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ABSTRACT

The assessment of disease causation is a complex process with a
decades-long history of development and discussion. The family of
methods involved had been in place for at least 30 years when meta-
analysis and the systematic narrative review emerged to be added
to study designs and statistical methods. More recently, methods to
evaluate bias and quality have been added. Traditionally, near the
end of a causal assessment, that is, after all the studies have been
collected and described and sometimes meta-analyzed, investigators
apply a set of conditions (or criteria or considerations) to evaluate
whether an association observed in epidemiological studies supports
a causal association. The criteria proposed by A.B. Hill—Hill’s
criterio—are arguably the best-known example. In this paper we
describe and critically examine a trend in the epidemiological
literature wherein some practitioners have been chipping away at this
final step. In some instances, the use of these criteria-based methods
has been totally rejected; in other situations, some of the traditional
criteria (or considerations) have been eliminated while others remain.
It is important to point out that these eliminations and exclusions are
not replaced with some presumably better approach. Rather, there is
a sense that these so-called “criteria” are no longer relevant. We see
this process as eroding the reliability and validity of causal claims.
Keywords: Causality, Causal Criteria, Causal
Epidemiology, Methods, Systematic Reviews
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Introduction

The assessment of causation—i.e.,, what factors
cause disease—is arguably the most important
scientific issue facing epidemiologists. The methods
used for this purpose have remained relatively
stable with notable additions, the sum of which
represent a family of interconnected methods. This
“family” can be organized into several categories:
the general scientific method and theoretical
models, e.g., causal models, study design and
statistical methods, methods used to evaluate bias
and to assess the quality of studies, reviews, and
meta-analyses, and the research synthesis methods,
e.g., the systematic narrative review, meta- and
pooled analyses, and criteria-based methods.

The use of these methods—their application—for a
specific exposure-disease pair is a complex matter.
Decisions about causality are made by investigators
as well as by organizations such as the National
Cancer |Institute (NCI), the National Toxicology
Program (NTP), the Agency for Toxicological
Substances and Disease Registry (ATSDR), and the
American Cancer Society (ACS) to name a few U.S.
examples. The World Health Organization’s
International Agency for Research on Cancer (IARC)
and other international organizations also
participate in the process of making causal claims
for cancer. Cancer is not the only outcome where
causality is at issue. Indeed, the ATSDR examines
the potential effects of chemicals and other agents
across a wide range of disease outcomes. The
European Food Safety Agency (EFSA) and
“Registration, Evaluation,  Authorisation  and
Restriction of Chemicals (REACH) are examples of
similar agencies in Europe with an interest in
causation.

A complete description of the many decisions
involved in making causal claims is well beyond the
scope of this paper. There are, however, some
examples of these decisions in the peer-reviewed
and the so-called “grey” literature that represent
important variations from what can and should be
considered typical practice, i.e., variations from the
traditional approach.

Our concern here is that these divergent decisions
make causal claims easier but not necessarily
better. In short, we see these decisions as eroding
the practice of causal inference. The examples
presented here were not systematically identified
and some represent a minority view. Others,
however, appear to be accepted by many
practitioners. The main reason we want to bring
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these to the attention of readers is that they appear
to be reducing the rigor of causal claims and, as a
result, potentially reducing the reliability and
validity of the ensuing claims.

To keep our effort constrained given the wide
variety of methods and methodological choices, we
will focus primarily on what traditionally has been
the last step in the process, the use of causal criteria.
These criteric—sometimes referred to as
“viewpoints” or “aspects” of causal associations
have a long and storied history and remain widely
used. The most famous—and likely the most well-
known—set of criteria (or whatever else you want
to call them) were proposed by Sir Austin Bradford
Hill in what is considered a classic paper published

in 1965 (1).
Criteria-based Methods

These criteria should only be applied to a body of
epidemiological and biologic evidence after it has
been concluded that the observed association in
epidemiological evidence is not due to chance (1-
3). It will be helpful and important to describe these
so-called criteria, their characteristics, and some of
their strengths and limitations, as a prelude to
examining how different investigators have either
misapplied, reduced their number, or eliminated
them altogether.

