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Abstract

Systematic reviews provide a structured framework for summarizing the available evidence in a comprehensive, objective,
and transparent manner. They inform evidence-based guidelines in medicine, public policy, and more recently, in
environmental health and toxicology. Many regulatory agencies have extended and adapted the well-established
systematic review methods, initially developed for clinical studies, for their assessment needs. The use of systematic reviews
to summarize evidence from existing human, animal, and mechanistic studies can reduce reliance on animal test data in
risk assessment and can help avoid unnecessary duplication of animal experiments that have already been conducted.
As alternative test methods can be expected to play an increasing role in human health risk assessment in the future,
systematic reviews can be particularly helpful in validating these alternatives. The field of evidence-based toxicology has
undergone extensive development since its first meeting in 2007 as a result of collaborative efforts among international
experts and public health agencies, particularly with respect to the use of mechanistic data and evidence integration. The
continued development and wider adoption of systematic review methodology can lead to better 3R implementation.
As undertaking a systematic review can be a complex and lengthy process, it is important to understand the main steps
involved. Key steps, along with current best practices, are described with references to guidance from organizations with
expertise in evidence synthesis. Applications of systematic reviews in clinical, observational, and experimental studies
are presented. Finally, software tools available to facilitate and increase the efficiency of completing a systematic review

are described.

1 Introduction

Systematic reviews are comprehensive summaries of existing
literature where the available evidence on a clearly formulat-
ed research question is synthesized using a transparent and ob-
jective stepwise process. Currently, systematic reviews serve as
essential tools for policymakers making decisions to improve
health outcomes and cost-effectiveness of interventions and pro-
grams (Fox, 2010). Although early applications of systematic
reviews in the field of medicine formed the foundation for evi-
dence-based medicine (EBM), recent applications are found in
many fields, including observational and toxicological investiga-

tions. Regulatory agencies, such as the US Environmental Pro-
tection Agency (EPA), the European Food and Safety Authority
(EFSA), and the National Toxicology Program (NTP), rely on
findings from systematic reviews as the best available evidence
to support public health policies and strategies. Further, the Insti-
tute of Medicine/National Academy of Medicine requires the use
of systematic reviews to inform recommendations in their man-
date for the development of trustworthy clinical practice guide-
lines (Institute of Medicine, 2011).

Other forms of evidence-based methodologies such as system-
atic scoping reviews and systematic evidence maps (Wolffe et
al., 2020) are used in identifying knowledge gaps to be addressed
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in future research. These types of studies may be performed be-
fore a full systematic review is undertaken because they allow
for a broader scope and identification of areas with sufficient lit-
erature base to justify performing a systematic review. In cases
where time or resources do not permit a full systematic review,
such a scoping review can provide a useful, although not exhaus-
tive, summary of the available evidence.

1.1 Contributions of systematic reviews to the 3Rs
Systematic reviews of epidemiological and animal experimen-
tal studies have the potential to lead to more humane animal re-
search. Ritskes-Hoitinga and van Luijk (2019) note that systemat-
ic reviews will help fulfill 3R legislative requirements as formu-
lated in EU Directive 2010/63. Systematic reviews can support
the 3Rs — particularly reduction — in several ways (de Vries et al.,
2014b). By identifying relevant human evidence through the pro-
cess of systematic review, the need for reliance on animal evi-
dence can be substantially reduced. Systematic review of findings
from animal studies can lead to a reduction in unnecessary animal
use and duplication of studies (de Vries et al., 2011; Hooijmans et
al., 2010) and even to replacement of animal testing in instances
where animal data does not translate well to human health risks
(Ritskes-Hoitinga and van Luijk, 2019). Findings from systemat-
ic reviews can be used to target only those critical remaining in-
formation gaps that require animal testing (McCann et al., 2016).
Systematic reviews can also serve as important tools to summa-
rize findings from alternative test methods, including new ap-
proach methodologies (NAMs), which are in vitro and in silico
methods. The use of NAMs is promoted by the US EPA’s Strate-
gic Plan to specifically reduce animal testing and rely on NAMs
for making decisions under the Toxic Substances Control Act (US
EPA, 2018a). The expanded use of NAMs should contribute to
the 3Rs by reducing the need for animal testing (Andersen et al.,
2019). Evidence from multiple streams, including human and an-
imal studies along with findings from NAMs can be integrated
within a systematic review (Krewski et al., 2022). Appreciating
the importance of systematic reviews in the context of the 3Rs,
recent publications have called for making systematic reviews of
animal experiments a standard practice (Russel and Burch, 1959;
de Vries et al., 2011; Hooijmans et al., 2010; Ritskes-Hoitinga et
al., 2014; Ritskes-Hoitinga and Wever, 2018).

Some examples can illustrate where systematic reviews have
already contributed to the 3Rs. A systematic review on intestinal
anastomosis assessed 350 animal studies and documented poor
reporting quality and internal validity of the studies reviewed
(Yauw et al., 2015). The findings can lead to improvements in
study quality and reporting of future research results on intestinal
anastomosis. The authors also encouraged investigators to thor-
oughly review available animal studies before proceeding with
new projects to avoid unnecessary duplication of experiments in-
volving animals. In another example, McCann et al. (2016) re-
ported that an earlier systematic review (Banwell et al., 2009)
summarizing findings from animal models of stroke related to
the efficacy of interleukin-1 receptor antagonist use in arthritis
treatment had guided further animal testing in a more focused
manner. The 2016 update of the original systematic review fur-
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ther served to identify gaps remaining on efficacy data of inter-
leukin-1 receptor antagonist (McCann et al., 2016). A systematic
review and meta-analysis (Currie et al., 2019) of 337 studies on
chemotherapy-induced peripheral neuropathy (CIPN) found that
many of the studies assessed in the systematic review had meth-
odological deficiencies, predominantly included only male ani-
mals, and often assessed outcomes that were not ideal in terms
of clinical relevance to CIPN. This finding can lead to more ef-
ficient and effective animal testing in CIPN-related research and
reduce animal testing for irrelevant outcomes.

Quantitative synthesis as part of systematic review can also
contribute to a reduction in animal experimentation. Sena et al.
(2010) performed a meta-analysis to estimate the efficacy of tis-
sue plasminogen activator (tPA) in reducing infarct volume in
thrombotic occlusion models of ischemic stroke. Using cumula-
tive meta-analysis, the authors examined the effect of sequential-
ly adding findings from studies in a chronological order (based
on date of publication) on the overall estimate of efficacy in re-
ducing infarct volume (202 comparisons were collected from
eligible studies and included in the meta-analysis). The over-
all effect decreased with time but stabilized once the effect es-
timate was based on approximately 1,500 animals (around year
2001). The systematic review, however, identified studies eligi-
ble for the meta-analysis published until 2008. Thus, cumulative
meta-analysis can be used to reduce unnecessary animal experi-
ments by providing evidence as to when sufficient data from ani-
mal testing has been collected.

1.2 Development of systematic review methods in EBT
Guidelines for performing systematic reviews of randomized
controlled trials (RCTs) were initially developed by the Co-
chrane Collaboration and are detailed in the Cochrane Handbook
(Higgins and Green, 2011). Systematic review methodology has
been adopted by other fields, particularly evidence-based toxi-
cology (EBT) (Stephens et al., 2016); methods based on EBM
have been adapted and extended to better accommodate evidence
from different study designs and populations of interest (EFSA,
2010; NTP, 2019).

Systematic review methods in EBT have advanced signifi-
cantly since the need to adapt evidence-based approaches for use
in toxicology was recognized in 2005 (Hoffmann and Hartung,
2005), along with the need for a collective effort within the sci-
entific community and other stakeholders (Stephens et al., 2018).
Numerous developments have since contributed to advancing
EBT (Fig. 1). The First International Forum Towards EBT, orga-
nized by the European Commission in 2007, brought together 170
scientists from all continents and launched an initiative to formal-
ly apply evidence-based methods in toxicology (Hoffmann et al.,
2007; Griesinger et al., 2009). The benefits of introducing evi-
dence-based approaches to toxicological decision-making were
explored, and a list of ten defining characteristics of EBT (Hoff-
mann et al., 2014) was endorsed by the participants.

