
SYSTEMATIC REVIEW AND WEIGHT OF EVIDENCE ARE 
INTEGRAL TO ECOLOGICAL AND HUMAN HEALTH 
ASSESSMENTS: THEY NEED AN INTEGRATED FRAMEWORK

Glenn Suter,
Office of Research and Development, Emeritus, U.S. Environmental Protection Agency, 
Cincinnati, Ohio, USA

Jennifer Nichols,
Office of Research and Development, U.S. Environmental Protection Agency, Research Triangle 
Park, North Carolina, USA

Emma Lavoie,
Office of Research and Development, U.S. Environmental Protection Agency, Washington, DC, 
USA

Susan Cormier
Office of Research and Development, U.S. Environmental Protection Agency, Cincinnati, Ohio, 
USA

Abstract

Scientific assessments synthesize the various results of scientific research for policy and decision 

making. Synthesizing evidence in environmental assessments can involve either or both of two 

systems: systematic review (SR) and weight of evidence (WoE). SR was developed to 

systematically assemble results of clinical trials to be combined by meta-analysis. Weight of 

evidence (WoE) approaches have evolved from jurisprudence to make inferences from diverse 

bodies of evidence in various fields. Our objectives are to describe the similarities and differences 

between SR and WoE and suggest how their best practices can be combined into a general 

framework that is applicable to human health and ecological assessments. Integrating SR and WoE 

is based on the recognition that two processes are required, assembling evidence and making an 

inference. SR is characterized by methodical literature searching, screening, and data extraction, 

originally for meta-analysis but now for various inferential methods. WoE is characterized by 

systematically relating heterogeneous evidence to considerations appropriate to the inference and 

making the inference by weighing the evidence. SR enables the unbiased assembly of evidence 

from literature, but methods for assembling other information must be considered as well. If only 

one type of quantitative study estimates the assessment endpoint, meta-analysis is appropriate for 

inference. Otherwise, the heterogeneous evidence must be weighed. A framework is presented that 

integrates best practices into a methodical assembly and weighing of evidence. A glossary of terms 
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for the combined practice and a history of the origins of SR and WoE are provided in supplemental 

material.

Keywords

Systematic review; Weight of evidence; Hill’s criteria; meta-analysis; Evidence integration

INTRODUCTION

Frameworks for risk assessment of environmental contaminants often present a relatively 

simple process in which it is assumed that, following a problem formulation, a single 

exposure estimate is brought together with a single exposure-response relationship to 

characterize the risk. In practice, multiple pieces of evidence are often available to formulate 

the problem, estimate exposure, and derive exposure-response relationships. Synthesizing 

the evidence is an essential element of environmental assessment, but it is often not clear 

how best to perform that synthesis. When assembling information from the literature, you 

need some sort of Systematic Review (SR) to minimize bias, and when making inferences 

from a mixture of evidence, you need some sort of Weight of Evidence (WoE). But assessors 

with a typical training in environmental science, have only a general concept of WoE and 

little if any awareness of SR. In most environmental assessments, although not explicitly 

stated, elements of both SR and WoE are used to assemble and make inferences from 

evidence. To make assessments more transparent and defensible, we recommend that 

assessors consciously and deliberately integrate SR and WoE, as appropriate for their 

assessments.

When information is obtained from multiple studies (e.g., multiple rodent carcinogenicity 

tests) to answer an assessment question (e.g., did a chemical cause an observed cancer 

cluster?), each study may provide a piece of evidence (e.g., a cancer test that provides 

evidence of carcinogenicity), multiple pieces of evidence (e.g., a positive cancer test that 

also provides mechanistic evidence), or information that contributes to a complex piece of 

evidence (e.g., a positive cancer test in combination with exposure estimates provides 

evidence of causal sufficiency). Some organizing approach is desirable for selecting relevant 

information and for analyzing complex bodies of evidence. In human health and ecological 

assessments of environmental contaminants, two approaches are commonly applied for 

assembling and drawing inferences from multiple studies: systematic review (SR) and 

weight of evidence (WoE). SR and WoE have different histories, traditions, and approaches 

for synthesizing information. The differences are substantial enough that the European Food 

Safety Authority has separate guidance for WoE and SR (EFSA 2010, 2017).

SR and WoE practices have largely been distinct, and some have left the impression that 

assessors must choose one or the other. However, in some organizations and contexts, 

particularly in the USEPA, WoE and SR are evolving and have begun to overlap (NRC 2018; 

USEPA 2018). The premise of this paper is that the convergence should be encouraged and 

formalized, based on an understanding of what each practice offers environmental assessors. 

In this paper, we address three major questions. 1) What are the essential features of WoE 
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and SR, and what do they contribute? 2) What is the appropriate balance of pragmatism and 

consistent procedures? 3) How can the best features of WoE and SR be combined in a 

complimentary manner? Because terminology is not standardized and may be unclear to 

many readers, a glossary of SR and WoE terms is provided as supplemental material.

BACKGROUND

The WoE tradition derives from the ancient Greek goddess of justice, Themis. Her scales 

weigh the evidence on each side of an issue, and thereby she reaches a judgment. The 

metaphor of weighing evidence is so compelling that it is used to this day in jurisprudence, 

scholarship, business, and science to describe inferences from multiple pieces of evidence.