Temporality—the concept that a causal factor must
precede its effect—is a true criterion (3-7). In the
absence of temporality, i.e., if the presumed effect
precedes its hypothetical cause in time, then
causation can be ruled out.

Strength of Association: refers to the magnitude of
the relative risk estimates observed in the
epidemiology studies. Typically, the larger the
relative risk (RR), the more likely the observed
association is causal (3-7). Small magnitudes of
association (sometimes called “weak” or “modest”
associations), e.g., relative risks (RRs) of 2.0 or less,
are less likely to represent causal associations. Bias
(due especially to uncontrolled and residual
confounding) can explain the presence of weak
associations.

Consistency of Association: refers to the extent to
which scientific results are similar (e.g., in direction
and magnitude) across the entire body of
epidemiological evidence. Typically, the more
consistent are the results, the more likely the
observed association is causal (3-7). One of the
additional values of meta-analysis is that it
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provides a quantitative assessment of consistency
(8) through statistical tests of heterogeneity. Based
on these results, a collection of epidemiologic
studies may be considered homogeneous, which, by
definition, means they are consistent. Moreover,
between study review after heterogeneity testing
may indicate methodological reasons why statistical
associations are inconsistent.

Biologic Gradient (Exposure-Response): refers to
the extent to which the relative risk estimates
increase in magnitude as the measure of the
exposure increases in the epidemiology studies.
Typically, a regularly increasing relationship
between exposure and risk estimate is more likely
to represent a causal relationship than other
patterns (4-7).

Biologic Plausibility: refers to the extent to which a
mechanism of action has been proposed, studied,
and demonstrated, typically in toxicological and
other types of laboratory-based studies. It is
generally accepted that as the evidence explaining
the mechanism of action for a disease increases, the
more likely the association is causal (?). A disease
mechanism has many features, including but not
limited to the many intracellular and extracellular
changes that occur from the initiating causal event
(e.g., an exposure or some unknown “idiopathic”
event) to the subsequent disease event. Indeed,
latency (discussed briefly above) can be considered
one of many features of a disease mechanism.
Assessing biological plausibility also involves
distinguishing between what happens in humans and
what happens in animals. Although animal testing
(also called animal bioassay testing) has been used
for many years as a component of assessing
biological plausibility, its relevance to human health
is under intense scrutiny in the scientific community.
The primary concern has always been the extent to
which the results of animal testing can be
extrapolated to humans given that the
experimental doses given to animals were often
many times more potent than what humans
experience.

Specificity: refers to two related ideas. First, it
refers to the precision with which the exposure and
the outcome can be defined and characterized. For
example, studies of benzene and chronic
lymphocytic leukemia have more specific measures
of exposures and outcomes than, say, studies of
solvents and leukemia (encompassing several sub-
types of leukemia). As Hill noted, the more specific
the exposure and disease involved, the stronger the
argument in favor of causation. Secondly (and
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traditionally), specificity also refers to the extent
that the disease (outcome) has one or more causes
(4,6).

Coherence: refers to the extent to which the
evidence and hypotheses for the results fit together
into a reasonable and well-tested explanation (3).
In the classic description of this so-called criterion,
coherence was defined as the extent to which the
causal hypothesis does not conflict with the
available evidence. Coherence can be assessed in
terms of the extent to which other causal criteria (or
“guidelines”) have been met. The more criteria that
are satisfied, the more coherent the causal
explanation.

Experimentation: refers to the extent to which a
randomized clinical trial (e.g., a prevention trial) or
an observational intervention study has been
undertaken (7). This is an uncommon condition to be
satisfied using randomized trials in the study of
chronic diseases. Note that this criterion does not
refer to animal experimentation.

Analogy: the extent to which the purported
exposure-disease relationship under consideration
is similar (in types and characteristics of evidence)
to other relationships, known to be causal or not
(10). Hill’s version of this criterion (or consideration)
is somewhat more nuanced. We will address that
fact later in this paper.