In 2009, the development of EBT was further facilitated by
creating the first chair for evidence-based toxicology at the
Johns Hopkins Bloomberg School of Public Health, Baltimore,
USA, endowed by the Doerenkamp-Zbinden Foundation, Kreu-
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Fig. 1: Incorporation of systematic review into evidence-based risk assessment

"European Food Safety Authority (EFSA, 2010); 2University of California San Francisco Navigation Guide (Lam et al., 2014); 3The National
Toxicology Program Office of Health Assessment and Translation Handbook, updated in 2019 (NTP, 2019); “Evidence Based Toxicology
Collaboration (Hoffman et al., 2017); 5United States Environmental Protection Agency Toxic Substances Control Act (US EPA, 2018); ®First
International Forum Toward Evidence-Based Toxicology organized by the European Commission; Como, ltaly on October 15-18, 2007;
"Evidence Based Toxicology Collaboration workshop: Evidence-based toxicology for the 215t century — opportunities and challenges;
Research Triangle Park, USA on January 24-25, 2012; 8United States Environmental Protection Agency: Advancing systematic review
workshop; Arlington, USA on December 16-17, 2015; ®Joint European Food Safety Authority and Evidence-Based Toxicology Collaboration
Colloquium: Evidence integration in risk assessment: The science of combining apples and oranges; Lisbon, Portugal on October 25-

26, 2017; '°National Academy of Sciences workshops: 1) Strategies and tools for conducting systematic reviews of mechanistic data to
support chemical assessments and 2) Evidence integration workshop; Washington, USA on December 10-11, 2018 and June 3-4, 2019,
respectively; "'University of Ottawa workshop: Development of an evidence-based risk assessment framework; Ottawa, Canada on
December 17-18, 2018; ?Evidence Based Toxicology Collaboration workshop for editors of toxicology journals: Assuring the quality of
systematic reviews published in toxicology an environmental health journals; Research Triangle Park on May 29-31, 2019; '3Evidence
Based Toxicology Collaboration and GRADE Working Group workshop: The application of evidence-based methods to construct
mechanistic frameworks for the development and use of non-animal toxicity tests; Hamilton, Canada on June 13-14, 2019; "Evidence
Based Toxicology Collaboration and European Food Safety Authority workshop: Advancing the application of evidence-based methods to
construct mechanistic frameworks for the development and use of non-animal toxicity tests; Parma, Italy on October 2-3, 2019.

zlingen, Switzerland. A 2012 workshop organized by the Evi- A workshop convened by the US EPA in 2015! discussed de-
dence-Based Toxicology Collaboration (EBTC), founded in  velopments in systematic review methods, particularly in iden-
2011, was instrumental in clarifying evidence-based approaches  tifying and evaluating evidence from multiple streams — epide-
and identifying the next steps required to facilitate their applica-  miology, animal toxicology, and mechanistic studies (Stephens
tion in toxicology (Judson et al., 2013; Silbergeld and Scherer, etal., 2013). In 2017, a Joint Colloquium between the EFSA and
2013; Stephens et al., 2013, 2018). the EBTC brought together experts to address challenges in evi-

1 Advancing Systematic Review Workshop (2015). https:/www.epa.goviiris/advancing-systematic-review-workshop-december-2015

ALTEX 39(3), 2022 465


https://www.epa.gov/iris/advancing-systematic-review-workshop-december-2015

FARHAT ET AL.

dence integration in chemical risk assessments and explored fu-
ture directions (EFSA, 2018). Qualitative and quantitative meth-
odological approaches were explored, along with the need for
testing and validating these approaches in toxicology.

More recently, a series of workshops that focused on data in-
tegration and quality assessment of data from multiple evidence
streams were held. At the request of the US EPA, the US Na-
tional Academy of Sciences Engineering, and Medicine (NAS)
hosted two workshops in 20182 and 20193 to explore approach-
es to overcome challenges in evidence integration in chemical
risk assessments, particularly when dealing with mechanistic da-
ta. State-of-the-art strategies and tools for systematic review of
mechanistic data were explored, including screening the litera-
ture, study validity assessment, assessing the certainty in individ-
ual studies and bodies of evidence, and methods for integration
of mechanistic data.

In 2018, the University of Ottawa hosted a workshop that
brought together experts to develop a framework for evi-
dence-based risk assessment that ensures that data from multi-
ple evidence streams for health risk assessment is evaluated using
an objective, transparent, and comprehensive approach (Krews-
ki et al., 2022). In 2019, a workshop by EBTC and the Grading
of Recommendations Assessment, Development and Evaluation
(GRADE) Working Group, explored how mechanistic data can
be better integrated into systematic reviews of chemical risk as-
sessments*. This was followed by a collaborative workshop, or-
ganized by EBTC and EFSA, to further explore the integration
of mechanistic data and examine evidence-based methods to con-
struct mechanistic frameworks (such as adverse outcome path-
ways (AOPs)) that can be used in the development of non-animal
toxicity tests (report in preparation). Additionally, journal editors
met in 2019 to discuss strategies that assure the quality of sys-
tematic reviews in toxicology and environmental health’. Sever-
al publications providing helpful guidance on EBT have emerged
from this series of meetings and workshops (EFSA, 2010; Wood-
ruff and Sutton, 2014; Hoffmann et al., 2017; US EPA, 2018b;
NTP, 2015, 2019).

1.3 Approach to performing systematic reviews
In contrast to traditional literature reviews, the approach fol-
lowed in a systematic review is based on rigorous, objective,
and reproducible methods for identifying relevant studies, as-
sessing their quality, and summarizing their findings. Systemat-
ic reviews, which may include a meta-analysis (quantitative syn-
thesis), require substantial preparation and planning. Therefore,
authors planning to conduct systematic reviews need a clear un-
derstanding of the methodology.

This document outlines the key steps for performing a system-
atic review based on current best practices recommended by ex-
perts in the field of evidence synthesis, incorporating recent de-

B

Formulate research question
Determine if a review is required
Prepare and register protocol
Define eligibility criteria for studies

STEP 1
PROBLEM FORMULATION
AND STUDY PLANNING

Identify relevant databases

STEP 2 * Search the literature
STUDY SELECTION * Screen results based on eligibility criteria
Identify relevant studies

* Determine essential data elements for
STEP 3 extraction
DATA EXTRACTION

* Extract data from each included study

STEP 4 Select appropriate risk of bias tool
QUALITY ASSESSMENT/ | . pssess the risk of bias

RISK OF BIAS
* Qualitative synthesis
STEP 5 * Meta-analysis (quantitative synthesis)
DATA SYNTHESIS * Perform subgroup and sensitivity analyses
(if relevant)
STEP 6 * Assess the overall quality of evidence
INTERPRETATION OF | * Integrate findings
FINDINGS * |dentify strengths and limitations
STEP 7 * Publish findings based on reporting

REPORTING OF FINDINGS |  guidelines

Fig. 2: Flow diagram of key steps in systematic review

velopments in this area. Systematic review software that has the
potential to improve the efficiency at every stage of systematic
reviews is also described, and key applications are listed.

2 Key steps in systematic review

Systematic review methods are designed to minimize bias in the
selection of studies from the literature to address a clearly de-
fined research question. Methodological guidance for undertak-
ing a systematic review is available from several groups special-
izing in evidence synthesis, such as the Cochrane Collaboration,
the Center for Reviews and Dissemination (CRD), the GRADE
Working Group, and the Joanna Briggs Institute (JBI). In addi-
tion, many organizations and regulatory agencies have refined
the methods to fit their assessment needs. Table 1 lists some of
these groups alongside their published guidance or handbooks.