Inspired by Archie Cochrane (1972), the Cochrane Collaboration formalized SR in 1992 to 

provide reliable and consistent summaries of multiple randomized clinical trials of medical 

treatments. Since then, SR has been adapted to the social sciences (Campbell Collaboration), 

environmental management (Collaboration for Environmental Evidence (CEE)), animal 

testing (Collaborative Approach to Meta-Analysis and Review of Animal Data from 

Experimental Studies (CAMARADES)), health risks of environmental contaminants 

(Navigation Guide and Office of Health Assessment and Translation (OHAT)), and others. 

At the USEPA, aspects of SR are now a part of Integrated Risk Information System (IRIS) 

assessments (NRC 2018) and Toxic Substances Control Act (TSCA) risk evaluations 

(USEPA 2018).

Both SR and WoE have archetypal systems with their own histories (Supplemental material). 

The archetype for SR is the Cochrane Collaboration’s handbook (Higgins and Green 2011), 

and adaptations for various fields refer to it. Until the Cochrane Collaboration, meta-

analyses of clinical trials had been criticized for using incomplete or biased data sets. The 

Cochrane Collaboration greatly reduced bias by developing a process for methodically 

reviewing the potential input studies and documenting the review process. The original SR 

process consists of methodically searching the literature for relevant studies, screening the 

studies, assessing the risk of bias, and then performing meta-analysis on data from the 

retained studies. We refer to the many systems that use this approach (e.g., Cochrane, 

Campbell, CAMARADES, CEE, and EFSA) as Classic SR (Figure 1). Some attributes of 

Classic SR and Classic WoE are contrasted in Table 1.

The archetype for scientific WoE is A.B. Hill’s (1965) codification of the method used by 

the U.S. Surgeon General’s Commission (USDHEW 1964) to determine that the association 

of smoking with lung cancer is causal. The Commission and Hill recognized that the issue 

could not be resolved by statistics, so they weighed the available evidence in terms of a set 

of causal considerations. Those considerations are still frequently used and adapted when 

weighing evidence of health and environmental causation. Hill-style WoE, such as those 

used by the USEPA’s Integrated Science Assessments (ISAs), that identify hazards of air 

pollutants in the U.S., methodically review the literature and present a description of the 

weight of evidence for each Hill consideration and for the conclusion (Owens et al. 2017; 

USEPA 2014). This approach is Classic WoE (Figure 1). WoE, however, covers a wide range 
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of approaches that may use narratives, weight categories, or numerical methods (Linkov et 

al. 2009; Martin et al. 2018; Rhomberg et al. 2013; USEPA 2016; Weed 2005).

As SR and WoE have been adapted to questions in environmental assessment, each has 

adopted some features of the other. Our exemplar of post-Classical practices in SR for health 

effects is OHAT (2015). SR practices such as OHAT can incorporate animal tests, human 

observational studies, mechanistic studies (to a limited extent), and, in rare cases, human 

tests. Meta-analysis may be applied to each type of study, but a WoE technique must be used 

to evaluate qualitative properties and to make the inference concerning the occurrence of 

effects. For example, OHAT derives a level of evidence (equivalent to a weight of evidence) 

for each type of evidence and then integrates them to assign a low, moderate or high hazard 

conclusion. On the WoE side, systems are beginning to recommend more methodical 

literature reviews and greater process transparency. Our exemplar of such post-Classical 

WoE practices is the guidelines for weight of evidence in ecological assessments developed 

by the USEPA’s Risk Assessment Forum (hereafter referred to as Eco WoE) (USEPA 2016).

Key message: To understand the utility of a method, one must understand the often-narrow 

purpose for which it was developed. Knowing that original purpose, the method can be 

adapted to a new purpose.

PROCEDURAL PRACTICALITY VERSUS CONSISTENCY

The detail with which methods are prescribed varies among assessment approaches. SR, in 

general, is highly prescribed, and that feature has been considered a major strength. The 

detailed methods (e.g., Figure 2) facilitate consistency, transparency and reproducibility. The 

degree to which WoE methods are prescribed is variable but is seldom as detailed. Prior to 

recent changes, the EPA’s application of Classic WoE in IRIS assessments was criticized for 

being ill-defined and inconsistent (NRC 2011). This critique led to greater structure and 

consistency in some Classic WoE applications, including adoption of elements of SR 

(Owens et al. 2017, NRC 2018). However, the appropriate degree to which methods are 

prescribed is controversial. For example, separate reviews of the ISAs recommended 

different directions. An industry-funded review recommended greater specification of the 

procedures for study selection, study quality evaluation, etc. (Goodman et al. 2013). In 

contrast, a Clean Air Science Advisory Committee, which provides advice on the USEPA 

National Ambient Air Quality Standards, expressed “concern about applying strict 

evaluation criteria to various studies” (CASAC 2015).

The degree to which procedural guidance is prescriptive can be informed by the following 

considerations.

