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Abstract

Causal inference has a central role in public health; the determination
that an association is causal indicates the possibility for intervention.
We review and comment on the long-used guidelines for interpret-
ing evidence as supporting a causal association and contrast them with
the potential outcomes framework that encourages thinking in terms
of causes that are interventions. We argue that in public health this
framework is more suitable, providing an estimate of an action’s conse-
quences rather than the less precise notion of a risk factor’s causal effect.
A variety of modern statistical methods adopt this approach. When an
intervention cannot be specified, causal relations can still exist, but how
to intervene to change the outcome will be unclear. In application, the
often-complex structure of causal processes needs to be acknowledged
and appropriate data collected to study them. These newer approaches
need to be brought to bear on the increasingly complex public health
challenges of our globalized world.
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INTRODUCTION

Overview

The determination that an association is causal
can have profound public health consequences,
signaling the need or at least the possibility to
take an action to reduce exposure to a haz-
ardous agent or to increase exposure to a ben-
eficial one. Consequently, causal inference is
implicitly and sometimes explicitly embedded
in public health practice and policy formula-
tion. Practitioners decide on interventions on
the basis of consequences produced by a pre-
sumed causal relationship. Causal inference is
embedded in regulatory processes, for exam-
ple those of the US Environmental Protection
Agency (EPA) with regard to major outdoor air
pollutants and the hazards of chemicals, and
those of the Department of Veterans Affairs,
in compensation of US veterans for service-
connected conditions and diseases [Agent Or-
ange Act, Pub. L. 102-4 (1991); Clean Air Act
42 U.S.C. § 7401-7671q (2008); 36, 37]. Pub-
lic health evidence may be prominent in legal
proceedings in which judgment about the ex-
istence of a causal relationship is pivotal in de-
termining guilt and liability for damages (16,
72). Causal inference is also embedded in many
aspects of medical practice through the prin-
ciples of evidence-based medicine, where de-
cisions about harms or benefits of therapeu-
tic agents are based, in part, on rules for how
to measure the strength of evidence for causal
connections between interventions and health
outcomes (20).

The history of public health and of its
quantitative disciplines, epidemiology and bio-
statistics, can be seen as one long discourse on
disease causation, the ultimate targets of which
are to find and to mitigate reversible causes (22,
23, 33, 46, 50, 67). Over that history, a variety
of “frameworks” for thinking about causation
have risen to coincide with the dominant prob-
lems of the day and the scientific understand-
ing of their etiology. During the ravages of the
cholera epidemics of the nineteenth century,
John Snow gathered evidence in support of wa-
terborne transmission, using what Frost later

called his ordered “chains of inference” (11,
p. IX) (15, 73, 74). With the advent of germ the-
ory, Koch’s postulates provided a more system-
atic and formalized approach that worked well
within the specificity of unique germ-disease
links (8).

In the 1950s and 1960s, what we call the
classic framework for causal thinking was artic-
ulated by Sir Austin Bradford Hill, who added
to this discourse with his causal criteria against
the backdrop of international debate about the
causal role of smoking in the epidemic of lung
cancer (53, 76). This classic framework was
developed to identify the causes of diseases and
particularly to determine the role of smoking
in lung cancer (33, 71), but its use has been
extended to public health decision making, a
domain where questions about causal effects
relate to the consequences of interventions that
have often been motivated by the identification
of causal factors. This framework, described
below, has proven useful and has driven
decision making in public health for decades.
However, the framework does not reflect
the current, more clearly articulated view of
causal processes. Additionally, the guidelines
used to evaluate evidence have not changed
for decades, even as the causal questions have
become more complex, beyond the original
intent of this framework.

One important limitation of the classic view
of disease causation arising from the Hill crite-
ria has been the lack of a formal basis for evalu-
ating causal hypotheses. Only in the past several
decades have investigators explored more for-
mally the foundational mathematical and con-
ceptual issues required for rigorous estimation
of causal effects, particularly in circumstances
where randomization of treatment assignment
that insures exchangeable comparison groups is
unfeasible. Since 1970, the frequency and in-
tensity of formal discourse on causation and
causal inference have increased, and the field
has progressed toward what we term the mod-
ern approach, based on the counterfactual or
potential outcomes framework (18, 25).

