then be exported and up-
loaded to DistillerSR (Evidence Partners; Ottawa, Ontario, Canada).
Customized forms in DistillerSR will be used to manually screen studies
at the title and abstract level and to extract study details from full-text
documents. Extracted information will be exported from DistillerSR to
one of three .csv files that can be directly uploaded to Tableau Desktop
Professional Edition vs 2018.3 (Tableau; Seattle, WA) for visualization.
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Search update
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PubMed
N=
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Identified from
other sources
N=

Studies screened at title and abstract level
(after duplicate removal)
N=

Studies screened

Studies relevant to

Not relevant and

other PFAS research

at full text level

N= questions

N=

excluded
N=

Included
epidemiological
studies
N=

Included animal

studies
N=

Fig. 1. Example study flow diagram

Included in vitro
studies
N=

The example study flow diagram shows how studies will proceed through the review.

Table 2
Populations, Exposures, Comparators, and Outcomes (PECO) Statement.

PECO element Evidence

Any human, animal (whole organism including experimental and observational studies), or ex vive/in vitro models utilizing organs, tissues, cell lines, or cellular

Exposure to at least one of the PFAS or the associated salts listed in Table 1 (e.g. perfluorobutane sulfonic acid (PFBS; CASRN 375-73-5) and potassium

perfluorobutane sulfonate (K + PFBS; CASRN 29420-49-3)). Exposures may include, for example: biomarkers of exposure, modeling of potential exposures, and/
or administered exposures. Mixtures of PFAS will also be included and listed as PFAS,;x. There are no limitations on the timing, route, level, or determination of

Populations
components (e.g. cell-free receptor binding assays).
Exposures
estimated exposure.
Comparators
groups, or vehicle-only treatment.
Outcomes

Humans, animals, organs, tissues, cell lines, or cellular components exposed to a lower level of a PFAS than the more highly exposed subjects or treatment

Any health outcome or type of biological response measured in the exposed population.

The three .csv files will represent the three evidence streams: human,
animal, and in vitro. The .csv files will also be submitted as supple-
mental files to the journal with the final report.

The systematic evidence map will be hosted on TEDX's public profile
on Tableau Public, which is available at https://public.tableau.com/
profile/the.endocrine.disruption.exchange#!/. A link to the visualiza-
tion will also be found on the TEDX website along with additional
systematic evidence map details including links to the published and
registered protocols.

2.5. Selection and data collection processes

Title and abstract screening will be performed in DistillerSR by se-
nior researchers (KEP, AR, TW), none of which have authored peer
reviewed articles that would be relevant for inclusion in this systematic
evidence map. DistillerSR's artificial intelligence (AI) text mining
functionality may be utilized to prioritize studies for title and abstract
screening. Title and abstract screening and full text review will require
a single reviewer for inclusion to the next level and two independent
reviewers for exclusion. Discrepant screening results will be resolved by
discussion. Likewise, full text review, data extraction, and coding will
be conducted by a single reviewer with a secondary reviewer con-
firming the accuracy and completeness of extracted and coded data
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using DistillerSR's quality control (QC) feature. We will attempt to
contact study authors via email if it is unclear which PFAS was in-
vestigated (e.g. missing CASRN or structure, or ambiguous chemical
name). Other missing information will be flagged as missing, but study
authors will not be contacted. Prior to commencing the search,
DistillerSR forms will be piloted by KEP, AR, and TW on a small set of
studies to ensure ease and accuracy of data extraction and export for
visualization in Tableau.

2.6. Data coding strategy

Data extraction will be conducted on full-text studies using struc-
tured forms in DistillerSR. The following information will be collected
from all included studies: authors, journal, reference information, year
of publication, which evidence streams were investigated (human, an-
imal, or in vitro), conflict of interest statement (COI), funding statement,
acknowledgements statement, chemicals evaluated, and the health
outcome category (see Table 3). Data specific to each evidence stream
will also be collected as outlined in Table 3. All data will be captured at
the study level rather than at the level of each individual endpoint. In
other words, for each study, data extractors will be instructed to select
all responses that apply to each question.
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Table 3
Data coding and recording.

Data category Data captured

@ authors

@ year of publication

@ journal

@ title

@ reference information

@ study URL

@ COI statement

@ authors' acknowledgments statement

@ funding source
Evidence stream is defined by the type of subject or population
being exposed to the chemical

Bibliographic
information

Evidence stream

@ Human epidemiological studies
@ Animal (including experimental and observational
whole animal studies)
@ In vitro (includes mechanistic studies in humans and
other species, ex vivo, and cell free)
Health effects Health outcomes will be tagged as follows (these headings
studied were derived from the MedLinePlus ontology, which is
available with definitions from the Unified Medical Language
Systems Database (US NLM (United States National Library
of Medicine), 2016):

@ Blood, heart, and circulation

@ Bones, joints, and muscles

@ Brain and nerves

@ Cancers

@ Digestive system

@ Ear, nose, and throat

@ Endocrine system

@ Eyes and vision

@ Female reproductive system

@ Genetics/birth defects

@ Immune system

@ Injuries and wounds

@ Kidneys and urinary system

@ Lungs & Breathing

@ Male reproductive system

@ Mental health and behavior

® Metabolic problems

@ Mouth and teeth

@ Mortality

@ Pregnancy and reproduction

@ Sexual health issues

@ Skin, hair, and nails
Data will be collected on the 29 PFAS listed in Table 1. If
PFAS other than those listed in Table 1 are studied in
included studies, they will be permanently added to the
list of options so that they might be tracked for any future
updates or expansions to this systematic evidence map.
Mixtures of PFAS or Zppas presented in a study will be
categorized as PFAS,,;, in addition to the component
PFAS.
Study type:

Chemicals studied

Human study
elements
@ Case control
@ Cohort
@ Cross-sectional
@ Ecological/community
Study location:

@ US (list US state abbreviation)
@ Non-US
@ The city, state, and/or country of study location will be
captured as free text
Exposure type:

@ General population
@ Known or suspected point source pollution
@ Occupational

Study pepulation sex:

@ Male
@ Female
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Table 3 (continued)

Data category Data captured

@ Both
Study N:

@ The study N will be collected as free text for the total
number of study participants (e.g. all cases and controls)
Timing of exposure assessment:

@ The timing of exposure according to study authors will be
captured as free text and will also be further categorized as:
@ Preconception
@ Pregnancy
@ birth-1 years of age
@ > 1-3years of age
@ > 3-12years of age
@ > 12-20years of age
@ > 20years of age
Exposure assessment:

@ The exposure assessment method as described by the study
authors will be captured as free text and will also be further
categorized as follows, with controlled additions allowed as
needed:

@ Adipose tissue

@® Amniotic fluid

@ Breast milk

@ Cord blood

@ Distance to source

@ Drinking water concentration

@ Hair

@ Nails

@ Serum

@ Urine

@ Whole blood

Exposure level:

@ Minimum reported exposure

@ Maximum reported exposure

@ Reported units of measured exposures
Timing of outcome assessment:

@ The timing of outcome assessment according to study
authors will be captured as free text and will also be further
categorized as:

@ Pregnancy

@ Birth —1 years of age

@ > 1-3years of age

@ > 3-12years of age

@® > 12-20years of age

@ > 20vyears of age

Animal study Animal subjects:
elements
@ Species - species will be categorized as follows, with
controlled additions allowed as needed:
O Daphnia
O Monkey
O Mouse
O Rat
O Frog
O Fish
@ Strain - will be captured as free text
Study population sex:

® Male
@ Female
@ Both
Study N:

@ The study N will be collected as free text for the range of N
from different experimental groups assessed throughout the
study

Timing of exposure:

@ The timing of exposure according to study authors will be
captured as free text and will also be further categorized as:
@ For rodents:

(continued on next page)
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Table 3 (continued) Table 3 (continued)

Data category Data captured Data category Data captured
O Gestational @ Human
O Postnatal (for rodents postnatal day (PND)0-PND14) @ Mouse
O Developmental (gestational + postnatal) @ Rabbit
O Juvenile (for rodents PND15-40) @ Rat
O Adult (for rodents PND41 +) @ Yeast

@ For zebrafish: @ Zebrafish

In vitro study
elements

O Embryonic (hpf 0-72)
O Larval (hpf 72-30 days)
O Adult (> 30days)
@ For other model systems:
O Will develop as needed with expert consultation
Route of exposure:

@ The exposure assessment method as described by the study
authors will be categorized as follows, with controlled
additions allowed as needed:

@ Inhalation

@ Intraperitoneal injection

@ Embryonic injection (e.g. zebrafish, xenopus)

@ Subcutaneous: injection

@ Subcutaneous: mini osmotic pump

@ Subcutaneous: silastic capsule

@ Oral: drinking water

@ Oral: gavage

@ Oral: feed/diet/treat

@ In treatment water (e.g. zebrafish, xenopus)

@ Dermal

@ Ocular

Exposure assessment:

@ When relevant (i.e. observational animal studies), the
exposure assessment method as described by the study
authors will be categorized as follows, with controlled
additions allowed as needed:

@ Adipose tissue

@ Amniotic fluid

@ Breast milk

@ Cord blood

@ Feces

@ Hair

@ Nails

@ Serum

@ Urine

@ Whole blood

@ Whole organism

Exposure/dose range:

@ Minimum reported exposure/dose

@ Maximum reported exposure/dose

@ Reported units of measured exposures/dose
Timing of assessment:

@ The timing of outcome assessment according to study
authors will be captured as free text and will also be further
categorized as:

@ For rodents:

O Gestational
O Postnatal (for rodents PNDO-PND14)
O Juvenile (for rodents PND15-40)
QO Adult (for rodents PND41 +)
@ For zebrafish:
O Embryonic (hpf 0-72)
O Larval (hpf > 72-30 days)
O Adult (> 30days +)

@ For other model systems:

O Will develop as needed with expert consultation
Cell species:

@ Cell species will be categorized as follows, with controlled
additions allowed as needed:

@ Chicken

@ E. coli

@ Frog

@ Guinea pig

@ Hampster
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Cell line name:

@ Example cell line names are provided below. Controlled
additions to this list will be allowed as needed:

@ 3T3L-1

® BG-1

@ CHO

@ COs-7

@ DT40

@ GH3

@ H295R

@ Hela

@ HepaRG

@ HepG2

@ Ishikawa

@ MCF-7

@ MDA-kb2

@ NIH3T3

@ PC3

@ PZFH

@ U208

® ZLF

Cell type:

@ Example cell types are provided below. Controiled additions
to this list will be allowed as needed:

@ Leukocytes

@ Oocytes

@ Neuronal

@ Kidney

@ Breast cancer

@ Normal breast

Exposure timing:

@ The range of exposure lengths used for the various
experiments in a study will be recorded as free-text.
Endpoint description:

@ In vitro endpoints will be broadly categorized. Examples of
broad categories are provided below. Controlled additions to
this list will be allowed as needed:

@ Estrogen related

® Androgen related

@ Thyroid related

@ Glucocorticoid related

@ Peroxisome proliferator activated receptor (PPAR)
related

@ Cell and molecular dysfunction (e.g. oxidative stress)

Dose range:

@ Minimum reported dose
@ Maximum reported dose
@ Reported units of measured exposures

2.7. Data mapping method

Studies will be collated by evidence stream, PFAS studied, and
health outcome. The systematic evidence map will be hosted on TEDX's
public profile on Tableau Public, which is available at https://public.
tableau.com/profile/the.endocrine.disruption.exchange#!/. An ex-
ample of how the data will be presented in shown in Fig. 2.