1. Time and resource constraints. If sufficient time and staff are available, it is 

possible to apply and document detailed procedures for identifying, obtaining 

and evaluating information, performing analyses, and reporting results. If 

information must be assembled and conclusions drawn in an emergency 

situation, expert consensus workshops or even semi-structured phone surveys 

may be employed (Donnelly 2018, Cormier 2008). Most assessment approaches 

will fall in-between.
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2. Scope of the assessments. Literature-based reviews of a single study type, like 

Cochrane reviews of clinical trials, follow detailed guidance. At the other 

extreme, the range of assessments in agencies like the USEPA is very broad, so 

Agency-wide guidelines like the Eco WoE are less detailed to allow for a greater 

scope of questions to be answered.

3. Technical Feasibility. A prescribed method may or may not be feasible in 

practice. For example, a prescribed method may use techniques that require types 

of data and information that are not routinely available, uncommon expertise or 

training, or the use of tools that are not generally available or difficult to 

implement. If so, it may be presented as an ideal, but other methods should be 

allowed.

4. Need to adhere to procedural consistency. Highly inconsistent procedures may 

lead to inconsistent quality of results and to charges that they are arbitrary and 

capricious. On the other hand, requirements to adhere to a procedure that does 

not fit the situation, can lead to errors or inability to inform a decision. 

Procedures must be flexible enough to address the range of questions, 

information, time, and resources.

Because SR procedures are detailed, we have found that they tend to provide consistency, 

transparency, and defined process quality (see, however, a review by Ioannidis (2016) 

critiquing the quality of SRs). In contrast, Hill provided no guidance on how his 

considerations were to be applied, leaving WoE procedurally diverse and often in Classic 

WoE, rather informal. Although some WoE applications have been clearly structured, some 

other WoE applications have been criticized for inconsistency and lack of transparency 

(NRC 2011). In our opinion, when a narrowly defined type of assessment is repeatedly 

encountered, guidance for WoE can benefit from methods that are as prescribed and explicit 

as Classic SR methods. One example of such optimization is the ISAs that have methodical 

literature searching and screening methods but employ WoE considerations in drawing 

conclusions on the causal nature of reported air pollutant-induced effects (Owens et al. 2017; 

USEPA 2014).

Key message: If the question to be answered and the relevant information are consistent 

from one assessment to another, a detailed procedure can be useful. Inconsistent cases, 

however, call for less procedural detail and more expert judgment.

THE BASIC STEPS

Systems for answering questions by combining evidence require at least two steps, 

assembling information that provides evidence and making inferences from the evidence. 

The assembly of information should generate a reasonably complete set of relevant and 

reliable information that provides evidence concerning the alternative hypotheses. The 

inference step should apply appropriate qualitative and quantitative methods to derive a 

conclusion with associated expressions of confidence. Classic SR and WoE differ in both 

steps, and an integrated system must include both to assure the appropriateness of the 

information that has been obtained and the inferences that are performed.
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Although SR and WoE have each been described as complete and unitary assessment 

practices, information assembly and inference have been recognized as distinct. A recent 

review of evidence synthesis approaches distinguished “the process of initial identification, 

assembly, and abstraction of relevant data—which we refer to as systematic review—from 

the process of evaluating the support they may or may not give to causal inference—which 

we refer to as “the integration of and weighing of the evidence” and the whole process from 

scoping to conclusions as a “WoE framework”” (Rhomberg et al. 2013). Similarly, a 

National Research Council (NRC) committee defined “evidence integration” (their 

alternative term for WoE, which they consider vague) as “the process that occurs after the 

completion of systematic reviews” (NRC 2014). Distinguishing these steps highlights the 

fact that SR is inherently a method for assembling information that can support inference, 

and WoE is inherently an inferential approach that evaluates information from any source.

Key message: Combining evidence to answer a question requires two broad steps, 

assembling the evidence and making the inference.

INTEGRATING WOE AND SR PRACTICES

The popularity of WoE appears to have arisen from two features: 1) the ubiquity of the need 

to combine different pieces and types of evidence to answer a question and 2) the intuitive 

appeal of the idea that the number of pieces of evidence in favor of each hypothesis and the 

weightiness (determined by the relevance, reliability, or other properties) of each piece 

should determine the result. The use of Hill’s approach defines a third feature of Classic 

WoE, the use of considerations as a basis for interpreting bodies of evidence. The continuing 

appeal of the WoE concept in assessing risks to health and the environment is illustrated by 

the fact that WoE is mandated in the recently revised U.S. law regulating the marketing of 

industrial chemicals (USC 2016) and four of nine recent pieces of European environmental 

and food safety legislation (Agerstrand and Beronium 2016).