In this review, we first describe and com-
ment on the classic framework that is generally
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Figure 1
Axis of nested hierarchies for tobacco control. Reprinted with permission from Samet & Wipfli (65). FCTC,
Framework Convention on Tobacco Control.

attributed to Sir Austin Bradford Hill and the
advisory committee that prepared the 1964 US
Surgeon General’s report on smoking (33, 71).
We follow with a brief review of the modern
framework based on the counterfactual, or po-
tential, outcomes model for estimating causal
effects. The latter approaches are unified by an
analytic effort to approximate the experimental
paradigm that balances treated (exposed) and
untreated (unexposed) groups on other factors.
We next carry this counterfactual approach
to the broad and multilevel nature of causal
questions, as formulated over the past several
decades, and consider causal inference in the
context of such questions and their implications
for public health actions (14). We end with
consideration of how these new approaches—
broader frameworks for formulating causal
questions and developing analytical tools to an-
swer them—can be used to reduce uncertainty
associated with causal determinations. The

interplay between strength of evidence and re-
maining uncertainties typically figures promi-
nently in decision making. More pragmatically
grounded and transparent approaches are
needed as we face such challenges as the rise of
obesity throughout the world—an example that
necessitates a multilevel framing of underlying
causal processes, with structures extending
from the genes of individuals to the foods sold
worldwide by multinational corporations, as
the basis for formulating interventions (35).
This type of framework has already proven
valuable in approaching tobacco control
(Figure 1). The upstream drivers of the epi-
demic are clear at this point in its course: a large
and powerful global industry led by a handful
of powerful multinational corporations. The
role of factors at other levels has also been
characterized: cultural acceptance of smoking,
laws, peers, and the family. Now, we are
probing the genetic basis of susceptibility to
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nicotine addiction and tobacco-caused diseases.
Within the modern framework, such structure
leads to questions and counterfactuals at mul-
tiple levels: At the highest level, what would
be the disease burden, absent the upstream
factor (e.g., the tobacco industry), and at the
lowest level, what would be the disease risk
for genetically susceptible individuals, absent
the environmental factor (e.g., smoking)?
The structure also raises the possibility of
interventions at multiple levels, reflecting how
interventions might be carried out in practice.

A Brief Detour into Philosophy

Although public health scientists and practi-
tioners have disagreed fiercely at times about
what is required of causal explanations, the
idea that causal relationships can be proven
has rarely been seriously questioned. But in
the long and contentious discourse on causa-
tion in philosophy (3), one can discern two dis-
tinct classes of causation theory. On one side
are the descendants of Locke and John Stuart
Mill, who argued that causation can be veri-
fied through the careful implementation of the
scientific method and the power of experimen-
tation. On the other side is a parallel line of dis-
course that extends from David Hume, who ar-
gued that even though nature may contain real
causal “connexions” between phenomena, cau-
sation cannot be empirically verified (36). This
skeptical tradition had no better spokesman
than Bertrand Russell (64), who in a famous
essay delivered to the Aristotelian Society of
1912, wrote, “The law of causality, I believe,
like much that passes muster among philoso-
phers, is a relic of a bygone age, surviving, like
the monarchy, only because it is erroneously
supposed to do no harm” (p. 1).

Although the science of epidemiology and
the practice of public health fall clearly into
the pragmatic tradition of Locke and Mill, ev-
idence of the influence of Hume and Russell
can be found in the early skepticism of R.A.
Fisher (9) and Karl Pearson, the father of mod-
ern statistics, who argued that the correlation
between two variables, once known, is all there

is to know, a view that persists with some epi-
demiologists. In their review of causal inference
in epidemiology, Lipton & Ødegaard (47) ask
what is really added to the statement that smok-
ers are at X-fold increased risk of lung cancer by
the statement that smoking is a cause. From a
policy point of view, the use of causal language
has obvious advantages, and it has been widely
embraced not only by researchers but by pol-
icy makers. The legacy of Hume and Russell
urges us to be cautious because assigning causal
significance to some phenomena also provides
an easy target for skeptics and, potentially, af-
fected stakeholders to derail reasonable inter-
ventions on the basis of an absence of proof.
Public health practitioners and researchers are
interested primarily in effecting change and not
in engaging in philosophical debates, but the
ghost of Russell reminds us that the invocation
of causal language has powerful consequences,
both good and bad.

The challenge of determining causation in
public health has always been shaped by the lim-
itations of the available data, the understanding
of the underlying biological or sociological pro-
cesses, and our ability to intervene in the real
world. Faced with sometimes limited data and
an often poor understanding of a network of
connected factors in a complex world, we re-
vert to pragmatism. Public health science seeks
the certainty of the experiment as its organiz-
ing principle. Holland (34) says it succinctly in
a famous paper, “Put as bluntly and as con-
tentiously as possible, in this article I take the
position that causes are only those things that
could, in principle, be treatments in experi-
ments” (p. 954).