The display in Tableau Public will be an interactive evidence map
that contains an evidence map as shown in Fig. 2, a list of all included
studies, and a filter to limit the display based on evidence stream. In the
freely available, online interactive display, it will be possible to filter
the data to only see the studies for selected evidence streams, health
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The example evidence mapping shows one aspect of how the data is expected to be presented in Tableau Public. In this example the different colored circles represent
the three different evidence streams (human, animal, in vitro). The size of and number in each circle represents the number of studies for that specific chemical and
health outcome category in that evidence stream. The rows are each different PFAS chemicals and the columns are different health outcome categories. A list of
included studies is presented in another panel of the interactive figure not shown here.

outcome categories or chemicals. Users will be able to easily identify
papers of interest by clicking on one of the colored circles to see a list of
only those papers evaluating that specific PFAS and health outcome
category. Users will be able to find additional study details (e.g. timing
of exposure and outcome assessment, conflict of interest statement, etc.)
and read the abstract by hovering over the name of the study in the
study list. Further, clicking on a study of interest will take the user
directly to the PubMed entry (or the entry on the publisher's page if the
paper is not in PubMed).

2.8. Study quality assessment
Study quality will not be assessed in this systematic evidence map.
2.9. Synthesis of results

Results of this systematic evidence map will be summarized narra-
tively and prepared as a manuscript for peer review. We anticipate
discussing the overall results of the literature search (to be described in
the study flow diagram, Fig. 1) and providing an analysis of the trends
in PFAS publications by year. A list/lists of studies that investigate as-
pects of PFAS other than health outcomes (i.e. environmental detection,
environmental fate and transport, biomonitoring, detection in wildlife,
reports on the ADME/PK/TK, in silico and read across analyses, reviews,
and systematic reviews) for the 29 PFAS of interest may be made
available upon request or as a downloadable list on the TEDX website
(www.tedx.org). The human evidence will be discussed in terms of
chemicals evaluated to-date, the frequency of use of different study
types and locations of the studies, the frequency of use and timing of
various exposure assessments, the ranges of reported exposures and the
different health outcomes evaluated to-date. The animal evidence will
be discussed similarly but separately for observational studies and ex-
perimental studies, and will include a discussion on the chemicals
studied to-date, the frequency of study of different species, and different
experimental aspects including the timing, route, and level of exposure
and health outcomes evaluated. The in vitro evidence will be discussed
in terms of the chemicals and exposure levels studied to-date, the cell or
model systems used, and different types of questions addressed by the in
vitro studies.
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1.0. Appendix 1. Search strings for PubMed

Search #

Search String

# records
retrieved
5/13/19

#1

375-22-4[rn] OR PFBA[tw] OR "Perfluorobutyric acid"[nm] OR Perfluorobutanoic[tw] OR
Heptafluorobutanoic[tw] OR Heptafluorobutyric[tw] OR heptaflurorbutyric[tw] OR
Perfluorobutyric[tw] OR "Heptafluoro-1-butanoic"[tw] OR Perfluoropropanecarboxylic[tw] OR
"heptafluoro-butanoic"[tw] OR "Heptafluoro-n-butyric"[tw] OR Heptafluorobutyricacid[tw] OR (c4
[tw] AND perfluorinated [tw])

841

#2

2706-90-3[rn] OR PFPeA[tw] OR "Perfluoropentanoic acid"[nm] OR Perfluoropentanoic[tw] OR
Perfluorovaleric[tw] OR Nonafluoropentanoic[tw] OR Nonafluorovaleric[tw] OR "n-
Perfluoropentanoic"[tw] OR "Perfluoro-n-pentanoic"[tw] OR "Nonafluoro-valeric"[tw] OR (c5 [tw]
AND perfluorinated [tw])

160

#3

307-24-4[rn] OR PFHxA[tw] OR "Perfluorohexanoic acid"[nm] OR Perfluorohexanoic[tw] OR
"Perfluoro-hexanoic"[tw] OR "Perfluoro hexanoate"[tw] OR "IPC-PFFA-6"[tw] OR "undecafluoro-
hexanoic"[tw] OR "Undecafluoro-1-hexanoic"[tw] OR Undecafluorohexanoic[tw] OR (c6 [tw] AND
perfluorinated [tw])

313

#4

375-85-9[rn] OR 20109-59-5[rn] OR 6130-43-4[rn] OR PFHpA[tw] OR "Perfluoroheptanoic acid"[nm]
OR Perfluoroheptanoic[tw] OR Perfluoroheptanoicacid[tw] OR Perfluoroheptanoate[tw] OR
Tridecafluoroheptanoic[tw] OR "Perfluoro-n-heptanoic"[tw] OR Perfluoroenanthic[tw] OR
"tridecafluoro-heptanoic"[tw] OR "Tridecafluoro-1-heptanoic"[tw] OR "n-perfluoroheptanoic"[tw]
OR Tridecafluoroenanthic[tw] OR (c7 [tw] AND perfluorinated [tw])

