
 

      

 

 

Applying Systematic Review Methods 

in Chemical Risk Assessment 

by 

Paul Alexander Whaley (MLitt) 

 

 

This dissertation is submitted for the  

degree of Doctor of Philosophy 

- 

January 2021 

- 

Lancaster Environment Centre 



 

    i 

To everyone who encouraged me. 

Especially Miriam, who also had to live  

with the consequences. 

  



 

    ii 

"Science is supposed to be cumulative, but scientists  

only rarely cumulate evidence scientifically" 

Chalmers, Hedges & Cooper 

  



 

    iii 

Declaration 

This thesis has not been submitted in support of an application for another degree at this 

or any other university. It is the result of my own work and includes nothing that is the 

outcome of work done in collaboration except where specifically indicated.  

 



Applying Systematic Review Methods in Chemical Risk Assessment 

Paul Alexander Whaley – September 2020 

    iv 

Abstract 

Context 

Chemical risk assessment has traditionally been dependent on “narrative” approaches 

for synthesising evidence about potential health harms from exposure to chemical 

substances. However, narrative reviews are recognised as being vulnerable to a range 

of methodological shortcomings which introduce bias and inconsistency into the 

summarisation of scientific evidence. This is likely to be a contributing factor in a 

number of controversies about the safety of chemical substances. The potential value of 

systematic review methods for improving the transparency and validity of chemical risk 

assessments was arguably first articulated in the mid-2000s. By 2015, the first major 

frameworks for conducting systematic reviews of environmental health evidence had 

been published. What was not well understood at the time was how systematic review, 

as a technically exacting methodology originally developed for evaluating the 

effectiveness of interventions in healthcare, might be adapted to the specific workflows 

and evidence streams of chemical risk assessment. 

Objectives 

The aim of this Thesis is to investigate how systematic review methods can be applied 

to the conduct of chemical risk assessment. This overall aim is broken down into four 

specific objectives: to identify practical challenges and knowledge gaps which impede 

the implementation of systematic review methods in chemical risk assessment; to define 

a consensus view on key recommended practices for the planning and conduct of 

systematic reviews in the environmental health sciences; to examine how “biological 

plausibility” as a concept fundamental to risk assessment is accommodated in 

systematic review methodologies; and to describe the role of ontologies in making 

evidence accessible for use in systematic chemical assessments. 

Discussion 

The use of systematic review methods should improve the validity, utility and 

transparency of chemical risk assessments. However, the successful implementation of 

systematic review methods hinges on addressing a number of challenges, including the 
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development of guidance for their conduct in environmental health contexts, and the 

technical development of methods where systematic review approaches need to be 

adapted to the specific requirements of chemical risk assessment. 

In terms of developing guidance, a detailed set of recommendations for the conduct of 

systematic reviews in environmental health and toxicological research was developed. 

These “COSTER” recommendations identify 70 practices across eight performance 

domains that will help ensure consistent and high standards for the growing number 

systematic reviews on environmental health topics. 

In terms of technical development of methods, “biological plausibility” is a concept 

used by risk assessors to describe the extent to which an experimental surrogate or 

knowledge of relevant biological mechanisms are informative of a systematic review 

conclusion. Through examination of 12 case examples it is concluded that “biological 

plausibility” is in fact already accommodated in the systematic review process under 

the assessment of the indirectness or external validity of evidence; however, the 

considerations which risk assessors take into account when assessing biological 

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

Finally, examination of the concept of biological plausibility demonstrates the extreme 

heterogeneity and volume of data which has to be accommodated in chemical risk 

assessments. The role of ontologies in Knowledge Organisation Systems is examined 

as a key enabler of scaling up of systematic review methods to handling the volume of 

evidence which needs to be analysed if tens of thousands of chemicals, covering 

potentially millions of studies, are to be reviewed systematically. 
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Adverse Outcome Pathway: A way of formalizing, for risk assessment purposes, the 

steps by which a disease progresses from exposure through to final adverse 

outcome via increasing levels of biological complexity. 

Bias: The systematic deviation of results or inferences from the truth. 

Biological plausibility: A concept ambiguously defined in environmental health and 

chemical risk assessment, which generally refers to the extent to which a 

hypothetical association between an environmental exposure and a health 

outcome is grounded in existing biological knowledge. 

Bisphenol-A (BPA). An organic synthetic compound which is a precursor to 

polycarbonates and epoxy resins, extensively used in food contact materials up to 

the mid-2010s and the subject of multiple controversial chemical risk 

assessments.  

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

health outcomes following exposure to chemical substances. 

Chemical risk management: The process of ensuring that levels of exposure to a 

chemical substance do not exceed the tolerable thresholds determined by 

chemical risk assessment. 

Consensus: General agreement, characterized by the absence of sustained opposition 

to any substantial issues under discussion and by a process that involves seeking 

to take into account the views of all parties concerned and to reconcile any 

conflicting arguments. Consensus need not imply unanimity. 

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

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

European Chemicals Agency (ECHA): The agency of the European Union which 

manages the technical and administrative aspects of REACH. 
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European Food Safety Authority (EFSA): The agency of the European Union that 

provides scientific advice and communication on existing and emerging risks 

associated with the food chain. 

External validity: The extent to which the results of an experiment apply to contexts 

outside that study, such as whether an effect observed in an experimental rat 

population would also be observed in a human population of concern.  