2 NAS (2018). Strategies and Tools for Conducting Systematic Reviews of Mechanistic Data to Support Chemical Assessments. http://dels.nas.edu/Upcoming-Workshop/

Strategies-Tools-Conducting-Systematic/AUTO-5-32-82-N?bname=best

3 NAS (2019). Evidence Integration Workshop. http://dels.nas.edu/Upcoming-Event/Evidence-Integration-Workshop/AUTO-0-96-15-Q
4 EBTC (2019). Integrating mechanistic evidence into toxicology systematic reviews. https://youtu.be/NNaOr2qL4pl

5 EBTC (2019). News. http:/www.ebtox.org/news/
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Tab. 1: List of select organizations with the corresponding guidance for systematic reviews

Organization Focus Published guidance for systematic reviews
Agency for Healthcare Health care Methods Guide for Effectiveness and Comparative Effectiveness Reviews
Research and Quality (AHRQ, 2014)
Methods Guide for Comparative Effectiveness Reviews — Quantitative
synthesis (Morton et al., 2018)
Center for Reviews and Health care Systematic Reviews: CRD’s guidance for undertaking reviews in health care
Dissemination (Centre for Reviews and Dissemination, 2008)
Guidance specific for reviews of clinical tests, public health interventions,
adverse effects, economic evaluations, and qualitative evidence is available
The Cochrane Collaboration Health care Cochrane Handbook for Systematic Reviews of Interventions Version

(Higgins and Green, 2011)
Cochrane Handbook for Systematic Reviews of Diagnostic Test Accuracy
(The Cochrane Collaboration, n.d.)

Food and feed
safety assessments

European Food Safety Authority

Application of systematic review methodology to food and feed safety
assessments to support decision making (EFSA, 2010)

International Agency for Cancer hazards

Research on Cancer

IARC Monographs on the Identification of Carcinogenic Hazards to Humans —
Preamble (IARC, 2019)

and Translation)

Joanna Briggs Institute Health care Joanna Briggs Institute Reviewer’s Manual (Aromataris and Munn, 2017)
Guidance specific for reviews of qualitative evidence, quantitative evidence/
effectiveness, economic evidence, and text and opinions is available

National Toxicology Program Chemical risk Handbook for Conducting a Literature-Based Health Assessment Using

(Office of Health Assessment evaluations OHAT Approach for Systematic Review and Evidence Integration (NTP, 2019)

Environmental
health

Navigation Guide?

Overview of the Navigation Guide Methodology in environmental health
available in Woodruff and Sutton (2014)

Chemical risk
evaluations

U.S. Environmental Protection
Agency
Act)

Application of Systematic Review in TSCA Risk Evaluations (US EPA,
2018b); (Intended for risk evaluations under the Toxic Substances Control

SYstematic Review Center Animal studies
for Laboratory animal

Experimentation (SYRCLE)

Meta-analyses of animal studies: An introduction of a valuable instrument to
further improve healthcare (Hooijmans et al., 2014a).

aThe Navigation Guide represents a methodology and not a specific organization.

Systematic review methods can be applied to synthesize find-
ings from different types of primary research, including RCTs,
observational (non-randomized) human studies, diagnostic test
accuracy, animal studies, and mechanistic studies. As the meth-
ods employed in these studies can differ extensively, techniques
have been adapted to accommodate these variations, such as con-
sidering study limitations (i.e., risk of bias, RoB) specific to the
type of primary research being reviewed.

Bringing together the best available research on a research
question can be challenging and requires substantial prepara-
tion and planning. Authors planning a review should ensure they
have a qualified and multidisciplinary team. It is recommend-
ed that a systematic review team include members with experi-
ence in conducting literature searches, including medical librari-
ans, statisticians, methodologists, and content experts, to ensure
a high-quality review. In interpreting the results of a systematic
review, it is important to consider the methodological quality of
the review. The AMSTAR2 (A MeaSurement Tool to Assess sys-
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tematic Reviews 2) tool (Shea et al., 2017) is useful in helping
readers identify high-quality reviews; the ROBIS tool (Whiting
et al., 2016) is useful in assessing particularly the overall RoB of
a systematic review. An example of the use of AMSTAR?2 is pre-
sented in (Hersi et al., 2017).

The key steps based on current guidelines involved in a sys-
tematic review are summarized in Figure 2.

2.1 Problem formulation and study planning

2.1.1 Research question

The first step in performing a systematic review is to clearly
define the research question that will be addressed. It is essen-
tial that the question be specific (Khan et al., 2011). A clear,
specific, and answerable research question can be guided by
the PICO or PECO (Population, Intervention/Exposure, Com-
parison, Outcome) framework (Moher et al., 2009; Wright et
al., 2007; Morgan et al., 2018b) to define the following ele-
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ments of the question: 1) the population; 2) the intervention
(or exposure); 3) the comparator (or control); and 4) the out-
come(s) of interest. In a research question for a systematic re-
view in toxicology, the intervention component of PICO is sub-
stituted with exposure, which is more appropriate in this con-
text. Formulating a clear question that includes these elements
is essential for systematic reviews of effects of an intervention
or exposure and is helpful in subsequent steps when determin-
ing the study eligibility criteria and developing the literature
search strategy (EFSA, 2010). When formulating a PECO for a
review of exposure, it may also be helpful to define how much
is known about the exposure of interest to clarify the scope of
the review (Morgan et al., 2018b).

A well-formulated research question also sets the scope of the
review; thus, it should be determined at this stage whether the
review is intended to have a narrow or broad scope. A broad-
scoped review can serve as a comprehensive summary of a large
amount of data; however, it would have a higher likelihood of
heterogeneity among studies and would require more resourc-
es to perform. A review with a narrower scope might consider
a more manageable amount of data, but its findings may not be
generalizable beyond a specific population or context (Wright et
al., 2007; Counsell, 1997; Higgins and Green, 2011).

The research question facilitates the development of study el-
igibility criteria for inclusion of studies in the systematic review.
Inclusion and exclusion criteria, formulated prior to initiating
the review, are features that distinguish systematic reviews from
narrative reviews (Hoffmann et al., 2017). Using the PICO com-
ponents, explicit criteria defining the population (having specif-
ic characteristics or conditions, or setting from which they are
selected), intervention (mode of delivery, frequency, duration),
comparison groups (placebo, standard of care, active control),
and outcomes of interest (outcome measure, primary and second-
ary outcomes) are developed. The types of study designs of inter-
est (RCTs, observational, animal) can also be prespecified (Hig-
gins and Green, 2011). Clearly defined criteria are key to the sub-
sequent screening stage and serve as a guide for reviewers when
deciding whether to include (or exclude) a study.

The number of systematic reviews published annually is high.
Fontelo and Liu (2018) reported that, in 2015, over 10,000 sys-
tematic reviews were identified in PubMed published from the
US, UK, China, Australia and Canada. Authors planning a review
should therefore confirm whether their research question has al-
ready been answered in an existing review, or whether a similar
review is underway. A search in PubMed and other bibliographic
databases can identify whether recently published systematic re-
views have addressed the research question of interest. This im-
portant initial check can prevent inefficient use of resources and
duplication of effort. Registries of systematic reviews and proto-
cols, such as the International Prospective Register of Systemat-
ic Reviews (PROSPERO), the Cochrane Database of Systematic

6 https:/mwww.crd.york.ac.uk/prospero/
7 http://iwww.dcn.ed.ac.uk/camarades/
8 www.syrcle.nl

9 https://zenodo.org
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Reviews (CDSR), and the Database of Abstracts of Reviews of
Effects (DARE), are all useful sources for identifying ongoing
and published systematic reviews. Updating an existing review
is a much easier task and may be performed in the interest of effi-
ciency if a high-quality systematic review is available.