245

#5

375-95-1[rn] OR 4149-60-4[rn] OR PFNA[tw] OR "perfluorononanoic acid"[nm] OR
perfluorononanoic[tw] OR "Perfluoro-n-nonanoic"[tw] OR Perfluornonansaeure[tw] OR
"Perfluorononan-1-oic"[tw] OR Perfluoropelargonic[tw] OR Heptadecafluorononanoic[tw] OR
Heptadecafluornonansaeure[tw] OR "heptadecafluoro-nonanoic"[tw] OR
Heptadecafluoropelargonic[tw] OR "n-Heptadecafluorononanoic"[tw] OR "heptadecafluoro-n-
nonanoic"[tw] OR (c9 [tw] AND perfluorinated [tw])

888

#6

335-76-2[rn] OR PFDA[tw] OR "Perfluorodecanoic Acid"[nm] OR Perfluorodecanoic[tw] OR
Nonadecafluorodecanoic[tw] OR Ndfda[tw] OR "Perfluoro-N-decanoic"[tw] OR perfluorocaprylic[tw]
OR "Nonadecafluoro-n-decanoic"[tw] OR Perfluorocapric[tw] OR "n-perfluorodecanoic"[tw] OR (c10
[tw] AND perfluorinated [tw])

543

#7

2058-94-8[rn] OR PFUNA[tw] OR "Perfluoroundecanoic Acid"[nm] OR Perfluoroundecanoic[tw] OR
heneicosafluoroundecanoic[tw] OR "Perfluoro-n-undecanoic"[tw] OR "heneicosafluoro-
undecanoic"[tw] OR "C11-PFA"[tw] OR (c11 [tw] AND perfluorinated [tw])

222

#8

307-55-1[rn] OR PFDoA[tw] OR "Perfluorododecanoic Acid"[nm] OR Perfluorododecanoic[tw] OR
Perfluorolauric[tw] OR Tricosafluorododecanoic[tw] OR Tricosafluorolauric[tw] OR "tricosafluoro-

170
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Dodecanoic"[tw] OR "n-perfluorododecanoic"[tw] OR (c12 [tw] AND perfluorinated [tw])

#9

72629-94-8[rn] OR PFTrDA[tw] OR "perfluorotridecanoic acid"[nm] OR perfluorotridecanoic[tw] OR
Pentacosafluorotridecanoic[tw] OR "Pentacosafluoro-tridecanoic"[tw] OR (c13[tw] AND
perfluorinated [tw])

65

#10

376-06-7[rn] OR PFTeA[tw] OR PFTA[tw] OR "perfluorotetradecanoic acid"[nm] OR
"perfluoromyristic acid"[nm] OR perfluorotetradecanoic[tw] OR Heptacosafluorotetradecanoic[tw]
OR perfluoromyristic[tw] OR "heptacosafluoro-tetradecanoic acid"[tw] OR (c14 [tw] AND
perfluorinated [tw])

92

#11

375-73-5[rn] OR 59933-66-3[rn] OR 29420-49-3[rn] OR 68259-10-9[rn] OR 45187-15-3[rn] OR
PFBS[tw] OR PFBuS[tw] OR "Eftop FBSA"[tw] OR "nonafluorobutane-1-sulfonic acid"[nm] OR
"Perfluorobutanesulfonic acid"[nm] OR "1-Butanesulfonic acid, 1,1,2,2,3,3,4,4,4-nonafluoro-"[tw]
OR "1-Butanesulfonic acid, nonafluoro-"[tw] OR "1-Perfluorobutanesulfonic acid"[tw] OR "1-
Perfluorobutanesulfonic"[tw] OR "1,1,2,2,3,3,4,4,4-Nonafluoro-1-butanesulfonic acid"[tw] OR
"1,1,2,2,3,3,4,4,4-Nonafluorobutane-1-sulphonic acid"[tw] OR "Nonafluoro-1-butanesulfonic
acid"[tw] OR "nonafluoro-1-butanesulfonic"[tw] OR "nonafluoro-butanesulfonic acid"[tw] OR
"nonafluorobutane sulfonic"[tw] OR "nonafluorobutane-1-sulfonic"[tw] OR
"Nonafluorobutanesulfonic acid"[tw] OR "nonafluorobutane-1-sulphonic"[tw] OR "pentyl
perfluorobutanoate"[tw] OR "Perfluoro-1-butanesulfonate"[tw] OR "perfluoro-1-
butanesulfonic"[tw] OR "perfluorobutane sulfonate"[tw] OR "Perfluorobutane sulfonic acid"[tw] OR
"perfluorobutane sulfonic"[tw] OR "Perfluorobutanesulfonate"[tw] OR "Perfluorobutanesulfonic
acid"[tw] OR "perfluorobutyl sulfonic"[tw] OR "Perfluorobutylsulfonate"[tw] OR "perfluorobutane-1-
sulfonic"[tw] OR FC-98[tw] OR Nonaflate[tw] OR nonafluorobutanesulfonic[tw] OR
nonafluorobutanesulphonic[tw] OR perfluorobutanesulphonic[tw]

328

#12

2706-91-4[rn] OR PFPeS[tw] OR "perfluoropentanesulfonic acid"[nm] OR
perfluoropentanesulfonic[tw] OR "perfluoropentane-1-sulphonic"[tw] OR "Perfluoropentane-1-
sulfonic"[tw] OR "1-Pentanesulfonic"[tw] OR "perfluoropentane sulfonic"[tw] OR "Undecafluoro-1-
pentanesulfonic"[tw] OR "undecafluoropentane-1-sulfonic"[tw]

54

#13

355-46-4[rn] OR 3871-99-6[rn] OR 68259-08-5[rn] OR pfhxs[tw] OR "Perfluorohexanesulfonic
Acid"[nm] OR "Perfluorohexane sulfonic"[tw] OR "Perfluorohexane-1-sulphonic"[tw] OR
"tridecafluoro-1-Hexanesulfonic"[tw] OR "Tridecafluorohexane-1-sulfonic"[tw] OR
Perfluorohexanesulfonic[tw]