Grading of Recommendations Assessment, Development and Evaluation 

(GRADE): A method for assessing the certainty in the evidence for effect 

estimates and the strength of recommendations in health care. GRADE is being 

adapted and applied to environmental health research. 

Graph: A mathematical structure used to model pairwise relations between objects, 

made up of nodes which are connected by edges. In computing, a graph database 

uses graph structures for semantic queries. Graph databases can store statements 

in natural language as subject-predicate-object “triples”, with subjects and objects 

as nodes and predicates as edges. 

Heterogeneity: Differences between studies. Heterogeneity can be statistical, referring 

to how studies have varying results, and methodological, referring to how studies 

can use varying designs to answer a given research question. 

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

outside their normal biological context. 

In vivo research: Study models using whole, living organisms. 

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

evidence included in a systematic review addresses the review question. 

Knowledge Organisation System (KOS): Technique for making existing information 

accessible to people, including ontologies, controlled vocabularies and 

thesauruses. 
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Lowest observed adverse effect level (LOAEL): The lowest concentration or amount 

of a substance that causes an adverse effect in a target organism, usually used as 

a benchmark of toxic exposure in a chemical risk assessment. 

Methodological Expectations of Cochrane Intervention Reviews (MECIR): 

Cochrane standard for conduct of systematic reviews of healthcare interventions. 

Narrative review: A broad concept which encompasses a number of different 

approaches to reviewing evidence, generally implying the use of methods which 

are based on an author’s subjective judgement rather than review techniques 

designed to minimise bias. “Narrative” is also a technical term used in some areas 

of research synthesis to refer to review methods which do not deal with 

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

National Toxicology Program Office of Health Assessment and Translation (NTP 

OHAT): A division of the US National Toxicology Program which conducts 

assessments of the potential for adverse effects on human health by chemical 

substances. Arguably the first government agency in the world to publish a 

framework for systematic review of health effects from exposure to chemical 

substances. 

Ontology: A formal method for representing knowledge, usually within a particular 

knowledge domain, that relates terms or concepts to one another in a format that 

supports reading and searching not only for the terms themselves, but also for the 

relationships between those terms. 

PECO statement: A mnemonic for Population Exposure Comparator Outcome 

statement, as a means of operationalising the formulation of questions in a 

systematic review 

Preferred Reporting Items for Systematic Reviews and Meta Analyses (PRISMA): 

An evidence-based minimum set of items for reporting in systematic reviews and 

meta-analyses, focused on the reporting of reviews evaluating randomized trials, 

but can also be used as a basis for reporting systematic reviews of other types of 

research. 
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Recommendations for Conduct of Systematic reviews in Toxicology and 

Environmental health Research (COSTER): The first formally-developed set 

of recommendations for good practice in the conduct of environmental health 

systematic reviews. 

Registration, Evaluation and Authorisation of Chemicals (REACH): European 

Union regulation addressing the production and use of chemical substances based 

on determination and management of the risks they pose human and 

environmental health.  

Reporting standards for Systematic Evidence Syntheses in environmental research 

(ROSES): a collaborative initiative with the aim of improving the standards of 

reporting in evidence syntheses in environmental research. At the core of ROSES 

is a set of detailed forms for ensuring evidence syntheses report their methods to 

the highest possible standards. 

Streetlight effect: The phenomenon by which research tends to be conducted in 

established areas of understanding rather than around novel ideas, often the result 

of it being easier to formulate questions around established concepts of known 

relevance to the problem rather than novel concepts of unknown relevance to the 

problem. 

Systematic review (SR): a methodology for testing a research hypothesis using existing 

evidence, that employs techniques intended to maximise transparency of methods 

and minimize random and systematic error in deriving results. 

The International Agency for Research on Cancer (IARC): An intergovernmental 

agency of the World Health Organization of the United Nations, the role of which 

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

US Environmental Protection Agency (EPA): An independent executive agency of 

the United States federal government tasked with environmental protection 

matters 

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

American non-profit, non-governmental organisation which provides national 
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biomedical science. 

  



 

    xix 

List of Appendices 

Appendix A: Five Lessons ......................................................................................... 118 

Appendix B: Protocols.io ........................................................................................... 121 

Appendix C: Systematic Evidence Maps ................................................................... 133 

Appendix D: Knowledge Graphs ............................................................................... 143 

Appendix E: NASEM Presentation............................................................................ 158 

 

 

 



Applying Systematic Review Methods in Chemical Risk Assessment - Introduction 

Paul Whaley - January 2021   1 

Introduction 

Background 

Assessing risks to health posed by exposure to chemical substances 

Chemical risk assessment is the determination of the probability of adverse health 

outcomes following exposure to chemical substances (National Research Council 

Committee on the Institutional Means for Assessment of Risks to Public Health, 2014). 