Use and Uses of the Causal Criteria

These are widely used criteria with scientific
justification; the method has been used for nearly
sixty years in hundreds, if not thousands, of
applications involving many different exposures
and many different diseases and conditions.
Furthermore, many causes of diseases have been
identified using this methodology along with all the
other methods described earlier. Research
institutions and governmental regulatory agencies
regularly use these criteria. Examples include: the
International Agency for Research on Cancer and
the U.S. Environmental Protection Agency (11,12).
For the past 50 years, epidemiology textbooks
have recommended and discussed the use of these
criteria for causal inference (4-7, 11-22).

Hill’s Causal Criteria and the Scientific Method

It is important to point out that these criteria reflect
the application of the general scientific method and
not a substitute for it. The criterion of consistency,
for example, reflects the scientific principles of
replicability and testability.  The criterion of
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strength (of association) reflects the scientific
concept of the need to critically test alternative
explanations including those not measured.
Experimentation, likewise, reflects the need to test
and control for alternative hypotheses. Temporality
is a key feature of any causal hypothesis.
Specificity reflects the need to test the hypothesis of
interest and not some different hypothesis.
Biological plausibility incorporates biological
explanations with those explanations in human
populations by examining the extent to which the
basic causal hypothesis has been tested in cellular
and animal systems. Exposure (or “dose”) response
reflects a basic toxicological principle: the greater
the exposure to a causal agent, the greater the
effect. Coherence and analogy, in turn, represent
the scientific need for an explanation that “fits” with
the various sources of evidence involved as well as
with what has been decided in the past regarding
causation. In sum, the criteria and the general
scientific method are not only compatible but
inseparable.

General Critiques of Hill’s Causal Criteria

One of the most important critiques of Hill’s criteria
can be traced to the influential textbook by
Rothman and Greenland (19, p. 27) who wrote that
“the standards of epidemiologic evidence offered
by Hill are saddled with reservations and
exceptions.” This critique has been repeated and
expanded upon in more recent accounts to such an
extent that, in our view, some authors have rejected
the concept of causal criteria (or standards or
viewpoints or guides) completely. To this apparent
rejection of the Hill criteria another critique has
emerged, namely, that the Hill criteria should not be
considered a checklist for causal claims. A good
example of how these two general critiques of the
Hill criteria have affected subsequent discussions of
the methodology of causal claims, is in a paper by
Kundi (23, p.971). He writes that “it is a complete
misinterpretation of the nine issues considered by
Bradford Hill that they can be a type of checklist to
establish causation. But it may turn out that they owe
their popularity, still persisting after 40 years,
exactly to this misconception.” Kundi then proposes
his own list of considerations—it is indeed a list
despite his complaints about Hill—which includes
strength of association, consistency of association,
dose-response, temporality, coherence,
experimental evidence, and biological plausibility.
Put another way, Kundi’s critiques are, in a sense,
meaningless. Nothing has really changed from the
version described by Hill other than the fact that
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Kundi removes the Hill criteria of analogy and
specificity completely.

In the end, the exceptions and reservations
mentioned by Rothman and Greenland have not
disappeared and the structure of the method—as a
list—remains. And yet, Kundi's major claim was that
Hill's criteria are somehow inadequate and, worse
yet, considered a list of conditions.

Some authors simply reject Hill’s criteria. Ward (24,
p.16), for example, writes that “satisfactions of the
Bradford Hill criteria do not ‘justify’ causal claims”
and that “satisfactions of the Bradford Hill criteria
neither guarantee the truth of a causal conclusion
nor make it improbable that a causal conclusion is
false.” Ward’s conclusion emerged from a long and
complex philosophical discussion too long to be
examined here. The result, however, is that the
author rejected Hill’s criteria but did not replace it
with another set of criteria or, as in the Kundi paper,
the same criteria in a similar list. Rather, Ward
finishes his argument by recommending that causal
claims should emerge after “only careful and
reflective analyses wusing the appropriate
methodological safeguards and statistical tools.”
This cannot be much of an improvement given that
“methodological safeguards and statistical tools”
already exist and, more importantly, these vague
recommendations give the practitioner no practical
guidance on how to interpret epidemiological and
biological evidence. Who's safeguards and which
statistical tools should we apply? How is this an
improvement on the existing process of causal
claims that is not simply the application of Hill’s
criteria but rather the application of a family of
methods the last step of which is Hill’s list? Rejecting
one method—Hill’s criteria—and replacing it with a
vague nod towards safeguards and tools cannot be
considered progress.