520

#14

375-92-8[rn] OR 60270-55-5[rn] OR PFHpS[tw] OR "Perfluoroheptanesulfonic acid"[nm] OR
Perfluoroheptanesulfonic[tw] OR "Perfluoroheptane sulfonic"[tw] OR "Pentadecafluoro-1-
heptanesulfonic"[tw] OR "pentadecafluoroheptane-1-sulfonic"[tw]

26

#15

68259-12-1[rn] OR 17202-41-4[rn] OR PFNS[tw] OR "Perfluorononanesulfonic acid"[nm] OR
Perfluorononanesulfonic[tw] OR "Nonadecafluoro-1-nonanesulfonic"[tw] OR "nonadecafluoro-1-
Nonanesulfonic"[tw]

38

#16

335-77-3[rn] OR 67906-42-7[rn] OR PFDS[tw] OR "Perfluorodecane sulfonic acid"[nm] OR
"Perfluorodecane sulfonic"[tw] OR "Perfluorodecane sulphonic"[tw] OR
henicosafluorodecanesulphonicacid[tw] OR perfluordecansulfonsaure[tw] OR "Perfluorodecane
sulfonate"[tw] OR "henicosafluorodecane-1-sulfonic"[tw] OR "heneicosafluoro-1-
decanesulfonic"[tw] OR henicosafluorodecanesulphonic[tw] OR "henicosafluorodecane
sulphonic"[tw] OR "henicosafluorodecane sulfonic"[tw]

230

#17

919005-14-4[rn] OR 958445-44-8[rn] OR ADONA[tw] OR "3H-perfluoro-3-[(3-methoxy-
propoxy)propanoic]"[tw] OR "ammonium 4,8-dioxa-3H-perfluorononanoate"[tw] OR "4,8-dioxa-3H-
perfluorononanoic"[tw] OR "2,2,3-trifluoro-3-[1,1,2,2,3,3-hexafluoro-3-

18
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(trifluoromethoxy)propoxy]"[tw] OR "3H-perfluoro-3-[(3-methoxy-propoxy)propanoate]"[tw]