It consists of four steps: hazard identification, whereby the nature of the possible 

adverse health outcomes from exposure to the chemical are identified; hazard 

characterisation, whereby the relationship between exposure level and severity of 

occurrence of an outcome is determined; exposure assessment, whereby the level of the 

chemical to which a given population either is or can be expected to be exposed is 

quantified; and risk characterisation, whereby the probability of harm is calculated as a 

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

The results of a risk assessment process feed into risk management decisions about how 

to ensure levels of exposure to a substance do not exceed tolerable thresholds. Health 

risks from exposure to chemicals are managed through a wide variety of interventions, 

from placing regulatory restrictions on how much of a chemical may be used in 

consumer goods, thought setting emissions limits on manufacturing operations, to 

requiring measures that limit exposure in occupational environments such as the 

wearing of protective equipment. The stages of a human health risk assessment are 

presented in Figure 1. Archetypal questions asked and addressed at each stage of the 

risk assessment and risk management process are also presented.  

https://paperpile.com/c/jsYvT4/ErnB
https://paperpile.com/c/jsYvT4/ErnB
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Figure 1. The components of a human-health risk assessment. Archetypal questions asked at each stage of the risk 

assessment and risk management process are included. The components are typical of wider environmental risk 

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

With accuracy at a premium, there is a general expectation that the gathering of 

evidence for risk assessment be comprehensive and its evaluation be as objective as 

possible. This can, however, be a challenging expectation to meet, as the steps of the 

chemical risk assessment process draw on a range of fields of scientific research 

including environmental chemistry, toxicology (encompassing in vivo, in vitro, 

ecotoxicological and in silico computational methods), human epidemiology, and 

mathematical and statistical modelling. In spite of regulatory frameworks such as 

REACH (the Registration, Evaluation and Authorisation of Chemicals) emphasising the 

collation and analysis of all evidence relevant to evaluating risks of exposure to a given 

substance (Beronius et al., 2014), there has been long-standing concern about whether 

risk assessment processes are sufficiently scientifically robust (National Research 

Council, 2009). 

One example which illustrates the problems with evaluating evidence of health risks 

from chemical exposures is in the range of contradictory opinions that expert scientists 

and reputable organisations have in the past held about the substance bisphenol-A 

(BPA). As a commonly-used food contact material, exposure to BPA had become 

ubiquitous by the early 20th Century. Concerns, however, were being raised about its 

potential to act in the body as an oestrogen (Vom Saal et al., 2012). This was heavily 

investigated by scientists, with almost 3,000 studies into the chemical indexed in the 

PubMed database by 2010 and the number of studies doubling in the following five 

years. Risk assessments of BPA, however, were highly inconsistent: by 2015, five 

https://paperpile.com/c/jsYvT4/FWVB
https://paperpile.com/c/jsYvT4/vs0Z
https://paperpile.com/c/jsYvT4/as2K
https://paperpile.com/c/jsYvT4/as2K
https://paperpile.com/c/jsYvT4/n2tM
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different authoritative organisations and researchers had come to incompatible 

conclusions about safe exposure levels to BPA, varying from “no concern for any age 

group” to “effects have been demonstrated [at] 1-4 magnitudes of order lower than the 

current LOAEL [lowest observed adverse effect level]” (Whaley et al., 2016).  

These differences in conclusions have occurred in spite of each research group or 

agency committee ostensibly having access to the same body of scientific evidence 

about health risks from exposure to BPA. This should not necessarily be surprising: 

when a variety of expert groups interpret such a large, complex body of evidence 

differences in opinion should be expected. The experts will be exercising judgement 

from the varied backgrounds drawn on in risk assessment, with varying degrees of 

cognitive access to relevant information, while placing differing weight on individual 

studies and/or strands of evidence that they review and, when working in committee, 

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

The problem is that when expert opinions are in conflict it can be very challenging to 

distinguish which conclusions are likely to represent the most valid synthesis of the 

totality of the available evidence. The objectivity of a process is also brought into 

question when it produces inconsistent results among those supposedly following it. 

This is not a sustainable situation for chemical risk assessment and an inadequate basis 

for regulatory interventions for risk management, which require consistency and 

certainty. The question, then, is whether it is possible to do better: can more consistency, 

transparency and objectivity be brought into the processes by which scientific evidence 

is evaluated in chemical risk assessment? 

Systematic review as a potential solution  

to inconsistency in risk assessment 

Chemical risk assessment has traditionally been dependent on what has been labelled 

by many as “narrative” approaches to describing what is known in answer to each 

question in the risk assessment process (Ågerstrand and Beronius, 2015; Beronius and 

Vandenberg, 2016; Rhomberg et al., 2013). As a term, “narrative” is a broad concept 

which encompasses a number of different approaches to reviewing evidence, from the 

caricature of one researcher writing about “my field, from my standpoint […] using 

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

https://paperpile.com/c/jsYvT4/aTY2
https://paperpile.com/c/jsYvT4/2TTc
https://paperpile.com/c/jsYvT4/7Uhk+dY0t+iPm5
https://paperpile.com/c/jsYvT4/7Uhk+dY0t+iPm5
https://paperpile.com/c/jsYvT4/oM8p
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thorough narrative critiques of comprehensively identified evidence as conducted by 

organisations such as IARC (IARC, 2019). (“Narrative” is also a term used to describe 

techniques for synthesising evidence without meta-analysis (Popay et al., 2006); this is 

not the meaning being discussed here.) 

Whatever their specific type, it has been recognised that traditional narrative reviews 

are, to varying degrees, vulnerable to a range of methodological shortcomings which 

are likely to bias their summarisation of the evidence base (Chalmers et al., 2002). These 

include the potential for selective retrieval of evidence relevant to the review question, 

inconsistent interpretation of the impact of methodological shortcomings on the validity 

of findings of scientific studies, and often even an absence of clear review objectives 

(Mignini and Khan, 2006; Mulrow, 1987). As for risk assessments, when there exist 

multiple competing reviews, each using opaque methods, it becomes almost impossible 

to judge their relative merits and therefore to base decisions on the current best available 

evidence. 