2.1.2 Protocol

A protocol for a planned systematic review lays out the research
question, review objectives, inclusion and exclusion criteria, and
describes all methods to be followed. Methods for the identifi-
cation of studies to be included in the review based on detailed
inclusion and exclusion criteria, the data extraction process, the
quality assessment of individual studies, and the qualitative and
quantitative analysis should all be described in the protocol.

The protocol should be published in a protocol registry and/
or in a peer-reviewed journal. This a priori outline of the review
methodology supports transparency and reduces potential bias.
In addition, the protocol — when published — can be tracked by
those planning to conduct a systematic review on the same top-
ic, allowing them to avoid the potential duplication of efforts or
support already ongoing activities (Higgins and Green, 2011).
Although review authors should adhere to the methods outlined
in the protocol while conducting the review, changes and adjust-
ments may be required. In this case, any deviations from the ini-
tial protocol should be reported to further promote transparency
in the review process.

Protocols for Cochrane reviews must be peer-reviewed and
published in the Cochrane Database of Systematic Reviews. For
non-Cochrane systematic reviews, registration and publication
of the protocols is encouraged before starting the review. Hav-
ing registered a protocol before starting a review is one of the key
items in the critical appraisal tool AMSTAR2, commonly used to
assess the quality of systematic reviews (Shea et al., 2017).

Protocols can be registered in public registries available spe-
cifically for review protocols such as PROSPERO for reviews of
human health research and preclinical animal intervention stud-
ies®, CAMARADES? (Collaborative Approach to Meta-Analysis
and Review of Animal Data from Experimental Studies) for re-
views of animal studies, SYRCLES for reviews of non-interven-
tion animal studies and of non-animal/animal-free studies, or in
digital archives such as Zenodo®.

Although there is no standard format for a systematic review
protocol, authors can refer to the PRISMA-P (Preferred reporting
items for systematic review and meta-analysis protocols) state-
ment (Moher et al., 2015). This framework contains a checklist
of 17 items related to administrative information, the introduc-
tion, and the methods recommended to be included in a system-
atic review protocol. While these instruments capture whether
specific items in the review were addressed or certain steps were
taken, improving the transparency of the document, they do not
ensure the methodological quality of those items. Guidance pre-
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sented by de Vries et al. (2015) provides a standard format that
includes all the important elements that should be included in a
systematic review protocol for animal studies.

2.2 Study selection

The selection of studies to include in a systematic review should
involve a structured process that entails a comprehensive search
for potentially relevant studies and screening of the search re-
sults based on predefined eligibility criteria. This screening stage
can be a lengthy process depending on the number of articles re-
trieved.

2.2.1 Selecting bibliographic database(s)

Performing a thorough search supports efforts to identify studies
relevant to the review research question (Khan et al., 2011). Bib-
liographic databases that are useful for health-related systematic
reviews include Embase, MEDLINE, PubMed, Scopus, Web of
Science, PsycINFO, CENTRAL, TOXLINE, and CINAHL. Ma-
ny other subject-specific databases exist. For example PubMed,
Embase, and Web of Science are ideal databases when searching
for animal studies (Hooijmans et al., 2010). The selection of da-
tabases should be made based on relevance to the review topic
and is best informed by information specialists or healthcare li-
brarians.

2.2.2 Designing the search strategy

Designing the search strategy requires consideration of the main
concepts of the review (the P, /, C, and O) and the eligibility cri-
teria defined in earlier stages. The goal of the search is to iden-
tify all potentially relevant literature through a well-designed
and comprehensive search strategy. The search strategy can be
developed by a librarian as it requires a good understanding
of search terms and the indexing used by the various databas-
es to be searched. When designing a search strategy, the topic
of interest can be divided into major concepts, where relevant
search terms are then listed to describe each concept. In addi-
tion to the eligibility criteria, the search criteria can include the
year of publication, design of studies, and language of publica-
tion. The process may require several iterations before a final
strategy is adopted. Chapter 6 of the Cochrane Handbook (Hig-
gins and Green, 2011) provides detailed guidance on the selec-
tion of search terms and on the combination of the various con-
cepts of the search strategy, all of which need to be carefully
considered in order to optimize the search quality. The use of
search filters is helpful in narrowing the number of search re-
sults to include only potentially relevant references. Many filters
are available that can identify studies with certain characteristics
such as study design or target population. These filters are usual-
ly unique to specific databases, such as the search filters for ani-
mal studies available for searches in PubMed (Hooijmans et al.,
2010) and Embase (de Vries et al., 2014a). As indexing process-
es and MESH headings are updated regularly, only up-to-date

10 https://clinicaltrials.gov/
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search filters that reflect these changes should be used in a sys-
tematic review to ensure optimal search results.

The search process and strategies should be well-documented
with sufficient detail to allow the search to be reproduced by oth-
er researchers (Higgins and Green, 2011). In addition to the de-
tailed search strategy, data on the number of records identified
from each source database and the date(s) on which each search
was performed should be documented.

Review authors may decide to search other sources for poten-
tially relevant studies, such as conference proceedings, reference
lists of included articles, reference lists of relevant reviews, grey
literature sources (technical reports from government and public
health organizations), and registries of ongoing studies such as
clinicaltrials.gov!? (Higgins and Green, 2011; Counsell, 1997).
Searching these sources can complement the bibliographic da-
tabase search to ensure all potentially relevant studies are identi-
fied and screened for relevance.

2.2.3 Reference management

With the large volume of literature accessible through the data-
bases queried, it is possible that the search returns hundreds or
thousands of references, each of which will need to be assessed
for eligibility. For example, in a recent systematic review by the
NTP on the effects of fluoride on learning and memory, over
4,500 animal studies were screened for eligibility (NTP, 2016).
Articles retrieved from all databases should be imported into a
reference management software. Such software offers many fea-
tures, including automated organization, management, and ci-
tation functions, which are essential when managing large bib-
liographic databases. Duplicate references will likely be present
in the search results if multiple sources or databases are queried,
and detection and removal of duplicates can be performed within
most reference management tools.

2.2.4 Screening results

Potentially relevant studies found during searches are screened
to determine whether each meets the eligibility criteria. Typical-
ly, this is performed in two stages. The first stage involves a re-
view of the titles and abstracts of all studies retrieved, with those
clearly not meeting eligibility criteria being excluded. Studies
that likely meet the inclusion criteria or studies whose eligibili-
ty cannot be assessed based on the title and abstract are moved to
full text review.

Identified references are typically independently screened by
two reviewers. This stage can be the most time-intensive stage
that can take hundreds of hours, depending on the number of ref-
erences identified (Carver et al., 2013). Disagreements between
reviewers are resolved by discussion or by a third review author.
The assessment by two reviewers is intended to prevent the intro-
duction of bias in the selection of studies, where any study found
relevant by either reviewer is included for further assessment
(Wright et al., 2007). The screening process can be structured by
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the creation of screening forms that serve to guide reviewers’ de-
cisions when assessing a study. The number of studies at each
screening stage and reasons for exclusions should be recorded
and reported in subsequent reports and publications.

Both stages of the screening process can be facilitated using
software designed for study screening or conducting systemat-
ic reviews. The use of such software greatly increases the effi-
ciency of the screening stage, particularly for systematic reviews
with many potentially relevant studies. Systematic review soft-
ware typically records reviewers’ evaluations and automatical-
ly moves articles through the various stages of the review based
on user-defined settings and criteria. The software also records
reasons for study exclusion that can be summarized. Software
tools that can be used in the systematic review process, including
screening results, are described in (Tab. S1, S211).

2.3 Data extraction

All studies retained following full-text review are eligible for da-
ta extraction. Relevant data are extracted from each study, ide-
ally independently by two reviewers where disagreements are
resolved by discussion or by a third person. Alternatively, at a
minimum, the second extractor checks data extracted by the first
reviewer for accuracy (Centre for Reviews and Dissemination,
2008), or two reviewers independently extract only those da-
ta (for example, outcome data) that are critical for interpreting
the results (Higgins and Green, 2011). Although duplicate data
extraction may be time-intensive, it has been shown to result in
fewer data errors than the latter approaches. In a study compar-
ing the frequency of errors and time requirement for single and
double data extraction, Buscemi et al. (2006) report that single
data extraction required 36.1% (relative difference) less time but
resulted in 21.7% (relative difference) more errors compared to
duplicate extraction.