The growing popularity of SR appears to have arisen from the success of Cochrane SRs in 

making the practice of medicine more evidence based and thus more effective. A good 

Cochrane review is a thing of inferential beauty, and other fields have tried to emulate its 

consistent logical structure, clarity, defensibility, and transparency. Simply put, a Classic SR 

is meta-analysis of data obtained by systematically searching and screening published 

studies. In any assessment that relies on a literature review, a SR can, by minimizing bias 

and increasing transparency, forestall the criticism that the data selection processes are 

biased. Classic SRs are appropriate when multiple quantitative studies of the same type (e.g., 

same agent, tested taxon, and endpoint) are applied to a well-defined question. “If the 

question structure can be specified in such a way that a particular primary research study 

design can be envisaged that would answer the question, then it is likely that a systematic 

review would be appropriate” (EFSA 2010). Because the studies are of the same type, meta-

analysis or at least vote counting (e.g., 8 of 10 studies showed the effect) can be used to 

judge hypotheses. However, evidence for effects of pollutants on health rarely meet the 

standard set by Cochrane SRs of clinical trials. As a result, SRs for environmental toxic 

effects such as OHAT include elements of qualitative WoE along with meta-analysis.
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The distinction between Classic WoE and SR is the basis for EFSA’s provision of guidance 

for both SR and WoE (EFSA 2010, 2017). Although no guidance document explicitly 

integrates WoE and SR, some such as OHAT and Eco WoE have elements of both. OHAT 

includes an evidence integration step that serves the function of WoE, and Eco WoE 

recommends SR for literature reviews. Our goal is to make the integration of SR and WoE 

explicit and define a general framework for making reliable inferences from systematically 

derived sets of information. Achieving that goal requires careful consideration of the 

evidence assembly and inference tasks. In the following sections, we consider best practices 

from both WoE and SR, constraints on their use, and opportunities for integration.

Key message: WoE is a conventional inferential process that is commonly demanded by 

decision makers. SR is an approach for methodically generating an unbiased body of 

evidence from a literature review to support any inferential process.

Collecting and selecting information

Once the question to be answered is defined and it is determined that multiple sources of 

information must be combined, the information is assembled from the available sources. SR 

procedures and tools are broadly applicable for literature searching, screening the search 

results, extracting data, and documenting the process (Figure 2). Although WoE traditionally 

has not been particularly concerned with methods for literature reviews, many WoE analyses 

have been methodical in reviewing and screening the literature without reference to SR 

procedures (e.g., USEPA 2012). Recent WoE guidance has addressed the need for more 

rigorous and transparent literature reviews (EFSA 2017; USEPA 2016). A challenge to SR is 

the time and effort that is often required when the literature is large and varied and the 

review process is complex and must be documented (e.g., documenting which studies were 

screened out from the search results and on what basis). The tools developed for SR that 

improve efficiency and incorporate automation of searching and screening (e.g., Distiller and 

Swift tools) can make SR more attractive to WoE practitioners. An alternative approach to 

achieve efficiency is rapid review, which simplifies or omits steps in the SR process in the 

interest of providing timely input to decision making (Dobbins 2017).

WoE analyses often use information sources and types of studies not found in the literature 

such as unpublished data sets (e.g., state water quality records), model results (e.g., 

quantitative structure-activity relationships), or studies performed for the assessment (e.g., 

contaminated site characterizations). ECHA (2018) guidance for WoE lists 5 information 

sources other than published literature to be consulted for human health assessments. An 

evidence assembly process called an SR might go beyond systematic literature review and, 

like WoE, obtain information in other ways, but that makes the SR concept less clear. 

Although approaches to obtaining information such as contacting experts for unpublished 

data are never as systematic as a conventional SR, they can be done in a planned and 

transparent manner.

The method for assembling evidence should be fit for purpose. We recommend that WoE 

practitioners be methodical when assembling information from the literature in order to be 

more transparent and unbiased, and that SR practitioners consider whether other types and 

sources of information should be used to better address the question of concern. We also 
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suggest that additional guidance on how to identify, obtain, and assemble heterogeneous 

information in a transparent and unbiased manner could be useful.

Key message: Classic SR shows how to methodically search the literature and extract 

information for a well-defined question that is addressed in the literature resulting in a body 

of evidence that should be defensibly complete and unbiased. Classic WoE obtains evidence 

from various sources using less methodical means than SR but can be improved by explicitly 

stating how information is selected.

Inference and implications

Inference from evidence determines what should be believed and with how much confidence 

given the relevance and reliability of the assembled information. Inference in Classic SR is 

conceptually straight-forward. The assembled data sets are used to perform meta-analyses to 

test the hypothesis that an intervention is efficacious or that an exposure poses a particular 

hazard. The mean and confidence interval of the combined studies can be interpreted as best 

estimates of whether a hypothesis is believable and, in statistical terms, how strongly it 

should be believed, given a reasonably similar and unbiased set of studies (Borenstein et al. 

2009). Although conventional frequentist meta-analyses are common, meta-regression, 

Bayesian analysis, and other statistics are also options.

Because, in Classic SR, the assessment question is answered by statistically combining the 

study results, only one type of study is used (EFSA 2010). One should consider if this is 

appropriate given the question and the available evidence. The clinical trials evaluated by 

Cochrane SRs are ideal for meta-analysis, because they directly answer the question of 

efficacy in humans and are inherently causal because they are experiments. The studies used 

for assessment of human environmental risks seldom achieve this ideal. However, ecological 

studies may. For example, pond mesocosms represent ponds in agricultural areas, and 

multiple mesocosm studies of an agrochemical may be conducted, so meta-analysis can be 

used for the inference (USEPA 2016, Moore et al. 2017, Giddings et al. 2018). To use meta-

analysis to answer a human or ecological assessment question, four issues should be 

considered.