In medicine, it was increasingly clear by the early 1990s that dependence on narrative 

methods for evaluating the effectiveness of healthcare interventions was costing lives 

and wasting money (Chalmers and Glasziou, 2009). To solve this problem, the medical 

field began to incentivise widespread use of robust “systematic” review methods for 

answering questions in healthcare research. Systematic review is an approach to 

reviewing evidence which seeks to methodically “collate all empirical evidence that fits 

pre-specified eligibility criteria in order to answer a specific research question,” using 

“explicit, systematic methods that are selected with a view to minimising bias” (Higgins 

et al., 2019). Systematic review has been enormously successful, rapidly becoming one 

of the most-cited forms of healthcare research (Patsopoulos et al., 2005), an integral 

step in planning research (Sutton et al., 2009) and vital to clarifying uncertainties about 

the effectiveness of medical interventions (Chalmers, 2010). 

The potential value of systematic review methods for improving how evidence is 

reviewed in chemical risk assessment was arguably first articulated in the mid-2000s 

(Guzelian et al., 2005; Hoffmann and Hartung, 2006). This was followed by initial work 

at the University of California San Francisco on the Navigation Guide framework for 

conduct of systematic reviews in environmental health research (Woodruff and Sutton, 

2010, 2011) and description by the European Food Safety Authority of the potential 
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benefits of systematic review in food and feed safety assessments (European Food 

Safety Authority, 2010). The first evaluation of how methods used in regulatory risk 

assessments compare to healthcare systematic reviews was published by the present 

author in 2013 (Whaley, 2013). In 2014, the Navigation Guide was formally published 

(Woodruff and Sutton, 2014) and in 2015 the US National Toxicology Program Office 

of Health Assessment and Translation issued the first government agency handbook for 

conduct of systematic reviews for health assessments (Rooney Andrew et al., 2014; US 

National Toxicology Panel, 2015). 

Objectives and structure of this Thesis 

Given the parallels between the challenge of evidence evaluation in chemical risk 

assessment as understood in 2015 and the situation in medicine which systematic review 

methods are intended to resolve, the overall aim of this Thesis is to investigate how 

systematic review methods can be applied to the conduct of chemical risk assessment. 

This overall aim is broken down into four specific objectives: 

1. Identify practical challenges and knowledge gaps which impede the 

implementation of systematic review methods in chemical risk assessment; 

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

and conduct of systematic reviews in the environmental health sciences; 

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

assessment is accommodated in systematic review methodologies; 

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

systematic chemical assessments. 

The work in response to each objective is described in detail in four manuscripts in this 

Thesis. The first two manuscripts (Whaley et al., 2020, 2016) have been published in 

scientific journals. The third manuscript (Whaley et al., in prep) has passed the first 

round of the approval process for official publications of the international GRADE 

Working Group. The fourth manuscript (Whaley et al., submitted) has been resubmitted 

to a scientific journal after being revised in response to peer-review comments. 
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The conclusions of this Thesis are presented after the four papers. This final section 

describes how the broader field of systematic review methods in chemical risk 

assessment and environmental health research has progressed in relation to the 

objectives of this Thesis over the seven years since commencement of this PhD, and 

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

Chapter 1. Challenges and opportunities 

By 2014 systematic review had become increasingly viewed as a potentially powerful 

technique in assessing and communicating how likely it is that a chemical will cause 

health harm. However, it was not well understood at the time what various stakeholders 

perceived as being the main challenges in implementing systematic review methods in 

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

The first objective of this Thesis is therefore to identify from expert practitioners the 

practical challenges and knowledge gaps to implementation of systematic review 

methods in chemical risk assessment, and to develop with them a roadmap for 

overcoming these obstacles and expediting the implementation of systematic methods 

by the various stakeholders involved in chemical risk assessment. 

To achieve this, in November 2014 a one-day workshop was organised with 

participation of 35 scientists and researchers from the fields of medicine, toxicology, 

epidemiology, environmental chemistry, ecology, risk assessment, risk management 

and systematic review. 

The workshop identified six characteristics of high quality chemical risk assessment. 

These included transparency of process and reasoning, validity of findings, statement 

of confidence in the evidence, utility and comprehensibility of assessment outputs, 

efficiency of use of resources, and reproducibility of results across multiple assessment 

teams. The limitations which traditional narrative review methods present in terms of 

delivering these six characteristics were contrasted with how risk assessment products 

might be improved if systematic methods were successfully implemented.  

The workshop concluded that implementation of systematic methods in chemical risk 

assessment is a complex challenge, due to the multi-faceted, interdisciplinary nature of 

the type of work involved and the high level of heterogeneity of the evidence base 
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relevant to assessing health risks from exposure to chemical substances. The 

straightforward transferral of methods from healthcare systematic reviews is therefore 

not a realistic proposition. However, the participants were able to come to a consensus 

view on seven recommendations that would increase the likelihood of successful 

implementation of systematic review methods in chemical risk assessment. 

Chapter 2. Recommended Practices 

The second objective of this thesis responds to Recommendation #4 from Chapter 1, to 

contribute to the development of “a recognised ‘gold standard’ for SRs in toxicology 

and risk assessment”. 