The extracted data will vary based on the scope of the review.
In general, data should be collected on the methods, participants/
population, intervention or exposure, outcomes, and results. Ma-
ny reviews also extract data related to the study authors’ conclu-
sions and funding details. Other items for which reviewers may
collect data depend on the review research question, objectives,
and search strategy. The Cochrane Handbook and the OHAT
Handbook list key data extraction elements that are typically ex-
tracted from human studies (NTP, 2019) as well as from animal
and in vitro studies (Higgins and Green, 2011; NTP, 2019; Hoo-
ijmans et al., 2014a). In some instances, there may be missing
information in the full-text publication. It may therefore also be
useful to extract study authors’ contact information for request-
ing missing data. Rules for the number of times a study author
will be contacted and the eligibility of the study for the review if
the author does not provide the information needed should be de-
cided and recorded in the protocol.

Studies included in a toxicological systematic review are like-
ly to be of complex study design, rendering extraction of rele-

11 doi:10.14573/altex.2004111s
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vant data a complex task. For example, animal and in vitro stud-
ies require extraction of data on the animal model or cell/tissue
type, source of animals or cells, treatment characteristics (puri-
ty, dose, vehicle, route of administration), guideline compliance,
results (e.g., no observed effect level (NOEL), lowest observed
effect level, (LOEL), benchmark dose (BMD)). Although many
of the software applications available support systematic reviews
in any field, software tools such as HAWC (Health Assessment
Workspace Collaborative) are available for risk assessments and
human health assessments, allow the use of flexible data entry
forms, and can handle complex data extraction.

Structured electronic forms (spreadsheets, word processing
documents) for collecting data can be designed for all data items
determined essential for the review. At this stage, information
required for quality assessment or RoB can also be extracted
from included studies. It is recommended that reviewers pilot
the data extraction forms on a small sample of studies before
adopting the forms for the full review (Wright et al., 2007). This
will allow revisions to be made before the final version is used
for all included studies.

The data extraction process can also be performed by using
systematic review software. Customized extraction forms can be
designed to facilitate this stage by storing and validating extract-
ed information. Recent software applications include features
that allow automated extraction of pre-specified data fields.

2.4 Quality assessment

Assessment of the limitations of each included study is a fun-
damental step in performing a systematic review, as including
studies with higher RoB can bias the findings of a review (Egger
and Smith 2001). Many instruments are available for evaluating
the RoB, some of which are specific to a particular study design
while others are intended for a range of designs (Viswanathan et
al., 2017).

Earlier quality assessment tools represented scales or check-
lists and included items that do not assess the internal validity of
studies (such as power calculations and inclusion/exclusion crite-
ria) (Higgins et al., 2011). Newer quality assessment instruments
have focused on the internal validity by assessing RoB of the re-
ported findings. The Cochrane Collaboration developed the RoB
tool, intended for randomized trials, which has become popular in
Cochrane and non-Cochrane systematic reviews (Jorgensen et al.,
2016). This tool is neither a scale nor a checklist but rather a do-
main-based instrument that assesses each of five potential sources
of bias within a study: selection bias, performance bias, detection
bias, attrition bias, and reporting bias. The RoB in each domain
is rated as either high risk, low risk or unclear risk by answering
specific questions for each domain. For example, if a study did
not blind participants, personnel, and outcome assessors, it would
be judged to have high risk of performance bias. Clear guidance
and examples for each level of bias for each domain are presented
in the Cochrane Handbook (Higgins et al., 2011).
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Two scoring tools that are extensively used to assess the meth-
odological quality of non-randomized studies (NRS) are the
Newecastle-Ottawa Scale (NOS)!2 and the Downs and Black
(Downs and Black, 1998). Although the use of scales that yield a
summary score is not encouraged in the current Cochrane hand-
book, the NOS is preferred over the Downs and Black due to
its simpler application and time efficiency (Higgins and Green,
2011). Both instruments include criteria that correspond to as-
pects of the internal validity (findings are free from bias) as well
as the external validity (generalizability of the findings) of a
study (Sterne et al., 2016a).

More recently, however, the ROBINS-I (Risk Of Bias In
Non-randomized Studies of Interventions) tool (Sterne et al.,
2016a) was developed to provide a RoB tool that is suited for
NRS. ROBINS-I assesses the potential for bias within NRS by
evaluating them against the ideal target trial. ROBINS-I assesses
seven domains through which bias may be introduced to findings
of NRS: confounding, selection of participants, classification of
interventions, deviation from intended interventions, missing da-
ta, outcome assessment, and selection of reported results. For
each domain, the tool includes a series of signaling questions that
are intended to guide the selection of the level of potential risk.
Explicit judgements for the RoB in each domain allow review
authors to evaluate the overall RoB for findings in a study. Addi-
tional information is available in a detailed ROBINS-I guidance
document (Sterne et al., 2016b).

Assessing the RoB in toxicological studies is also a crucial
step in systematic reviews, which has been adapted for use with
toxicological evidence largely based on the RoB tool for clini-
cal studies (Woodruff and Sutton, 2014; Hooijmans et al., 2014b;
Krauth et al., 2014). For example, the NTP developed the OHAT
RoB tool to facilitate the assessment of internal validity using
common methods and categories across the various evidence
streams (NTP, 2015). The OHAT tool consists of 11 questions
that assess the potential bias from selection, confounding, per-
formance, attrition/exclusion, detection, and selective reporting.
Questions are available to guide the assessment of the level of bi-
as for each bias domain. The RoB is assessed for each outcome
of interest in a study. Other relevant approaches include the RoB
assessment within the Navigation Guide methodology for human
and animal studies (Woodruff and Sutton, 2014) and SYRCLE’s
RoB tool, a version of the Cochrane RoB tool, adapted for exper-
imental animal studies (Hooijmans et al., 2014b).

Science in Risk Assessment and Policy (SciRAP!3) is a useful,
publicly available web-based tool for evaluation of the reliabili-
ty and relevance of toxicity data. The tool provides clear criteria
for evaluating the reporting quality and the methodological qual-
ity of both in vitro and in vivo toxicity studies. It also provides
checklists of items that should be reported in in vitro and in vivo
studies such that researchers report their findings in a structured
and transparent manner that meets regulatory requirements (Mo-
lander et al., 2015; Beronius et al., 2018).

Review authors interested in quality assessment of toxicolog-
ical studies should be aware of the diverse methods available for
quality assessment. Samuel et al. (2016) summarize and pro-
vide guidance on the extensive literature related to assessing the
methodological and reporting quality of relevant studies.

RoB assessment for each study included in the review should
be completed independently by two reviewers where disagree-
ments are resolved by discussion or by a third person (Higgins
and Green, 2011; NTP, 2019). It is also important to note that the
RoB should be assessed for each outcome reported in the study,
since each outcome may have different sources of bias (Viswana-
than et al., 2017; Higgins and Green, 2011).

2.5 Data synthesis

The characteristics and findings of studies included in a systemat-
ic review are typically summarized qualitatively in tabular form.
The format and level of detail of the descriptive tables vary con-
siderably between reviews. Decisions on which items to include
in the tables will depend on the study characteristics deemed im-
portant based on the research question (Khan et al., 2011).

Quantitative analysis may also be performed in the form of
meta-analysis, where effect estimates from two or more stud-
ies are pooled using statistical methods. Results of meta-analy-
sis can be graphically displayed using forest plots to allow ex-
amination of the differences in effects across studies as well as
the overall combined effect estimate (Higgins and Green, 2011).