1. The test endpoint or other measurement endpoint of the studies should be 

equivalent to the assessment endpoint. For example, a rat carcinogenicity test 

endpoint may be considered to ascertain, with more or less confidence, whether a 

chemical is a rodent carcinogen, a mammalian carcinogen, or a human 

carcinogen.

2. A causal relationship must be explicitly defined and either demonstrated or stated 

as being assumed. Experiments are inherently causal, but it is very seldom 

possible to dose humans with non-therapeutic chemicals, and laboratory-based 

ecotoxicological studies seldom test all the species and responses of interest. In 

addition, meta-analyses of epidemiological and other observational studies are 

associational and require additional inference. Therefore, any SR using 

observational information depends on WoE to establish causation in addition to 

any application of meta-analysis.
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3. The plausibility of the studies should be considered. For example, mechanisms 

of action are often uncertain or incompletely known, but one or more 

mechanisms may be plausible given a general understanding of chemistry, 

physiology, and natural history. In the extreme, no plausible mechanism is 

known, or general theory indicates an implausible mechanism. For example, SRs 

of clinical trials of homeopathic therapies are unconvincing in the absence of a 

plausible mechanism (Mathie et al. 2017).

4. The reliability of the studies should be assessed as well as their potential to 

answer the assessment question. Studies may pass screening criteria but be so 

weak or biased that they contribute little to answering the question. Also, the 

body of studies may be small or may poorly comply with statistical assumptions.

Each of these four issues with respect to using meta-analysis may be resolved by either a 

policy judgment or inference by weighing evidence.

Because heterogeneous bodies of evidence cannot be combined statistically, the inference 

ultimately must evaluate the body of evidence qualitatively, guided by prescribed 

considerations. Even if the individual types of evidence (e.g., fish acute lethality tests) are 

evaluated by meta-analysis or equivalent statistics, when types are combined, statistical 

integration is inappropriate. Hill (1965) wrote that his considerations are “aspects” of 

potentially causal associations that we should “especially consider” and that provide “nine 

different viewpoints, from all of which we should study associations.” They provide multiple 

viewpoints by including characteristics of causation (e.g., temporality), types of evidence 

(e.g., experiment), and properties of evidence (e.g., strength) (Cormier et al. 2010, USEPA 

2016). He did not, however, distinguish characteristics of causation, types of evidence, or 

properties of evidence or acknowledge that different considerations have logically and 

functionally distinct roles in inference. Types of evidence tell us how to organize the 

evidence (e.g., it is an acute lethality test). Properties tell us how much weight we should 

give the evidence (e.g., it is moderately relevant and highly reliable). And, the causal 

considerations or other implications tell us what the evidence means with respect to the 

hypotheses (e.g., dying fish in the stream exhibit the same symptoms as fish in the acute test 

and therefore, the cause could be the same). Although Hill’s nine considerations were able 

to demonstrate that the association of lung cancer with cigarette smoking was almost 

certainly causal, WoE for more complex or difficult cases requires that practitioners use 

more complete and logically organized sets of considerations than Hill suggested. This more 

rigorous approach to WoE (USEPA 2016) is analogous to the rigorous approach to literature 

searching and screening provided by SR.

The implications of evidence are perhaps the most important and least acknowledged aspect 

of evidence. The implication of a piece of evidence is a statement of how the evidence can 

influence a hypothesis. Information without an implication is not evidence. One useful 

formulation of implications is that the evidence does or does not exhibit a characteristic of 

causation or of another hypothesized attribute (e.g., protection, contaminant of concern, 

impairment, and remediation) (USEPA 2016). The intended and appropriate use of the 

implications is to aid scientific interpretation by inference to the best explanation of the 
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evidence (Lipton 2004). The importance of implications to the future of environmental 

toxicology is discussed in Text Box 1.

An important feature of implications of evidence is that they are not independent. The 

characteristics of a system being assessed are indicated by the implications interacting in a 

logically concordant manner (Rhomberg 2015; USEPA 2016). Each implication influences 

others and together they may create a coherent body of evidence that is more than the 

evaluation of individual considerations. Inference from multiple pieces of evidence is akin to 

assembling a jigsaw puzzle; all the pieces should fit together to form the picture 

(Rosenbaum 2017). For example, in the sediment quality triad, chemical analyses can imply 

that one or more chemicals are present in potentially toxic amounts, toxicity tests can imply 

that the mixture of chemicals is toxic, and biological surveys can imply that the community 

is impaired (Dagnino et al. 2008). If no chemical occurs at a potentially toxic concentration, 

but the toxicity test is positive, the community is impaired, and the evidence is all relevant 

and reliable, we might infer that the chemical causing toxic effects was not measured or the 

mixture is toxic even though no constituent alone is toxic. Only interpretation can address 

unexpected or discordant results in a body of technically reliable information. Thus, analysis 

of alternative interpretations can be a powerful inferential tool when evidence with 

interacting implications and with different properties (e.g., relevance, reliability and 

strength) give the evidence different weights. As the U.S. Army Corps of Engineers stated 

concerning weighing evidence in sediment assessments, we must consider “the conclusions 

that can be directly drawn from it either supporting or opposing some hypothesis (“what the 

evidence says”) and as a result of meta-data about the evidence that suggest how much/little 

we should let it influence our overall conclusions (“how strongly the evidence says it” or 

“how much we believe it”)” (Bates et al. 2018).