In 2016, while some handbooks and frameworks for conduct of systematic reviews had 

been published, there was no authoritative guidance written for the environmental 

health and chemical risk assessment community as to what criteria need to be fulfilled 

to render a literature review authentically systematic. While a number of handbooks, 

guidance and framework documents had been published, they were collectively 

inconsistent, individually incomplete, and sometimes made recommendations which 

would not necessarily be recognised by e.g. the medical community as being systematic 

practices. 

To solve this problem, a second workshop was convened in follow-up to that which 

delivered Objective 1. The purpose of the second workshop was to develop an expert, 

cross-sector consensus view on a key set of recommended practices for the planning 

and conduct of systematic reviews in the environmental health sciences, including 

chemical risk assessments. This would serve as an authoritative guide as to what 

environmental health scientists and risk assessors should do if they are to conduct a 

review according to systematic methods. 

The workshop and following consensus process yielded the Conduct of Systematic 

Reviews in Toxicology and Environmental Health Research (COSTER) 

recommendations, defining 70 systematic review practices across eight performance 

domains. The recommendations are accompanied by detailed descriptions of how the 

practices respond to the requirements of the environmental health and risk assessment 

context. As a first step in defining a widely accepted standard for conduct of systematic 

reviews, COSTER also proposes a set of activities which would further develop the 
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standard in future. Finally, the paper indicates areas in which systematic review 

methods have not yet been defined for environmental health contexts, so consensus on 

good practice cannot yet be established.  

Chapter 3. Biological plausibility 

Chapter 3 follows up on Recommendation #1 from Chapter 1 for “technical 

development of SR methodologies for CRA [chemical risk assessment] purposes” and 

the recommendation from Chapter 2 for work on research methods which could allow 

the development of “more detailed recommendations for appraising the external validity 

of included studies”. 

To achieve this, Chapter 3 focuses on the concept of “biological plausibility” in 

environmental health systematic review. As a concept, “biological plausibility” is 

routinely used in chemical risk assessment when researchers are evaluating how 

confident they are in the results and inferences of a study or evidence review. When 

biological plausibility is high, the results of a study are more certain; when it is low, the 

credibility of a study is called into question and its utility in risk assessment is 

diminished. 

Although widely-used in risk assessment, the exact definition of “biological 

plausibility” is ambiguous, with it being applied differently depending on the context 

of its use. “Biological plausibility” is purposefully not used in one of the most widely-

used approaches for assessing certainty in the evidence which underpins the findings of 

a systematic review, the GRADE Framework (Guyatt et al., 2008; Schunemann et al., 

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

The objective of Chapter 3 is therefore to determine whether “biological plausibility” is 

a concept which has been overlooked in developing systematic review methods for use 

in chemical risk assessment, or if the concept is already subsumed under other steps or 

concepts in the SR process.  

Chapter 3 argues that “biological plausibility” is a concept which primarily comes into 

play when risk assessors need to include in vivo and in vitro studies in a review because 

evidence from observational studies in humans is of insufficient certainty for making 

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

limited. 

Through a series of 12 examples that specifically reference the “biological plausibility” 

of an inference from an experimental model to a real-word target context of concern, 

Chapter 3 argues that “biological plausibility” is functionally equivalent to assessment 

of the indirectness of the evidence (the extent to which existing research fits with the 

question being posed in a systematic review) within the GRADE Framework. That is to 

say, the concept of biological plausibility in traditional use in chemical risk assessment 

maps onto concepts already in use in systematic review, meaning that systematic review 

methods do not need to be extended to include biological plausibility as a domain-

specific concept. 

However, what is clear from the 12 examples is that in risk assessment contexts there 

is a lot more experience in and use of highly indirect evidence than is typically 

encountered in the healthcare and public health contexts in which systematic review 

methods were developed and GRADE is normally deployed. We therefore examine how 

toxicologists and risk assessors judge “biological plausibility” to gather important clues 

as to the sort of information which should be used when assessing the indirectness of 

evidence in environmental health systematic reviews.  

Chapter 4. Ontologies 

Chapter 4 responds to Recommendation #2c of Chapter 1 for development of tools to 

“support extraction, analysis and sharing of data from studies included in reviews”. 

Over the last three years this has become increasingly recognised as a critical issue in 

the successful application of systematic review methods to chemical risk assessment. 

The reason such tools are needed relates to the almost extreme heterogeneity of the 

evidence base drawn on in environmental health research, as alluded to in the 12 

examples of Chapter 3 which illustrate how studies included in a systematic review are 

informative of, but do not directly address, the populations, health outcomes and 

exposures of concern in a risk assessment. Tracing how these indirectly related concepts 

fit together for the purpose of drawing conclusions about risks to health presented by 

exposure to chemical substances is a collective endeavour which exceeds the individual 

capacity of any one researcher or research group. To do this in a way which is efficient 
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and can be shared between independent research groups requires “Knowledge 

Organisation Systems” which capture these conceptual relations; building these systems 

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

The objective of Chapter 4 is to describe what are “Ontologised Knowledge 

Organisation Systems” and characterise how they potentially enable the vast wealth of 

information available about health risks posed by exposure to chemical substances to 

be fully available to systematic reviews. 