The decision on whether to synthesize findings from all includ-
ed studies can be subjective and often requires careful consider-
ation and input from topic-specific experts (AHRQ, 2014; Hig-
gins and Green, 2011). The AHRQ (2014) suggests that findings
from comparative effectiveness research should be combined on-
ly when they are similar clinically (e.g., in terms of characteris-
tics of participants, study setting, types of outcomes, interven-
tions) and methodologically (e.g., in terms of study design and
RoB). Guidance from the NTP (2019) states that combining stud-
ies may not be appropriate in cases where exposure or outcome
data vary considerably, the RoB is high, or in cases where com-
bining findings does not lead to meaningful results. In instances
where significant heterogeneity among included studies is pres-
ent, it may be appropriate to present the evidence collected in the
form of a narrative synthesis (NTP, 2019).

When similar studies are combined by meta-analysis, the sta-
tistical heterogeneity, which represents the variability of the ef-
fect estimates across combined studies (Higgins and Green,
2011), should be examined. In forest plots, heterogeneity can be
visually inspected by examining the overlap of confidence inter-
vals of individual effect estimates across studies. Quantitatively,
heterogeneity can be assessed by the 12 statistic, which is a “mea-
sure of proportion of total variance in the pooled effects that is
due to variance, as opposed to random variation quantitatively”
(Higgins and Green, 2011). 12 values are usually automatically
calculated in meta-analysis software such as Review Manager.

12 The Newcastle-Ottawa Scale (NOS) for assessing the quality of nonrandomised studies in meta-analyses. http://www.ohri.ca/programs/clinical_epidemiology/oxford.asp

13 https://www.scirap.org
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Cochrane proposes several options for review authors when
there is considerable statistical heterogeneity among a group of
studies. These include:

1. Do not perform a meta-analysis, as the summary effect may
be misleading;

2. Ignore heterogeneity and perform a fixed-effect meta-analy-
sis;

3. Perform a random effects meta-analysis in cases where het-
erogeneity cannot be explained;

4. Exclude outliers if there are apparent reasons for the corre-
sponding extreme results; or

5. Explore heterogeneity by subgroup analysis or meta-regres-
sion (Higgins and Green, 2011).

Meta-regression is not recommended in meta-analyses that con-

sist of less than ten studies (Higgins and Green, 2011). However,

when feasible, this method can describe between-study variation

(AHRQ, 2014) by examining the effect of study characteristics

(explanatory variables) on the summary effect estimate of a me-

ta-analysis.

Examining experiences with previous meta-analyses can also
help guide the practical application of this technique. For exam-
ple, the case studies presented by Goodman et al. (2015) are in-
structive in appreciating how meta-analyses can be used in dif-
ferent research contexts.

2.6 Interpretation of findings

Findings of a systematic review should be presented and dis-
cussed considering all the factors that may have led to the ob-
served findings, particularly the overall quality and strength of
the evidence. This step is important as the discussion can serve as
a guide for policymakers to make regulatory decisions based on
the best available scientific evidence (Wright et al., 2007; EFSA,
2010). Biologic variations that may influence the effect of the in-
tervention, variations in the context and culture, patient adher-
ence to the intervention, and the values and preferences of groups
of patients should also be considered when discussing review
findings (Higgins and Green, 2011). Other factors to consider
when interpreting the findings are the potential limitations of the
review process and agreements or disagreements of the findings
with the other studies or reviews (EFSA, 2010).

Assessing the certainty of the evidence (e.g., quality or confi-
dence in the estimated effects) for each outcome in a systematic
review can be presented in a summary of findings (SoF) table us-
ing the GRADE approach (Guyatt et al., 2011). A SoF table suc-
cinctly presents the body of evidence from each outcome with-
in a systematic review, specifically including study design, evi-
dence assessment ratings, relative and absolute effects, and the
certainty of the evidence for an outcome (Guyatt et al., 2013).
Within the GRADE approach, a body of evidence corresponding
to randomized studies is assigned an initial certainty of high. On
the other hand, a body of evidence corresponding to NRS is as-
signed an initial certainty of low to account for the lack of a prog-
nostic balance between the comparison groups.

14 https://gradepro.org/
15 http://prisma-statement.org/Endorsement/PRISMAEndorsers
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The SoF table presents the results of the evidence assessment,
which is based on five factors that reduce certainty in the esti-
mate of effect: RoB, inconsistency (i.e., heterogeneity), indirect-
ness, imprecision, and publication bias. There are three factors
that may increase certainty in the estimate of effect: large or very
large magnitude of effect, dose-response gradient, and opposing
residual confounding. The factors that may increase certainty ap-
ply to those outcomes informed by NRS. The overall GRADE
certainty ratings are (Schiinemann et al., 2013a):

1. high suggesting that we are very confident that the true effect
lies close to that of the estimate of the effect;

2. moderate suggesting that the true effect is likely to be close
to the estimate of the effect, but there is a possibility that it is
substantially different;

3. low suggesting that the true effect may be substantially differ-
ent from the estimate of the effect; and

4. very low suggesting that the true effect is likely to be substan-
tially different from the estimate of effect.

The GradePro software!4 is publicly available for creating a syn-

thesis of evidence table summarizing the GRADE process. De-

tailed guidance on GRADE is available in the GRADE Hand-
book (Schiinemann et al., 2013a).

In recent years, the Environmental Health Project Group with-
in the GRADE Working Group has developed additional ap-
proaches and examples for the assessment of evidence from en-
vironmental and occupational health studies. In particular, Hoo-
ijmans et al. (2018) explain how the GRADE approach can be
used to evaluate the certainty of evidence of preclinical animal
studies that assess the efficacy and safety of therapeutic interven-
tions. In their first version showing how the main principles of
GRADE can be used to assess evidence from preclinical animal
studies, the authors explain that further research is required to
better operationalize the specific domains used in GRADE.

Other organizations have adapted GRADE for use in envi-
ronmental health and animal studies, such as NTP OHAT and
the Navigation Guide (NTP, 2019; Morgan et al., 2016; Wood-
ruff and Sutton, 2014; Morgan et al., 2019). The NTP OHAT has
adapted the GRADE method to use with observational epidemi-
ological studies and to integrate evidence from multiple streams
(human, animal, in vitro) (NTP, 2019).

2.7 Reporting of findings

It is recommended that review authors refer to the PRISMA
guidelines to ensure high-quality reporting of a systematic re-
view (Mobher et al. 2009). In addition to the PRISMA flowchart
(Fig. 3), the guidelines include a list of 27 items that should be
reported in a published systematic review. Items are categorized
by each section that should be included in the systematic review
(abstract, introduction, methods, results, discussion, and fund-
ing). The PRISMA statement has been endorsed!> by numerous
journals and editorial organizations including the CRD and Co-
chrane. COSTER (The conduct of systematic reviews in toxicol-
ogy and environmental health research), which offers equiva-
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Fig. 3: PRISMA
flow chart
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lent guidance on designing and conducting systematic reviews in
toxicology and environmental health research, will be available
soon. The guidelines consist of 70 requirements for sound sys-
tematic reviews agreed on by a group of experts (Whaley et al.,
in preparation).

3 Applications in evidence-based risk assessment

3.1 Clinical studies
Systematic review methods were first developed to support evi-
dence-based decisions in healthcare. Thus, methods are well es-
tablished and have been widely applied to assess evidence from
clinical studies. The steps described in the previous section, in-
cluding assessment of RoB and evidence assessment using
GRADE methods, are largely applicable to clinical studies.