Less Extreme Critiques of Hill’s Criteria

Another less extreme version of rejecting Hill’s
criteria is provided by the National Toxicology
Program at the National Institute of Environmental
Health Sciences (NIEHS), within the National
Institutes of Health (25). In their version, only 6 of
the 9 Hill criteria remain. Rejected are specificity,
coherence, and analogy. No justification is
provided. The authors cite Hill (1) and yet leave
out a third of the “list” as if they did not exist in the
original paper. It does not take much to realize that
by reducing the number of criteria, causal claims
become easier, i.e., more likely. We will return to
the analogy criterion below.
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Rejecting some aspect of Hill's approach can take
many forms. Consider a recent discussion by Fedak
et al. (26, p. 2) who argue that “statistical
significance—not the magnitude of association—is
the accepted benchmark for judging the strength of
an observed association, and thus its potential
causality.” Simply put, these authors are rejecting
in full the reason the magnitude of association
matters, namely, that unmeasured confounders are
less likely to affect a presumed causal association if
the magnitude of association is “large,” i.e., greater
than 2.0 or some other threshold. The Fedak et al.
(26) view ignores the fact that statistical
significance—i.e., the role of chance—is already an
integral part of the original Hill paper (1). Hill
wrote that his considerations (or viewpoints or
criteria) were to be applied when the “observed
association is perfectly clear-cut and beyond what
we would care to attribute to chance” ( p. 295).
Rejecting the magnitude argument by replacing it
with statistical significance is another example of
making causal claims easier. By doing so, the
authors are ignoring a key scientific problem: the
existence of unmeasured alternative explanations in
the form of unmeasured confounders.

There is another example of the rejection of Hill’s
criteria that requires attention. As noted above, the
NIEHS view of Hill’s criteria eliminates the criterion
(or consideration) of analogy. Indeed, if one were
to carefully review current epidemiological
textbooks and other written commentary on Hill’s
criteria, it would be relatively easy to find many
authors who believe analogy—as it appeared in
Hill's paper—to be, for want of a better word,
worthless. Some write that analogy has “not stood
the test of time” and “cannot be considered
essential” (27, p. 5519). Others call it “vague” or
“weak” (28) In a recent commentary, one author
claims that analogy “doesn't work™ and is “possibly
detrimental” (29). Others write that analogy has
major limitations (30).

As described elsewhere (10), “many epidemiology
textbook and books published between 1970 and
the present do not mention analogy when they
discuss causation (5,6.13-15,20,22,32-34). In the
other texts and in published articles, analogy is
ignored (3,31,35,36) or equated with (and thus
replaced by) biological plausibility or coherence
(7,11,37,38). In many influential accounts, analogy
has been downgraded to an unessential
manifestation of a  scientist's  imagination
(4,16,19,24,39,40). Consider, for example, Lucas
and McMichael's (39) view of analogy: ‘Analogy.
Bradford Hill and other epidemiologists recognized

The Erosion of Causal Inference in Systematic Reviews in Epidemiology

that the notion of analogy can be taken to
impractical extremes and may depend on the
imagination of scientists to see analogies.”

The problem with these overwhelmingly negative
accounts of analogy is that they ignore what Hill
wrote. In short, Hill noted (1, p. 299) that: “In some
circumstances, it would be fair to judge by analogy.
With the effects of thalidomide and rubella before
us, we would surely be ready to accept slighter but
similar evidence with another drug or another virus.”