Chapter 4 achieves this via discussion of the “streetlight effect” in information retrieval 

and how it challenges the conduct of systematic reviews and evidence maps. The 

advantages and limitations of controlled vocabularies and thesauruses are highlighted 

as current approaches to addressing the streetlight effect, and then contrasted with the 

additional retrieval power which would be permitted by wholesale implementation of 

ontologies in environmental health research databases. Finally, the example of Adverse 

Outcome Pathways, as a relatively novel innovation in chemical risk assessment, is used 

to both illustrate the challenges in developing Knowledge Organisation Systems for 

chemical risk assessment and to outline a strategy for how these challenges can be 

overcome. 
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Conclusions and Future Work 

Conclusions 

Improving the quality of systematic reviews 

Chapter 1 concluded that systematic review methods “have yet to make widespread 

impact on the process of chemical risk assessment” and identified several challenges to 

implementing systematic methods in chemical risk assessment which would need to be 

overcome if its potential is to be realised. These included the need for technical 

methodological work to improve the validity and utility of the outputs of systematic 

reviews, for tools which would reduce the amount of effort and resource required to 

conduct systematic reviews, and for clear standards for good conduct to help address 

the issue of the suspect quality of many of the environmental health systematic reviews 

being published at the time. Chapters 2, 3 and 4 deliver some of that work.  

What was not anticipated during the writing of Chapter 1 was the sudden acceleration 

in uptake of systematic methods (or at least, attempts at such) that would be seen after 

2016: by the end of 2019, roughly as many systematic reviews had been published since 

the writing of Chapter 1 as had ever been published before it (see Chapter 2, Figure 1). 

This suggests that some of the practical barriers to uptake of systematic methods, in 

particular the resources required for their conduct, were perhaps not as important as the 

authors had expected. On the other hand, the explosion in publication of environmental 

health systematic reviews accentuates other challenges identified in Chapter 1, in 

particular the need for clear guidance on good practices in the conduct of systematic 

reviews. 
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Chapter 2 represents a response to that need, establishing the consensus view of a 

representative selection of stakeholders as to a set of recommended practices in the 

conduct of environmental health systematic reviews. Due to only recently being 

published, it is not yet possible to gauge the research community’s reaction to the 

recommendations or its effectiveness as an intervention for improving the quality of 

published systematic reviews. What has become increasingly clear, however, is that 

interventions such as the development of reporting standards and recommendations for 

conduct of systematic reviews are only individual elements of a broader strategy which 

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

The need for a more integrated strategy is suggested by a growing body of evidence that 

individual quality control interventions are ineffective when taken in isolation. For 

example, in spite of widespread endorsement among medical journals of the PRISMA 

standard for reporting biomedical systematic reviews, there is little evidence that 

journals which endorse PRISMA publish systematic reviews of higher quality than 

journals which do not (Stevens et al., 2014). Overall, publishing standards for 

systematic reviews have remained largely unchanged in spite of the widespread 

introduction of reporting standards and attempts by journals to implement processes 

which are expected to raise the quality of the systematic reviews they are publishing 

(Page et al., 2016). 

The importance of the interplay between conduct standards, reporting standards, and 

critical appraisal tools in improving the quality of published systematic reviews was 

initially underestimated in Chapter 1. It was first outlined in the editorial for the Special 

Issue in which Chapter 1 was published (see Appendix A) and referenced in earlier 

versions of Chapter 2 before the manuscript was simplified in response to peer-review 

comments (Whaley et al., 2019). This interplay is shown in Figure 1 below. If reporting 

standards and conduct standards are to be more effective in improving the quality of 

published systematic reviews, the relationship between conduct standards, reporting 

standards (which usually only imply certain practices) and the use of critical appraisal 

tools needs to be further clarified and exploited. 

https://paperpile.com/c/00T4wo/LviC
https://paperpile.com/c/00T4wo/8h4H
https://paperpile.com/c/00T4wo/JNh2
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Figure 1. The interplay between conduct standards, reporting standards, and critical appraisal tools in managing 

the quality of systematic review publications. 

New evidence synthesis methods for chemical risk assessment 

Chapter 3 responds to the call in Chapter 1 for more work on adapting systematic review 

methods from biomedicine to the risk assessment context, and the recommendation 

from Chapter 2 for detailed work specifically on assessing the external validity of 

evidence. Chapter 3 also further demonstrates the value of interdisciplinary 

collaboration between research methodologists with a background in public health and 

biomedicine, and researchers working in toxicology, risk assessment and environmental 

health. This allowed both the identification of new methodological approaches for 

systematic review in chemical risk assessment, and also the feeding back of those new 

approaches into potential methodological innovations for biomedical and public health 

systematic reviews. 

In Chapter 3 we were able to resolve the controversy about the value of “biological 

plausibility” in making causal inferences in public and environmental health. We did 

this by engaging in the long-running debate about how best to interpret Austin Bradford 

Hill’s intuition that while the availability of a biological explanation for association 

between an exposure and an outcome seems to be helpful in determining whether the 

relationship is causal, it does not seem to be necessary to have such knowledge to make 

such a determination. Through examining examples drawn almost exclusively from 

chemical risk assessment, we were able to tease out the role which biological knowledge 

has in informing researchers’ confidence in whether an exposure-outcome association 

is causal or not. 
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Because the role which biological knowledge has in judging the causality of 

associations in risk assessment turns out to be equivalent to assessing external validity 

in systematic reviews, we were then able to show not only how the systematic review 

process already accommodates the processes being followed by risk assessors, but 

therefore also how the processes being followed by risk assessors can inform the 

operationalisation of external validity in systematic reviews. This potentially closes one 

of the gaps between systematic review methods and risk assessment without needing 

radical change to the risk assessment process, but instead simply careful 

operationalisation of assessment of external validity which can serve both the risk 

assessment and public and environmental health communities equally. 