A recent Cochrane review that evaluated the effectiveness of
prophylactic vaccination against the most carcinogenic human
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papillomavirus (HPV) types examined evidence from 26 RCTs
(Arbyn et al., 2018). Using the Cochrane RoB tool, a rating of
low risk was assigned to the majority of included studies. Approx-
imately one third of the studies were rated as having an unclear
risk for the bias domains of allocation concealment, blinding of
participants and personnel, and blinding of outcome assessment.
Using the GRADE approach, the certainty of the evidence was
initially rated as high (all evidence was from RCTs) and down-
graded in cases where there were concerns with RoB, inconsisten-
cy, imprecision, indirectness, or publication bias, as appropriate.
For the main comparison, the effect of HPV vaccine (compared to
placebo) on cervical lesions in adolescent girls and women who
were negative for hrHPV DNA at baseline, the certainty (quali-
ty) of evidence was graded to be moderate or high for all of the
outcomes assessed and was downgraded only for serious impre-
cision in some of the studies. Multiple analyses for various HPV
types, vaccine doses, baseline HPV DNA status, and age groups
were presented. Among other findings, the review authors con-
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clude that HPV vaccines protect against cervical precancer (RR
0.05; 95% confidence interval (CI): 0.03 to 0.10) in women be-
tween 15-26 years of age who are negative HPV types 16 and 18
(HPV16/18) at baseline, with the evidence being of high certain-
ty. Among women 24-45 years of age who are HPV16/18 nega-
tive, the protective effect was lower (RR 0.30; 95% CI: 0.11 to
0.81), with the evidence being of moderate certainty.

Another Cochrane review assessed the efficacy (and other out-
comes) of cannabis-based medications for relief of neuropath-
ic pain in adults by examining findings from 16 RCTs (Miicke
et al., 2018). Using the RoB tool, the rating of unclear risk was
assigned to many of the studies for the following bias domains:
blinding of participants and personnel, blinding of outcome as-
sessment, and incomplete outcome data domains. Twelve of the
studies were judged to be of moderate certainty based on the
RoB tool. The review concludes, among other findings, that can-
nabis-based medicines are effective (risk difference 0.05; 95%
CI: 0.00-0.09) in achieving 50% or more pain relief in adults
(compared with placebo), with the certainty of evidence being
low. The certainty of evidence for this outcome was assigned a
low rating as it was downgraded due to concerns with indirect-
ness and imprecision. This certainty rating suggests that future
research is very likely to have an impact on the confidence in the
estimate of effect calculated.

3.2 Human observational studies

NRS contribute to systematic reviews in three distinct ways, by
providing complementary, sequential, or replacement evidence to
RCTs (Schiinemann et al., 2013b). Many reviews start by trying
to identify a body of evidence to answer their PICO/PECO from
randomized studies. The rationale for this is that RCT have the po-
tential to provide higher certainty evidence of the effect of an in-
tervention on an outcome of interest; however, in situations when
the evidence from RCTs is of lower certainty or non-existent (due
to monetary or ethical issues), NRS may be more informative for
the review. For example, NRS may complement RCT evidence
by providing additional information on the generalizability of an
intervention in different populations, possible interaction effects,
or different baseline risk estimates (Schiinemann et al., 2013b).
NRS studies may provide information that has yet to be obtained
by RCTs, including long-term outcomes or correlations between
surrogate outcomes and patient-important outcomes. Lastly, in
situations when RCTs are lacking, NRS can provide higher quali-
ty direct evidence to answer the research question.

The grading of a body of evidence from NRS is similar to that
from RCTs. The certainty across the body of evidence for an out-
come informed by NRS is assessed for concerns with RoB, incon-
sistency, indirectness, imprecision, and publication bias. If there
are no reasons to rate down, then the evidence may be considered
for rating up. For example, a systematic review of 18 cohort stud-
ies demonstrated that among persons with hepatitis C virus infec-
tion, a sustained response to treatment (i.e., sustained virologic
response) reduces the risk of development of hepatocellular carci-
noma by 76% (relative risk: 0.24; 95% CI: 0.18-0.31) (Morgan et
al., 2013). For the outcome of development of hepatocellular car-
cinoma, the body of evidence started at the initial certainty of low
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because they were NRS. There were no serious concerns about
the body of evidence, therefore the evidence was not rated down;
however, the magnitude of the reduction of the development of
liver cancer was so large that the body of evidence was rated up
to moderate.

In another example of a recent systematic review of 35 RCTs
and 9 NRS, the risk of adverse cardiovascular events in patients
treated with non-ergot dopamine agonists was assessed (Crispo
et al., submitted). The study examined multiple comparisons. For
the main comparison, pramipexole compared to no treatment,
two NRS (case-control) studies using electronic health records
reported on the risk of heart failure (the main outcome). The
pooled effect estimate of two of these studies suggested a moder-
ate increase (adjusted odds ratio 1.46; 95% CI: 1.03-2.08) in the
risk of heart failure among pramipexole-treated patients. As this
study used the Newcastle-Ottawa Scale for quality assessment
of NRS, the evidence for this comparison was assigned an initial
low rating, based on GRADE guidelines. This rating was neither
upgraded nor downgraded during the GRADE, and the final cer-
tainty in the evidence was rated as low.

With the introduction of the recent ROBINS-I tool for assess-
ing the RoB in observational studies, the evidence from NRS is
assigned an initial high certainty rating within the GRADE pro-
cedure (Morgan et al., 2018a; Sterne et al., 2016a; Morgan et al.,
2019). The reason for this rating is that ROBINS-I assesses NRS
against the ideal randomized clinical trial and examines the po-
tential for bias introduced by the lack of a prognostic balance be-
tween the intervention and comparison groups, essentially ac-
counting for the potential for residual and unknown confound-
ing. The application of these instruments within a systematic
review may be desirable among groups wanting to start at an ini-
tial certainty rating of igh within GRADE; however, it has the
potential to lead to the same final certainty in the evidence ratings
(Schiinemann et al., 2019).

3.3 Experimental animal studies
The application of systematic reviews in the toxicological field
has received more attention in recent years as it offers transpar-
ent, objective, and reproducible means to inform risk decisions
(Hoffmann et al., 2017). Making greater use of findings from
published animal studies can avoid unnecessary duplication.
The inclusion of human and mechanistic data in risk assessment
can also reduce the need for animal test data. Optimizing the use
of these data sources in the context of systematic reviews can
contribute to the 3Rs. Many methodological tools (such as RoB
tools) are currently being adapted from clinical research to better
meet the specific characteristics of toxicological research.
Although systematic reviews in toxicology follow the main
steps discussed earlier in this article, the specific characteristics of
toxicological data require careful consideration, such as extraction
of complex study design elements. There are guidelines, specifi-
cally for systematic review of animal studies, such as a publication
by SYRCLE (SYstematic Review Centre for Laboratory animal
Experimentation) on how to identify all potentially relevant evi-
dence (Leenaars et al., 2012), guidance for conducting meta-anal-
ysis on findings from animal studies, as well as exploring hetero-
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geneity between studies (Hooijmans et al., 2014a; Vesterinen et al.,
2014), and the SYRCLE RoB tool (Hooijmans et al., 2014b).

One example of a systematic review that included toxicological
studies assessed evidence from 21 animal studies and 18 observa-
tional studies using methods of the Navigation Guide (Woodruff
and Sutton, 2014) to investigate the association between devel-
opmental exposure to perfluorooctanoic acid (PFOA) and fetal
growth outcomes (Lam et al., 2014). To accommodate evidence
from human and animal studies, two PECO questions were spec-
ified at the onset, and data from each stream was kept separate in
the initial stages of the review. The RoB for each study was rated
by assessing the risk (low, probably low, probably high, or high
risk) for each domain specified in the Navigation Guide meth-
odology (similar domains to the Cochrane RoB tool). The qual-
ity of the evidence was then rated across all studies within each
evidence stream. The nonhuman evidence, assigned a prespeci-
fied initial rating of high quality, was further evaluated separately
for mammalian data and non-mammalian data. The quality rat-
ing across all the nonhuman mammalian body of evidence was
downgraded to moderate due to RoB concerns across the indi-
vidual studies, while the rating across the non-mammalian evi-
dence was downgraded to /ow due to concerns with RoB across
individual studies in addition to indirectness. The strength of hu-
man and nonhuman evidence streams was rated separately, con-
sidering the quality of the body of evidence, the direction of the
effect, the confidence in the effect estimate, and other factors that
may impact certainty. The quality of both evidence streams was
rated as moderate, along with a high level of confidence in the
association of increased exposure to PFOA and decreased birth
weight. Finally, human and nonhuman evidence streams were in-
tegrated, concluding that PFOA be classified as known to be toxic
based on the availability of sufficient evidence of toxicity.