#18

13252-13-6[rn] OR 62037-80-3[rn] OR 236-236-8[rn] OR 26099-32-1[rn] OR GenX[tw] OR "2-
(Heptafluoropropoxy)-2,3,3,3-tetrafluoro-propionic"[tw] OR "2-(Heptafluoropropoxy)-2,3,3,3-
tetrafluoropropanoic"[tw] OR "2-(Heptafluoropropoxy)-2,3,3,3-tetrafluoropropionic"[tw] OR "2-
(Heptafluoropropoxy)tetrafluoropropionic acid"[nm] OR "2-
(Heptafluoropropoxy)tetrafluoropropionic"[tw] OR "2-
(Heptafluoropropoxy)tetrafluoropropionicacid"[tw] OR "2,3,3,3-tetrafluoro-2-
(heptafluoropropoxy)propanoic acid"[nm] OR "2,3,3,3- tetrafluoro-2-
(heptafluoropropoxy)propanoic acid"[tw] OR "2,3,3,3-tetrafluoro-2- (1,1,2,2,3,3,3-
heptafluoropropoxy)-Propanoic acid"[tw] OR "2,3,3,3-tetrafluoro-2- (1,1,2,2,3,3,3-
heptafluoropropoxy)propanoic acid"[tw] OR "2,3,3,3-Tetrafluoro-2- (heptafluoropropoxy)propionic
acid"[tw] OR "2,3,3,3-tetrafluoro-2- (perfluoro propoxy) propanoic"[tw] OR "2,3,3,3-tetrafluoro-2-
(perfluoro propoxy)propanoic"[tw] OR "2,3,3,3-Tetrafluoro-2-(1,1,2,2,3,3,3-
heptafluoropropoxy)propanoic acid, ammonium salt"[tw] OR "2,3,3,3-tetrafluoro-2-(1,1,2,2,3,3,3-
heptafluoropropoxy) propanoic"[tw] OR "2,3,3,3-tetrafluoro-2-(1,1,2,2,3,3,3-
heptafluoropropoxy)propanoic"[tw] OR "2,3,3,3-tetrafluoro-2-(1,1,2,2,3,3,3-
heptafluoropropoxy)propionic"[tw] OR "2,3,3,3-tetrafluoro-2-(heptafluoropropoxy) propanoic"[tw]
OR "2,3,3,3-tetrafluoro-2-(heptafluoropropoxy)propanoate"[tw] OR "2,3,3,3-tetrafluoro-2-
(heptafluoropropoxy)propanoic"[tw] OR "2,3,3,3-Tetrafluoro-2-(heptafluoropropoxy)propionic"[tw]
OR "2,3,3,3-tetrafluoro-2-(perfluoropropoxy) propanoic"[tw] OR "2,3,3,3-tetrafluoro-2-
(perfluoropropoxy)propanoic"[tw] OR "Ammonium 2-(perfluoropropoxy)perfluoropropionate"[tw]
OR "Ammonium 2,3,3,3- tetrafluoro-2-(heptafluoropropoxy)propanoate"[tw] OR "ammonium
perfluoro(2-methyl-3-oxahexanoate)"[tw] OR "Ammonium perfluoro(2-methyl-3-oxahexanoic)
acid"[tw] OR "FRD902"[tw] OR "GenX-H3N"[tw] OR "HFPO-DA"[tw] OR "hexafluoropropylene oxide
dimer"[tw] OR "Perfluorinated aliphatic carboxylic acid, ammonium salt"[tw] OR "Perfluorinated
aliphatic carboxylic acid"[tw] OR "perfluoro-2-methyl-3- oxahexanoic acid"[tw] OR "perfluoro-2-
propoxypropanoic acid"[tw] OR "perfluoro-2-propoxypropionic acid"[tw] OR "perfluoro-2-
propoxypropionic"[tw] OR "perfluoro-apropoxypropionic acid"[tw] OR "Perfluoro(2- methyl-3-
oxahexanoic) acid"[tw] OR "Perfluoro(2-methyl-3-oxahexanoate) "[tw] OR "Perfluoro(2-methyl-3-
oxahexanoic)"[tw] OR "perfluoro2-(propyloxy)propionic acid"[tw] OR "propanoic acid, 2,3,3,3-
tetrafluoro-2- (heptafluoropropoxy)-"[tw] OR "Propanoic acid, 2,3,3,3-tetrafluoro-2-(1,1,2,2,3,3,3-
heptafluoropropoxy)- "[tw] OR "Propanoic acid, 2,3,3,3-tetrafluoro-2-(1,1,2,2,3,3,3-
heptafluoropropoxy)-, ammonium salt"[tw] OR "Propanoic acid, 2,3,3,3-tetrafluoro-2-
(heptafluoropropoxy)-, ammonium salt"[tw] OR "propionic acid, 2,3,3,3-tetrafluoro-2-
(heptafluoropropoxy)-"[tw] OR "tetrafluoro-2-(1,1,2,2,3,3,3-heptafluoropropoxy)propanoic"[tw] OR
"tetrafluoro-2-(heptafluoropropoxy)propanoate”[tw] OR "tetrafluoro-2-
(heptafluoropropoxy)propanoic”[tw] OR "Undecafluoro-2-methyl-3-oxahexanoic acid"[tw] OR
(("2,3,3,3-Tetrafluoro-2- (heptafluoropropoxy)propionic"[tw] OR "2,3,3,3-tetrafluoro-2-
(1,1,2,2,3,3,3-heptafluoropropoxy)-Propanoic"[tw] OR "Perfluorinated aliphatic carboxylic"[tw] OR
"Perfluoro(2-methyl-3- oxahexanoic)"[tw] OR "2,3,3,3-tetrafluoro-2-(1,1,2,2,3,3,3-
heptafluoropropoxy)propanoic"[tw] OR "2,3,3,3-tetrafluoro-2- (heptafluoropropoxy)propanoic”[tw]
OR "perfluoro-2- (propyloxy)propionic"[tw] OR "perfluoro-2-methyl-3- oxahexanoic"[tw] OR
"perfluoro-2-propoxypropanoic"[tw] OR "perfluoro-2-propoxypropionic"[tw] OR "perfluoro-
apropoxypropionic"[tw]) AND (acid[tw] OR acids[tw])) OR (("Undecafluoro-2- methyl-3-
oxahexanoic"[tw] OR "Ammonium perfluoro(2-methyl-3- oxahexanoic)"[tw] OR "2,3,3,3-Tetrafluoro-
2-(1,1,2,2,3,3,3- heptafluoropropoxy)"[tw] OR "Perfluorinated aliphatic carboxylic"[tw]) AND
(salt[tw] OR salts[tw] OR acid[tw] OR acids[tw])))) OR (((Undecafluoro AND oxahexanoic) OR
(Ammonium AND perfluoro AND oxahexanoic) OR (Tetrafluoro AND heptafluoropropoxy) OR
"Perfluorinated aliphatic carboxylic"[tw] OR "Perfluorinated aliphatic carboxylic"[tw]) AND (salt[tw]
OR salts[tw] OR acid[tw] OR acids[tw])) OR (GenX AND (fluorocarbon*[tw] OR fluorotelomer*[tw]
OR polyfluoro*[tw] OR perfluoro-*[tw] OR perfluoroa*[tw] OR perfluorob*[tw] OR perfluoroc*[tw]
OR perfluorod*[tw] OR perfluoroe*[tw] OR perfluoroh*[tw] OR perfluoron*[tw] OR perfluoroo*[tw]
OR perfluorop*[tw] OR perfluoros*[tw] OR perfluorou*[tw] OR perfluorinated[tw] OR

42
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fluorinated[tw]))

#19

13252-14-7[rn] OR "HFPO-TA"[tw] OR HFPO[tw] OR (Hexafluoropropylene[tw] AND ("oxides"[MeSH
Terms] OR oxide*[tw])) OR ("hexafluoropropene"[tw] AND ("oxides"[MeSH Terms] OR oxide*[tw]))
OR "hexafluoropropylene oxide"[tw] OR "HFPO trimer"[tw]

62

#20

73606-19-6[rn] OR "6:2 CIPFESA"[tw] OR "6:2 Cl PFESA"[tw] OR "6:2 chlorinated polyfluorinated
ether sulfonic acid"[nm] OR "chlorinated polyfluorinated ether sulfonic"[tw] OR "2-[(6-Chloro-
1,1,2,2,3,3,4,4,5,5,6,6-dodecafluorohexyl)oxy]-1,1,2,2-tetrafluoroethanesulfonic"[tw] OR "2-(6-
Chlorododecafluorohexyloxy)-1,1,2,2-tetrafluoroethanesulfonic"[tw] OR "6:2 CI-PFESA" OR "CI-
PFESA" OR (Cl[tw] AND (PFESA[tw] OR PFESAs[tw])) OR (((chlorinated[tw] AND polyfluorinated[tw]
AND ("sulfonic acids"[MeSH Terms] OR ("sulfonic"[tw] AND "acids"[tw]) OR "sulfonic acids"[tw] OR
("sulfonic"[tw] AND "acid"[tw]) OR "sulfonic acid"[tw])))) OR "2-(6-chloro-1,1,2,2,3,3,4,4,5,5,6,6-
dodecafluorohexoxy)-1,1,2,2-tetrafluoroethanesulfonic"[tw]