The need to automate evidence synthesis 

Chapter 3 also illustrates the challenge presented by the sheer volume of evidence 

which, although only indirectly related to the research question being asked, needs to 

be accounted for in a systematic review in order for the review to provide sufficiently 

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

The conventional approach in systematic review, as inherited from its origin in 

biomedical and public health research, is simply to disregard indirect evidence: most 

systematic reviews are designed around tightly-focused questions which include only 

the most directly informative evidence (path A of figure 2 in Chapter 3). This is 

generally a viable strategy in healthcare and public health reviews, as there is usually a 

sufficiently substantial body of human evidence that the results of a systematic review 

can be usefully informative of a policy decision. Unfortunately, this is a much less 

viable strategy in environmental health research and chemical risk assessment, where 

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

The challenge is, once one starts broadening the eligibility criteria of a systematic 

review, the volume of evidence which has to be handled increases exponentially. For 

example, one might wish to include surrogate exposures in a systematic review and 

therefore extend the eligibility criteria of the review to chemicals which are structurally 

one or two steps removed from the substance of concern. This might increase the 

number of eligible exposures to ten or twenty substances. If each chemical has 10-20 

studies associated with it, the number of studies to be included might increase from a 
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handful to hundreds. The same is true for including animal studies for surrogate 

populations. Given the number of potentially informative surrogate outcomes being 

studied using in vitro models, the amount of evidence that may need to be handled could 

end up being vast. 

There are two obstacles to the incorporation of indirect evidence in systematic reviews 

discussed in this Thesis. As summarised in Table 3 of Chapter 3, relationships between 

surrogates are determined by features such as similarity of biological pathways in 

populations, relative affinity of molecules for points at which a substance interacts with 

relevant biological processes in an organism, and the predictivity of surrogate outcomes 

for outcomes of concern, among others. The problem, as discussed in Chapter 4, is that 

knowledge of how different types of surrogate are related to each other is not captured 

in existing research databases; as such, indirect evidence is very difficult to consistently 

and reliably retrieve. The second obstacle is simply the sheer volume of the evidence 

which needs to be synthesised: with nearly one million citations now being added to 

MEDLINE every year (National Library of Medicine, 2020), there is significantly more 

research being conducted than can realistically be manually summarised. 

Both of these obstacles are overcome with the same solution: the automatic population 

of large evidence databases with data from scientific studies. These are the Knowledge 

Organisation Systems of Chapter 4. In the course of developing this Thesis I have come 

to the conclusion that Knowledge Organisation Systems are the natural next step in the 

evolution of systematic review. When combined with Artificial Intelligence techniques 

for summarising and synthesising research, they stand to radically change the way in 

which evidence synthesis is conducted. 

A radically different future 

I would personally speculate that once Knowledge Organisation Systems of reasonable 

scale and power have been implemented, the character of systematic review and 

evidence synthesis will undergo radical change. The steps of systematic review, of 

setting inclusion criteria for studies based on narrowly-defined PECO statements, of 

searching databases using sensitive keyword term combinations to try and achieve 

conceptual coverage of the topics of interest to the review, of manually screening 

studies for relevance and extracting relevant data for synthesis: these steps are all 

https://paperpile.com/c/00T4wo/mWbO
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determined by the need to do good research while working within the constraints 

imposed by small groups of people with finite recall manually analysing data. The 

problem is, these constraints mean we are only exploiting a fraction of the vast wealth 

of scientific knowledge we are generating every year. 

These constraints disappear when we replace the reading of PDFs with the databases of 

Knowledge Organisation Systems. The vast wealth of human knowledge is no longer 

stored in individual, separate documents which have to be read in order for the 

information within them to be made accessible to the research team; instead, the 

knowledge encoded within them is represented directly in large-scale semantic 

databases. Evidence synthesis stops being about individual researchers making sense of 

how a small handful of studies fit together and becomes about the querying of the 

Knowledge Organisation System, using semantic reasoners and big data techniques to 

interpret how the range of information around the concepts of interest answers the 

questions we are asking. The limits become computational rather than merely practical, 

and the methods for research synthesis will change accordingly. 

Future Work: “Research Without Reading” 

I would identify three broad research themes which could be developed to facilitate the 

transition from where we are now, whereby evidence synthesis is a small-scale, manual 

activity which exploits only a fraction of available knowledge, to scientific research 

being represented in large-scale Knowledge Organisation Systems. 

Standards for complete, accurate and machine-readable research 

Systematic reviews have repeatedly demonstrated that primary research is very often 

both poorly conducted and incompletely reported, routinely overlooking practices such 

as the blinding of investigators and randomisation of subjects to the exposure and 

control arms of a study, and failing to adequately describe the methods used in sufficient 

detail to allow the credibility of the study’s results to be assessed (de Vries et al., 2014; 

Ritskes-Hoitinga et al., 2014). Systematic reviews have value even if they are only able 

to identify where a body of evidence has collectively uncertain results; however, they 

would have even more value if the evidence being analysed was of consistently higher 

quality. 

https://paperpile.com/c/00T4wo/ZC4O+qVfO
https://paperpile.com/c/00T4wo/ZC4O+qVfO
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Building on Chapters 1, 2 and 4, there is a need for development of more effective 

standards for conduct and reporting of research which is also machine readable. General 

improvement in the quality of conduct and documentation of research would raise the 

standard of the stock material for evidence syntheses, because reporting would be more 

complete and the results of studies would be of higher validity. Making research 

machine readable (meaning that data about study methods and results can be piped 

directly into Knowledge Organisation Systems instead of being presented in an isolated 

PDF) by tagging study reports with metadata including the ontological classes of 

Chapter 4 would help remove the bottleneck of manual reading which prevents the 

implementation of large-scale databases of scientific knowledge. 