Key message: Inference from multiple studies may be performed by meta-analysis if the 

requirements are met. WoE can be applied to any set of evidence, but it requires logical 

analysis. In particular, while a Classic SR analyzes a single type of study that answers the 

question, any type of WoE addresses diverse pieces of evidence and the implications of the 

evidence for each hypothesis.

Organizing the body of evidence for WoE

Evidence in environmental assessments is usually organized by types, but we have observed 

that, except in simple cases, it is useful to also organize evidence in terms of explanatory 

implications and to weigh the categories of evidence. This approach has developed in 

ecological assessment, because the diversity of evidence in ecological assessments is often 

greater than in human health assessments (i.e., you cannot sample and manipulate people the 

way you can nonhuman populations and communities). Relevant evidence of effects is also 

more readily generated in ecological cases, because the effects of concern are more often 

large enough to be readily observed and measured, nonhuman organisms are more exposed 

to contaminated environments, and some non-human taxa will be more sensitive (Suter 

2007). As a simple but illustrative example of how to organize diverse evidence, Table 2 

summarizes a causal assessment of mass mortalities of tundra swans that weights the 

evidence using qualitative ratings for six causal characteristics and three collective properties 
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of the body of evidence and then combines the weights into an overall weight of evidence 

for the hypothesis that lead toxicity is the cause. (This example also illustrates how some 

assessments such as contaminated site assessments rely on evidence generated for the case 

rather than from literature reviews, so SR may not be needed.)

We have found that the implications of evidence for human health hazards and their use to 

weigh evidence are not explicitly formalized. However, in the USEPA, there is a move 

toward more formalization using causal determination summary tables (ISAs) and evidence 

profile tables (IRIS) based on adaptations of Hill’s considerations.

Weighing evidence for sets of explanatory implications, such as the causal characteristics or 

the sediment quality triad, is a powerful interpretation technique but not the only one. If the 

assessment involves a causal chain or network rather than a direct cause-effect relationship, 

the evidence may be organized in terms of a conceptual model of the system (Figure 3). 

Associating evidence with links in a network model can illustrate mechanistic causal 

relationships within the body of evidence. When causation is unclear because the evidence is 

not concordant, reorganizing the model to illustrate a better understanding of causal 

relationships can make the evidence concordant or show what additional evidence is needed 

(Norton and Schofield 2018; Suter and O’Farrell 2008; USEPA 2010). A related approach is 

the weighing of evidence for adverse outcome pathways which are conceptual models of 

chemically agnostic mechanisms of toxic action (OECD 2016). Graph theory uses directed 

acyclic graphs (i.e., network models with unidirectional arrows and no feedback loops) to 

analyze causal relationships, but the analyses depend on knowing the actual structure of the 

dependencies (Pearl and Mackenzie 2018) which requires WoE. Cox provides a WoE 

approach to assessing the causality of dependencies in epidemiological causal networks, 

based on “updated Hill’s considerations” (Cox 2018).

Interpretation of evidence (as opposed to only amassing weights) has the advantages of 

directly using the assessors’ knowledge, but it is susceptible to the narrative fallacy. That is, 

people tend to force information into a story and to accept explanations that provide a good 

story. To minimize the narrative fallacy, it helps to avoid traditional narrative WoE and to 

provide an a priori method based on the implications of the evidence, explanatory structures 

such as causal networks, and weighting of the properties of the evidence. However, it is wise 

to avoid formal weighting systems that provide ratings but no understanding or that could 

falsely imply mathematical rigor by adding numerical ratings.

Key message: Diverse bodies of evidence should be organized with respect to two 

characteristics, types of evidence and implication of the evidence. Standard implications 

such as the characteristics or causation are desirable to provide consistency, but association 

of evidence with links in a causal network is also useful.

Weighting and rating evidence

The WoE concept implies assigning weights to the pieces of evidence and then weighing the 

accumulated body of evidence for each hypothesis. In practice, the Classic weighing of 

evidence has expressed weighting in narratives for each consideration, but explicit 

weighting, by evaluating the evidence and assigning ratings, has become common 
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(Rhomberg et al. 2013; Susser 1986; USEPA 2016). WoE ratings capture relevance, 

reliability, and strength of the evidence as a basis for inferring which hypothesis is best 

supported by the evidence. Classic SR systems typically rate the quality of the studies, as in 

the use of the GRADE system to determine the appropriate confidence in results of the 

meta-analysis or other inference (Higgins and Green 2011). A separate step is not needed for 

WoE, because the weight of a body of evidence generated by the inference also expresses 

confidence in a hypothesis (USEPA 2016).

Weighing evidence can serve two purposes: supporting inference and expressing confidence. 

That is, one might accept the hypothesis with the weightiest body of evidence, or one might 

make the inference by another method and use evidential weight to express the degree of 

confidence in the result. WoE systems have used weighting for both inference and 

determining confidence, but SR systems typically use rating only to derive a confidence 

rating for the collection of studies. An example of the latter is the use of the GRADE system 

in Cochrane SRs. In either case, weighting is done first for individual pieces of evidence or 

studies and then for collective properties of bodies of evidence (Table 2). The overall weight 

for a body of evidence expresses the confidence in the result from a meta-analysis or an 

inference from weighing evidence (NRC 2018, OHAT 2015, USEPA 2016).