Putting aside the implication that analogy only
applies in some circumstances, the word “slighter,”
as well as the role of judgment (41), Hill's
description suggests a very different interpretation
of analogy than that provided in the examples
above. A key concept found in his description is a
comparison of two bodies of evidence. In essence,
Hill writes that a causal claim can emerge by
comparing the evidence collected for one accepted
causal relationship to that collected for another
association not yet determined to be causal.
Comparing bodies of evidence in a systematic
manner and assessing their similarity (or lack
thereof) is a completely different and much more
involved issue than what the scientific community has
believed. We will not pursue this further except to
point out that if Hill is to be taken at his word,
analogy should be considered a critically important
consideration and one that can be used to test the
reliability of causal claims (10,42).

There are at least two places in Hill's original
account that require reconsideration. He wrote that
none of his considerations were required for
causation although temporality—that the exposure
precede the onset of disease—does seem to be a
necessary condition. Furthermore, Hill wrote that
biologic plausibility cannot be required for
causation which seems dated given the explosion in
our understanding of the biological and genetic
origin of many diseases that has emerged in the
past 60 years. Nevertheless, there could be
situations in which the epidemiologic evidence was
so convincing that a biologic explanation could be
considered unnecessary.

Other Examples of the Erosion of Causal
Inference

The use of causal criteria is not the only place where
causal inference appears to be eroding. One of
the methodologic developments that occurred
twenty years after Hill's seminal paper is the
appearance and acceptance of the systematic
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narrative review as a necessary approach for
causal assessments. Making causal claims in the
absence of a systematic approach to collecting,
describing, and interpreting evidence—both
epidemiological studies and laboratory studies—is
another example of the erosion phenomenon. There
are, in turn, examples of the misuse of meta-analysis
in causal inference. It should be considered a
method that, if “positive,” means that the
relationship under consideration is therefore, causal.
Meta-analysis is an important and powerful tool but
it is not a sufficient method for causation.

Summary and Recommendations

We have described several efforts to reject causal
criteria in toto or piecemeal. These we believe are
examples of a broader effort to make causal claims
easier, that is, less rigorous. What we have
mentioned but not discussed are ways to evaluate
the extent to which any change in the status quo
makes causal claims better. It is relatively easy, as
shown in this paper, to reveal efforts by authors and
institutions to chip away at established
methodologies, like Hill’s criteria. It is another
matter altogether to demonstrate how any of the
proposed changes improve the practice of causal
inference. Nevertheless, there is an implicit
assumption made by these authors that they are
improving the practice of causal inference by
eliminating all or some of Hill’s criteria. We are not
convinced.

One of the central concerns of any form of scientific
measurement—or more  generally, scientific
assessment—is the extent to which the method used
for that assessment is reliable. We suggest that
reducing the criteria for making causal claims, if
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anything, would appear to make assessments of
causation less rather than more reliable. We have
not demonstrated much less proved this statement
but the fact that the criteria, largely as they were
originally described, can be easily linked to basic
scientific principles indicates to us that rejecting
them is a bad idea.

Put another way, if a method is simply rejected—
as some have advocated for the causal criteria—
then how do we know that what remains is at least
as good or better than what existed before the
purge? Similarly, if you reject the criteria and
replace them with something else, how do we know
that the new method is better than the old? These
questions are important and are not only
unanswered but unasked in most accounts of causal
inference. We leave these for another day.

The assessment of causation is a central problem in
epidemiology, preventive medicine, therapeutic
medicine, and public health. When causation is the
issue, there is a consensus in the epidemiological
and biomedical communities that a systematic
approach to identifying, describing, and
interpreting evidence is appropriate and should
include the use of causal criteria. The criteria that
have been used for decades—as described in this
paper—are consistent with scientific principles and
the basic scientific method. It follows that removing
or simply changing these criteria should not be
adopted without a careful assessment of the
potential impact on causal inference of such
changes. We recommend that investigators
involved in the process of causal inference use
methods consistent with the consensus view at least
for now. We also recommend that research into the
practice of causal inference seems prudent.
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