As an example of how this might work, I have been using the Protocols.io platform to 

prototype systematic review protocol templates which close the gap between standards 

for reporting and conducting research. I am doing this by interpreting COSTER from 

Chapter 2 into an explicit, step-by-step “recipe” for conduct of a systematic review 

which can be followed by a researcher (see Appendix B). Because the “recipe” prompts 

the researcher to describe how they fulfilled each step, and is directly derived from a 

comprehensive set of good practice recommendations, the result of following the 

protocol template should be complete documentation of each important step of a 

systematic review. It should also result in more valid results overall, because the 

scientist is prompted to follow recommended practices they might otherwise have 

overlooked. Finally, because each step is essentially an object which can be named and 

given various attributes, this approach becomes the first step in making a research report 

directly machine readable.  

The database technology for Knowledge Organisation Systems 

Suitable database technology which could underpin large Knowledge Organisation 

Systems still needs to be developed and implemented. In itself, the value of databases 

summarising the methods and findings of environmental health studies is nothing new 

and already well recognised. The Health Assessment Workspace Collaborative 

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

purpose-built for supporting health assessments. However, as a relational database it 

struggles with accommodating new study designs and can be expected to become 

computationally inefficient once the number of records it contains exceeds a certain 

https://www.protocols.io/
https://hawcproject.org/
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threshold. Relational databases also find it notoriously difficult to cope with 

unstructured, semantic data such as textual information about study methods (Robinson 

et al., 2013).  

Instead of relational databases, it would make sense to explore how graph databases can 

be used to represent the knowledge which is codified in scientific documents. 

Appendices C and D show some of my initial work on exploring evidence mapping 

methods and posits how graph databases, with their “on-read” rather than “on-write” 

schema, are better suited to the challenges of representing scientific knowledge in a 

database and making it readily accessible to users. The ontologies of Chapter 4 provide 

an interpretive layer to the database, to make research about the concepts in the database 

readily accessible to the user rather than, as currently has to be done, the user having to 

manually retrieve information for themselves which is buried in PDFs of manuscripts. 

A larger-scale exploration of how graph databases can be used for storing 

environmental health knowledge should be conducted, in particular as it relates to 

functioning as a repository for the outputs of AI-driven automated data extraction and 

machine-readable study reports. 

Machine-compatible evidence analysis tools 

Chapter 3 anticipates an external validity instrument for systematic review. Initially the 

tool will be designed for use by people; I would speculate that it will involve the 

assessment of the biological similarity of observed experimental PECOs to the target 

PECO of the systematic review which is being conducted. However, the analysis will 

be complex and increasingly information-heavy, and therefore likely to only be 

conducted in a simplistic way when done by people. This intuition is reinforced by how 

complex it is to collate and analyse the evidence which is needed for mapping biological 

processes in Adverse Outcome Pathways (as discussed in Chapter 4). Nonetheless, 

because detailed biological information is needed in order for judgements of external 

validity to be properly grounded, it seems inevitable that computational processes will 

be required for its identification and interpretation. 

A further complicating factor is that, if computational methods for analysing evidence 

are to be acceptable from a regulatory perspective, it seems likely that the processes for 

analysing the evidence will need to be in principle human-understandable: black box 

https://paperpile.com/c/00T4wo/jQge
https://paperpile.com/c/00T4wo/jQge
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processes are probably not an option, at least in the medium-term. In order for 

computational approaches to evidence analysis to perform as well as, then better than, 

people, in a way which is nonetheless understandable to people, requires human-level 

reasoning processes to produce outputs which are interpretable by machines (i.e. 

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

A potential solution to this is the development of a tool for interpreting the external 

validity of a study included in a systematic review in terms of its distance in n 

dimensions from a fixed point of origin in information space defined by the PECO 

statement of the systematic review (see Figure 2). Initial distances in that space can be 

established by asking domain experts to describe numerically (such as by using a Likert 

scale) the extent to which they consider the PECO elements of various studies to be 

similar to each other. A proposal for how this might work is outlined in Appendix E. If 

the information about how experts are making judgements can be enriched with data 

from a Knowledge Organisation System (Chapter 4), it should be possible for machines 

to make the same type of calculations as humans but using much more data than people 

can realistically process. Hopefully, this would be a sufficiently white-box process that 

it can be used for predicting health risks in a fashion acceptable to regulators, while 

exploiting the vast increase in information-processing capacity granted by the use of 

computational approaches.  



Applying Systematic Review Methods in Chemical Risk Assessment - Chapter 5.  

Conclusions and Future Work 

Paul Whaley - January 2021   97 

 

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

a systematic review. 
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The interactive version of this document is online at:  

https://dx.doi.org/10.17504/protocols.io.biktkcwn  
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Appendix C: Systematic Evidence Maps 

This manuscript is available at this DOI: 10.1016/j.envint.2019.05.065 
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Appendix D: Knowledge Graphs 

This manuscript is available at this DOI: 10.1093/toxsci/kfaa025 
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