Key message: Classic WoE provides narrative weighting organized in terms of 

considerations. However, it is advantageous to identify properties of evidence to be weighted 

and provide the weights as an explicit rating system.

A FRAMEWORK FOR INTEGRATING WOE AND SR

To create an integrated practice of evidence synthesis, by combining SR and WoE based on 

the emphases implied by their names. SR is primarily about reviewing the literature (i.e., 

searching, screening, and data extraction), and WoE is about inference from evidence (Table 

1). Because they have originated in different domains, there is no inherent conflict between 

SR and WoE, and they can be formally combined. We have integrated the various practices 

into a framework (diagramed in Figure 4) to methodically search the literature, consult other 

sources of information, and generate needed evidence. Then, if a single type of study can 

answer the question without considering other information, the question would be answered 

by performing a meta-analysis. Otherwise, as is almost always the case in environmental 

assessments, all relevant types of evidence should be weighed. As part of evidence 

derivation, meta-analysis may also be used to combine studies within a type, but WoE must 

still be used to make inferences across types. In either case, the results would be presented 

along with an expression of confidence. In our experience, many WoE practitioners often 

review the published literature methodically, although perhaps not with the strict procedures 

of an SR. SR practitioners in environmental health, to the extent that they are combining 

multiple types of studies, are weighing evidence, often under the term “evidence integration” 

(OHAT 2015, US EPA 2018). However, they may not perform a formal weighting and 

weighing of the evidence which could improve consistent treatment of information and 

transparency.
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Classic SR is adequate when a single type of study, which is found in the literature, can 

answer the question via meta-analysis. WoE without a systematic literature review is 

adequate when published studies are not a significant source of information. For example, 

targeted laboratory and field studies are conducted specifically to meet the needs of a 

contaminated site assessment, an effluent permit, or an investigation of a disease cluster or 

wildlife mass mortality (Table 2). Otherwise, a process that can meet the needs of various 

assessments, like the framework in Figure 4, should be considered. A descriptive name for 

the merged practice is Methodical Assembly and Weighing of Evidence (MAWE). This 

process is similar to the USEPA (2016) approach for WoE to derive quantities. It can derive 

either a quality or a quantity, because meta-analysis can derive estimates or test hypotheses 

and weighing evidence can identify the best-supported value or the best supported 

hypothesis.

Assessors need not decide whether they practice SR or WoE. As has been highlighted, 

practices of SR and WoE overlap, and often the decision to name an assessment process SR 

or WoE results from differences in experience. The methods for assembling evidence and 

making inferences from the evidence should be chosen to suit to the purpose and should be 

performed in ways that are appropriately organized, clear, and defensible. We suggest that, 

whatever the method, and whatever you call it, assessors should follow scientific standards 

of transparency concerning the reasons for choosing and implementing their methods. By 

focusing on the needs of the assessment rather than traditional practices, they can defensibly 

support evidence-based decision making.

Key message: Assessors have been confronted by an apparent choice between SR and WoE 

when synthesizing information to answer assessment questions. It’s a false choice; they can 

be combined. We propose a framework and best practices that integrate WoE and SR.
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Text Box 1.

Interpreting the implications of suborganismal data

The trend away from whole-animal testing and toward alternative methods such as 

modeling, in vitro testing, and omics, increases the need to weigh the evidence, because 

individual in vitro studies do not estimate conventional assessment endpoints (NRC 

2017). They can be used to screen mechanisms, but a full risk assessment based on in 

vitro tests requires results of multiple different tests that cannot be assessed 

independently. Sub-organismal tests constitute evidence of endpoint effects such as health 

outcomes only when they are shown to have mechanistic implications. For example, an 

adverse outcome pathway may be convincing if it is supported by evidence of 

biomarkers, symptoms, and endpoint effects from animal or human data for the same or 

similar chemicals. Each of these types of evidence have independent implications as to 

exposure, intermediate events and an adverse outcome. These types of evidence have 

been incorporated in causal WoE based on Hill’s considerations (Meek et al. 2014). 

However, the characteristics of carcinogenicity provide a more promising model of bases 

for mechanistic WoE (Smith et al. 2016). They provide a consistent set of implications of 

evidence for carcinogenicity (e.g., is genotoxic, induces epigenetic alterations, or induces 

chronic inflammation).
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Figure 1. 
Flow diagrams illustrating the similarities and differences between Classic Systematic 

Review (SR) (a) and Classic Weight of Evidence (WoE) (b). Classic SR methodically 

searches, screens, evaluates bias, and extracts data from relevant studies of the same type 

and combines them by meta-analysis. Classic WoE uses all relevant study types and 

inference by weight of evidence using Hill’s (1965) or equivalent considerations.
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Figure 2. 
A hypothetical example of the searching and screening of published studies in a systematic 

review of the literature.
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Figure 3. 
A simple conceptual model of the induction of mass mortality of tundra swans by mine 

related Pb in the Coeur d’Alene River watershed, Idaho. The dashed boxes and arrows 

indicate a hypothesis that was not supported by evidence. As an alternative to organizing an 

evidence table in terms of causal characteristics for this causal hypothesis (Table 2), 

evidence could be organized by associating it with the boxes or links in the diagram, which 

correspond to system states and causal processes. Either approach interprets the body of 

evidence.