33

#21

83329-89-9[rn] OR "8:2 CI:PFESA"[tw] OR "8:2 C| PFESA"[tw] OR "8:2 CI-PFESA"[tw] OR "CI:PFESA"
OR "CI PFESA" OR "8:2 chlorinated polyfluorinated ether sulfonic acid"[nm] OR "8:2 chlorinated
polyfluorinated ether sulfonic acid"[tw] OR "2-[oxyl]-1,1,2,2-tetrafluoro-ethanesulfonicacid"[tw] OR
"2-[oxyl]-1,1,2,2-tetrafluoro-ethanesulfonic"[tw] OR (chlorinated[tw] AND polyfluorinated[tw] AND
ether[tw] AND (sulphonic acid*[tw] OR sulfonic acid*[tw])) OR "2-(8-chloro-
1,1,2,2,3,3,4,4,5,5,6,6,7,7,8,8-hexadecafluorooctoxy)-1,1,2,2-tetrafluoroethanesulfonate"[tw] OR
"2-(8-chloro-1,1,2,2,3,3,4,4,5,5,6,6,7,7,8,8-hexadecafluorooctoxy)-1,1,2,2-
tetrafluoroethanesulfonic"[tw]

28

#22

27619-97-2[rn] OR 59587-39-2[rn] OR "6:2 FTSA"[tw] OR "6:2 FTSA" OR "6:2 FtS"[tw] OR ("6:2"[tw]
AND FTSA[tw]) OR ("6:2"[tw] AND FtS[tw]) OR "6:2 fluorotelomer sulfonic"[tw] OR "6:2
fluorotelomer sulphonic"[tw] OR "fluorotelomer sulfonic"[tw] OR "fluorotelomer sulphonic"[tw] OR
"3,3,4,4,5,5,6,6,7,7,8,8,8-tridecafluorooctane-1-sulfonic"[tw]

48

#23

39108-34-4[rn] OR 254-295-8[rn] OR "8:2 FTSA" OR "8:2 fluorotelomer sulfonic"[tw] OR "8:2
fluorotelomer sulphonic"[tw] OR "2-(Perfluorooctyl)ethane-1-sulphonic"[tw] OR "2-
(Perfluorooctyl)ethane-1-sulfonic"[tw] OR ("8:2"[tw] AND fluorotelomer[tw]) OR ("8:2"[tw] AND
FTSA[tw]) OR ("8:2"[tw] AND FtS[tw]) OR "Heptadecafluorodecanesulphonic"[tw] OR
"heptadecafluorodecane-1-sulfonic"[tw] OR "Perfluorodecanesulfonic"[tw] OR
"Heptadecafluorodecane-1-sulphonic"[tw] OR "heptadecafluoro-1-Decanesulfonic"[tw] OR
"3,3,4,4,5,5,6,6,7,7,8,8,9,9,10,10,10-Heptadecafluorodecanesulphonic”[tw] OR
"3,3,4,4,5,5,6,6,7,7,8,8,9,9,10,10,10-heptadecafluorodecane-1-sulfonic"[tw] OR "1H,1H,2H,2H-
Perfluorodecanesulphonic acid"[tw] OR "1-Decanesulfonic acid,3,3,4,4,5,5,6,6,7,7,8,8,9,9,10,10,10-
heptadecafluoro-"[tw]

1917

#24

2991-50-6[rn] OR NEtFOSAA[tw] OR "2-(N-ethyl-perfluorooctane sulfanamido) acetic acid"[tw] OR
"2-(N-ethyl-perfluorooctane sulfonamido) acetic acid"[tw] OR "2-(N-ethyl-
perfluorooctanesulfonamido) acetic acid"[tw] OR "2-(N-Ethylperfluorooctanesulfonamido)acetic
acid"[tw] OR "2-[ethyl(1,1,2,2,3,3,4,4,5,5,6,6,7,7,8,8,8-heptadecafluorooctylsulfonyl)amino]acetic
acid"[tw] OR "N-(ethyl)-N-(perfluorooctylsulfonyl)-aminoacetic acid"[tw] OR "n-(ethyl)n-
(perfluorooctylsulfonyl)-aminoacetic acid"[tw] OR "N-(Heptadecafluorooctylsulfonyl)-N-
ethylglycine"[tw] OR "N-ethyl perfluorooctanesulfonamidoacetic acid"[tw] OR "N-ethyl-N-
((1,1,2,2,3,3,4,4,5,5,6,6,7,7,8,8,8-heptadecafluorooctyl)sulfonyl)-"[tw] OR "N-ethyl-N-
((heptadecafluorooctyl)sulfonyl)-"[tw] OR "N-Ethyl-N-((heptadecafluorooctyl)sulphonyl)glycine"[tw]
OR "N-ethyl-N-[(heptadecafluorooctyl)sulfonyl]-"[tw] OR "N-ethylperfluorooctane
sulfonamidoacetic acid"[tw] OR "N-ethylperfluorooctane sulfonamidoacetic"[tw]

#25

2355-31-9[rn] OR NMeFOSAA[tw] OR "2-(N-Methyl-perfluorooctane sulfanamido) acetic acid"[tw]
OR "2-(N-methyl-perfluorooctane sulfonamido) acetic acid"[tw] OR "2-(N-
Methylperfluorooctanesulfonamido)acetic acid"[tw] OR "N-(Heptadecafluorooctylsulfonyl)-N-