3.4 New approach methodologies
With the increasing use of NAMs in evidence-based risk assess-
ment, systematic review methods can be applied to summarize
findings from these studies as well as to validate and support the
use of these alternative methods with greater confidence.
Kemppinen et al. (2011) conducted a systematic review of ge-
nome-wide expression studies to better understand the molecular
basis of multiple sclerosis (MS) and to identify genes that show
differential expression. After screening identified records from
the database searches, the review identified eight (microarray)
studies that reported on 2,017 unique genes with increased ex-
pression and 1,860 genes with decreased expression in MS. A to-
tal of 229 genes with differential expression to the same direction
were found to have been reported in at least two studies, 12 of
which were reported in at least three studies. The review further
explored the relationship between the 229 genes identified with
known immunological pathways. Twenty pathways — the gluco-
corticoid receptor signalling pathway being the most common —
were found to be significantly associated with the differentially
expressed genes. The authors noted that the findings extracted
were not directly comparable due to heterogeneity among stud-
ies, including differences in samples, data quality control, and
the definition of differential expression. This review was the first
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systematic review conducted on microarray studies in MS: its
findings can be used to direct future in silico studies to focus on
specific genes and pathways when studying MS.

In another example, Bronsveld et al. (2015) conducted a sys-
tematic review to examine the available evidence on the associa-
tion between insulin analogues and breast cancer in diabetics af-
ter several epidemiological studies questioned the link between
insulin and cancer risk. The review included in vitro, animal,
and human studies. Sixteen in vitro studies in which protein and
gene expression for breast cell lines was assessed to determine
the mitogenic properties of insulin analogues were identified.
Among the marketed insulin analogues, an increased prolifera-
tive potential was reported for glargine in seven of the in vitro
studies. However, findings from the epidemiological studies re-
viewed did not support an association between glargine use in di-
abetic patients and increased breast cancer risk. The authors note
that these studies had significant differences in study design and
had relatively short follow-up times. Insulin-induced breast can-
cer mitogenesis is poorly understood, and the clinical relevance
of increased mitogenicity for glargine remains unclear. Based on
the findings of this review, the possibility for glargine to induce
breast tumor progression by upregulating mitogenic signaling
pathways cannot be excluded.

4 Systematic review software

The use of software when preparing systematic reviews has be-
come essential, particularly for the management of the large
numbers of references identified by literature searches. Soft-
ware for systematic reviews has features that can support mul-
tiple stages of the review and increase overall efficiency such as
literature search, importing references, detection of duplicate ref-
erences, screening, managing included/excluded references, re-
viewer conflict resolution, data extraction, RoB assessment, me-
ta-analysis, diagram preparation (funnel plots, Prisma diagrams),
in addition to having multiple users working on the same project.

New features are constantly being integrated into the software
to facilitate the review process. For example, screening based on
natural language processing technology has recently emerged
and is being incorporated into systematic review software. In this
case, the automated reference screening can function as a second
reviewer for improved time efficiency. This feature is relatively
recent and current assessments on automated screening indicate
suboptimal performance. For example, two recent studies tested
the automated screening process in three systematic reviews and
found that the software did not correctly screen all relevant arti-
cles (Gartlehner et al., 2019; Gates et al., 2019). Until the perfor-
mance of this feature improves, such tools may be beneficial in
supporting rapid reviews, which do not attempt to identify the to-
tal body of evidence on a specific topic (Gates et al., 2019). Tools
that currently support automation/machine learning include Dis-
tiller, EPPI-Reviewer, Rayyan, and SWIFT Active Screener (Van
der Mierden et al., 2019).

A recent paper assessed 16 tools based on the number of man-
datory, desirable, and optional features each application has (Van
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der Mierden et al., 2019). Mandatory features included multiple
users, importing/exporting references, distinct screening stages
(title/abstract and full text) and reference allocation, while de-
sirable and optional features included keyword highlight, free to
use, attaching pdfs, flow diagram creation, and machine learning/
automation. Of the software that requires a paid license, Distill-
er was found to support the most features, followed by EPPI-Re-
viewer, SWIFT Active Screener, and Covidence. Of the free
tools, Rayyan supported the highest number of mandatory fea-
tures, followed by SysRev and CADIMA. Distiller and Rayyan
are briefly described below.

Distiller!® is a web-based tool that supports many stages of a
systematic review and is not specific to a particular research dis-
cipline. Settings for the screening stages (title/abstract and full
text) can be controlled by the user to assign references to review-
ers. Screening forms can be created and rules for allocating ref-
erences as included, excluded, or conflicted can be customized.
The program provides the users flexibility in creating data ex-
traction forms and quality assessment forms. A wide range of
customizable reports can be generated from the screening pro-
cess to display extracted data. A recently added module (Distille-
rAl) integrates artificial intelligence to increase the efficiency of
screening by having the program function as a second reviewer.
The software requires a paid license but currently offers a limited
free subscription to students.

Rayyan!7 is a free web-based tool that allows multiple users to
collaborate on the same project. One downside of this software is
the lack of distinct screening stages (title/abstract and full text).
Instead, screening of studies is performed in one stage where us-
ers classify references as included or excluded. A mobile applica-
tion is also available that allows screening of references with the
option of working offline. Rayyan also can predict which stud-
ies should be included based on decisions on studies that have
already been screened. Other features including better detection
of duplicates, RoB assessment, and automatic extraction of da-
ta may be added in the future (Ouzzani et al., 2016) in addition
to having distinct title and abstract and full text screening stages
(Van der Mierden et al., 2019).

When selecting a tool, review authors are encouraged to con-
sider the complexity and size of the review, as well as the avail-
able funding. Software tools for systematic reviews are described
in Table S1!1, and the review stages supported by selected soft-
ware are summarized in Table S2!1.

5 Conclusions

Systematic reviews are becoming increasingly common in health-
care, public policy, and evidence-based toxicology. Methods for
systematic reviews in toxicology and environmental health have
evolved over the last decade, and numerous collaborative efforts
continue to adapt approaches to better accommodate evidence
from multiple evidence streams. The use of systematic reviews to

16 www.evidencepartners.com
17 https://rayyan.qcri.org
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identify all relevant published findings supports the optimal use
of evidence from human, animal, and mechanistic studies, there-
by contributing to the 3Rs. By relying more on human and mech-
anistic evidence and including data derived from the increasing
number of validated new approach methodologies, reliance on
animal test data can be reduced. High-quality reviews of animal
studies can also prevent unnecessary duplication in animal ex-
periments conducted in support of human health risk assessment.
Replacement of animal studies may also be achieved by using
systematic reviews to summarize findings from the application
of NAMs and provide validation for these new approaches.

When conducted following a structured, transparent, and sys-
tematic process, as outlined in this paper, findings from system-
atic reviews can represent the best available evidence to answer
a clearly defined question. Methods for RoB assessment, certain-
ty assessment, and interpretation of findings are evolving as in-
ternational regulatory agencies are in the process of incorporat-
ing the human observational as well as in vivo and in vitro toxi-
cological evidence in regulatory decision frameworks. Available
software tools, continually being developed to include more fea-
tures, provide support to many steps of a systematic review, al-
lowing faster completion of the review and management of large
numbers of references. In addition, software programs can assure
transparency and independence of reviewers in the process. Sev-
eral published guidelines and handbooks referenced in this docu-
ment describe the methods and techniques for conducting a sys-
tematic review in detail and represent a valuable resource for au-
thors planning a systematic review.
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