Suter et al. Page 20

Integr Environ Assess Manag. Author manuscript; available in PMC 2021 September 01.

E
PA

 A
uthor M

anuscript
E

PA
 A

uthor M
anuscript

E
PA

 A
uthor M

anuscript



Figure 4. 
Diagram of merged SR and WoE approaches to infer a quality from multiple studies or 

pieces of evidence.
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Table 1.

Comparison of attributes of Classic Systematic Review, Classic Weight of Evidence, and an integrated 

approach.

Attribute Classic SR Classic WoE Integrated SR & WoE

Emphasis Transparent and unbiased assembly 
of information

Hypothesis best supported by 
available information

Scientific rigor while accommodating 
many situations

Generality of 
results

General applicability (e.g., the 
chemical is a carcinogen)

General or case-specific (e.g., the 
chemical caused this cancer cluster)

General or case specific

Institutions Institutions specify methods and 
compile results (e.g., Cochrane)

None; users define methods Some government agencies 
recommend for specific applications

Consistency Consistent methods within fields Diverse methods even within fields Consistent framework with diverse 
options

Sources of 
information

Published experiments from 
literature

Literature, purposive studies and 
models, data bases, etc.

Any type of information

Types of evidence One per assessment or, if more than 
one, assessed separately

Usually more than one Usually more, because most questions 
cannot be answered with only one 
type

Implications of 
evidence

One type of study with one 
implication

Multiple types of evidence have 
different implications for hypotheses

Usually multiple types of inferences

Meta-analysis Standard inferential method Seldom used Encouraged when appropriate

Causation Not an issue because the experiments 
that answer the question are 
inherently causal

Causal inference from heterogeneous 
evidence that seldom experimentally 
answers the assessment question

Recommends distinct assessment to 
establish causation and then use the 
causal relationship to make 
predictions.

Role of rating Used to express risk of bias or other 
qualities, but not for inference

Implied by the concept of weighting 
but seldom employed

Recommended for transparency of 
weighting evidence and drawing 
inferences

Role of expertise Expertise needed but latitude 
minimized by detailed methods and 
statistical inference

Expert knowledge and judgment are 
essential and explicit

Expert knowledge and judgment are 
essential and explicit

Tools Software tools for literature 
searching, screening search results, 
and extracting information

No known software tools for 
automating steps in environmental 
assessments

Software tools for literature search, 
screening and extraction.
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Table 2.

Summary of evidence for mine-derived lead toxicity as the cause of mass mortality of tundra swans in the 

Coeur d’Alene River watershed. Based on evidence from (URS Greiner Inc and CH2M Hill 2011). The weight 

of evidence for the properties of each implication of the evidence is indicated by + for supporting, ‒ for 

weakening, and 0 for uninformative information.

Causal Characteristic Evidence Relevance/Reliability
a

Antecedents • Spills of Pb mine tailings and atmospheric deposition from smelters account for the high 
sediment Pb levels.

+++/++

• Hunting occurs elsewhere on flyway, not known locally +/++

Time order • No evidence—no pre-mining information on swan mortality 0/0

Co-occurrence • Swan kills occurred in Pb-contaminated lakes and wetlands and not elsewhere in the 
region.

+++/++

Sufficiency • Mortality occurred in laboratory tests of other avian species at Pb doses lower than those 
estimated for swans in the field.

++/++

• Mortality occurred in laboratory tests of other avian species at Pb body burdens observed 
in dead or moribund swans in the field.

++/++

• Severe sublethal effects occurred in swans fed a diet with 24% contaminated sediment. ++/+++

• Consistent mortality was observed in the field at blood Pb levels >0.5 μg/g. +++/++

Interaction • Pb-contaminated sediments were found in swan guts and excreta. +++/+++

• Dead and moribund swans had high blood and liver Pb levels. ++/++

• Lead shot was NOT found in Swan crops. − − −

Mechanism • Pb-contaminated Coeur d’Alene sediments fed to swans caused numerous adverse 
effects that caused emaciation and weakened the swans.

+++/+++

Specific alteration • Swans in the field and the sediment feeding study had pathologies characteristic of Pb 
toxicity, particularly, enlarged gall bladders containing viscous dark green bile.

+++/+++

Collective Properties Body of Evidence Properties: Reliability

Number • Most types of evidence have only one study. 0

Diversity • There are several types of field and laboratory studies. +++

Coherence • All results support the causal hypothesis and are logically concordant. +++

Absence of bias • Critical evidence is from federal contractors or agencies who are unlikely to have 
conflicts of interest.

0

• Data quality was rigorously assured and documented. +++

Integrated WoE

Finding Exceptionally consistent, relevant and reliable body of evidence implicates mining derived 
Pb as the cause of swan kills in the Coeur d’Alene River watershed.

+++

Pb toxicity from Pb shot refuted by lack of exposure. − − −

a
+++ convincingly supports, ++ strongly supports, + somewhat supports, 0 neutral or ambiguous
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