168




methylglycine"[tw] OR "N-[(heptadecafluorooctyl)sulfonyl]-N-methyl-"[tw] OR "N-
[(heptadecafluorooctyl)sulfonyl]-N-methylglycine"[tw] OR "N-methyl
perfluorooctanesulfonamidoacetic acid"[tw] OR "N-methylperfluorooctane sulfonamidoacetic
acid"[tw]

#26

749836-20-2[rn] OR Nafion[tw] OR "1,1,2,2-Tetrafluoro-2-{[1,1,1,2,3,3-hexafluoro-3-(1,2,2,2-
tetrafluoroethoxy)propan-2-ylJoxy}ethane-1-sulfonic"[tw] OR "Perfluoro-2-{[perfluoro-3-
(perfluoroethoxy)-2-propanyl]oxy}ethanesulfonic"[tw]

2,180

#27

39492-90-5[rn] OR PFO4DA[tw] OR "1,1,1,3,3,5,5,7,7,9,9-Undecafluoro-2,4,6,8-tetraoxadecan-10-oic
acid"[tw] OR "3,5,7,9-Tetraoxadecanoicacid, 2,2,4,4,6,6,8,8,10,10,10-undecafluoro-"[tw] OR
"Perfluoro-3,5,7,9-butaoxadecanoic"[tw] OR "Perfluoro-3,5,7,9-tetraoxadecanoic"[tw]

#28

39492-91-6[rn] OR PFO5DoDA[tw] OR "1,1,1,3,3,5,5,7,7,9,9,11,11-Tridecafluoro-2,4,6,8,10-
pentaoxadodecan-12-oic"[tw] OR "3,5,7,9,11-Pentaoxadodecanoicacid,
2,2,4,4,6,6,8,8,10,10,12,12,12-tridecafluoro-"[tw] OR "Perfluoro-3,5,7,9,11-
pentaoxadodecanoic"[tw]

#29

773804-62-9[rn] OR "Hydro-Eve"[tw] OR "Hydro Eve"[tw] OR "HydroEve"[tw] OR "2,2,3,3-
tetrafluoro-3-((1,1,1,2,3,3-hexafluoro-3-(1,2,2,2-tetrafluoroethoxy)propan-2-yl)oxy)propanoic"[tw]

#30

PFAS*[tiab] OR PFCs[tiab] OR PFAA*[tiab] OR perfluorochemical*[tiab] OR perfluorinated[tiab] OR
("per-"[tiab] AND polyfluoroalkyl[tiab]) OR "perfluorinated alkyl"[tiab] OR "Perfluorinated
carboxylic"[tiab] OR "perfluorinated chemicals"[tiab] OR "perfluoroalkyl acid"[tiab] OR
"perfluoroalkyl acids"[tiab] OR ("perfluoroalkyl sulfonic"[tiab] AND (acid*[tiab] OR acid[tiab] OR
acids[tiab])) OR ("perfluoroalkyl sulphonic"[tiab] AND (acid*[tiab] OR acid[tiab] OR acids[tiab])) OR
"perfluoroalkyl sulphonic"[tiab] OR ("poly-"[tiab] AND perfluoroalkyl[tiab]) OR "polyfluorinated
alkyl"[tiab] OR "polyfluorinated chemicals"[tiab] OR ("polyfluorinated"[tiab] AND substance*[tiab])
OR “fluorinated polymer”[tiab] OR “fluorinated polymers”[tiab] OR (fluorinated[tiab] AND
(polymer[tiab] OR polymers][tiab])) OR (fluorinated[tiab] AND surfactant*[tiab]) OR (fluorinated|[tiab]
AND telomer*[tiab]) OR fluoro-telomer*[tiab] OR (fluorocarbon[tiab] AND (polymer[tiab] OR
polymers[tiab])) OR Fluoropolymer*[tiab] OR Fluorosurfactant*[tiab] OR fluorotelomer*[tiab] OR
(Perfluorinated[tiab] AND carboxylic[tiab]) OR (perfluorinated[tiab] AND substance*[tiab]) OR
perfluoroalkyl[tiab] OR (perfluoroalkyl[tiab] AND acid[tiab]) OR (perfluoroalkyl[tiab] AND acids[tiab])
OR (perfluoroalkyl[tiab] AND substance*[tiab]) OR (perfluorocarbon*[tiab] AND (chemical*[tiab] OR
compound*[tiab])) OR perfluorocarboxylic[tiab] OR perfluorosulfonic[tiab] OR polyfluorinated[tiab]
OR polyfluoroalkyl[tiab] OR (polyfluoroalkyl[tiab] AND acid[tiab]) OR (polyfluoroalkyl[tiab] AND
acids[tiab]) OR (polyfluoroalkyl[tiab] AND substance*[tiab]) OR polyflurochemical*[tiab]

8,948

#31

#1 OR #2 OR #3 OR #4 OR #5 OR #6 OR #7 OR #8 OR #9 OR #10 OR #11 OR #12 OR #13 OR #14 OR
#15 OR #16 OR #17 OR #18 OR #19 OR #20 OR #21 OR #22 OR #23 OR #24 OR #25 OR #26 OR #27
OR #28 OR #29 OR #30

12,490
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PRISMA-P Report (modified) for Systematic Map Protocols Submitted to Environment International
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Title of submitted paper and corresponding author: PFAS Health Effects Database: Protocol for a Systematic Evidence Map

# l Item | Guidance | On page # | Author Comments
Title
1 Identification Identify the report as a systematic map. 1 The title identifies this as a protocol for a
systematic evidence map.
2 Update If the protocol is for an update of a previous systematic map, identify as such. ‘ N/A I
Registration
3 Registration If registered, provide the name of the registry and registration number. 6 The protocol, as submitted to the journal,
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