This statement is formalized in the potential
outcomes framework, which compares what is
observed to what might have been observed, all
other things being equal, under a counterfactual
scenario. The potential outcomes framework is
a powerful tool that has implications for how
we see the world and to determine what types
of questions can be answered in a useful way for
public health purposes and what kinds of ques-
tions are beyond our capacity to answer (25, 55,
61–63).
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Approaches to Causal Inference in
Public Health
The classic approach to causal inference in pub-
lic health, described quite similarly across text-
books and widely used in practice, has its roots
in the seminal debate around smoking as a cause
of lung cancer in the 1950s and 1960s (33,
71). At that time, the results of epidemiological
studies had shown associations of smoking with
increased risk for lung cancer and other can-
cers, for coronary heart disease, and for “em-
physema” and “bronchitis.” The most relevant
data came from case-control and cohort studies
and findings from animal models and lab stud-
ies characterizing the components of tobacco
smoke. Rising mortality rates from lung cancer
and coronary heart disease provided a strong
imperative for taking action to reduce cigarette
smoking. However, taking action required that
smoking be established as the cause of the
increases in mortality. Even as the epidemio-
logical evidence mounted, the tobacco industry
implemented a wide-ranging strategy to ques-
tion the credibility of epidemiological evidence
generally and of the most pivotal studies specif-
ically (54). This tactic of creating doubt about
the evidence heightened tension around the
challenge of interpreting the findings of epi-
demiological research, and its use attests to the
societal importance of causal determinations.
The manufacture and dissemination of doubt
remain strategies today, widely used by stake-
holders whose interests are potentially threat-
ened by a causal finding (49).

The framework that was put forth for causal
inference in the 1960s involved expert judg-
ment grounded in a set of guidelines or cri-
teria (Table 1). The long-standing discussion
among philosophers was acknowledged as these
guidelines were elaborated, but the need for
a pragmatic and timely approach foreshort-
ened debate. The framework was effective for
smoking and lung cancer, one of its first ap-
plications. Smoking is a potent cause, increas-
ing the risk of lung cancer about 20-fold and
leading to most cases of lung cancer; conse-
quently, the evidence from observational stud-
ies was consistent and strong, and temporality

was clear. As described by their originators
and as used in practice, these criteria (or what
Hill calls “viewpoints”) are not absolute nor
does inference of a causal relationship require
that all criteria be met. In fact, only tempo-
rality is requisite. Some features of evidence,
most notably specificity, have proven to have
little applicability for noncommunicable dis-
eases that have multiple causes. The classic
approach is vulnerable to subjectivity in the
evaluation of evidence and to manipulation of
the evidence, and stakeholders potentially af-
fected by the finding that an association is or
is not causal may take opposing positions on
evidence interpretation. Additionally, as con-
structed and applied, the framework assumes
a simplistic direct relationship between cause
and putative effect without explicit considera-
tion of the structure of the underlying causal
processes. For example, tobacco smoking is an
indisputable cause of lung cancer, but more
distally in the causal process, a small number
of multinational tobacco companies produce
most of the cigarettes sold and smoked world-
wide (Figure 1). The inference about cause
became the rationale for intervention, but the
causal conclusions were not couched in the
consequences of specific actions to reduce or
eliminate cigarette smoking. And later, pub-
lic health action was aimed at the individual
smoker, rather than at the upstream system of
cigarette manufacture, advertising, and distri-
bution. This limited focus is a key characteristic
of the traditional approach; causal determina-
tions were made by epidemiologists and others
in public health about various risk factors with-
out considering the effect of a specific way of
changing them.

Today, public health practice can be seen to
be influenced by both the classic and modern
frameworks, as exemplified in the following
case studies. In setting outdoor air quality
standards in the United States, causal inference
and associated counterfactuals figure in the
decision process. Two sections of the US Clean
Air Act (108 and 109) address the major outdoor
air pollutants, requiring the Administrator of
the EPA to set National Ambient Air Quality
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Table 1 Guidelines for causal inference. Data from the 1964 Smoking and Health: Report of the
Advisory Committee to the Surgeon General (71) and from Hill 1965 (33)

US Surgeon General Report’s criteria Hill’s criteria
Consistency of association Strength
Strength of association Consistency
Specificity of association Specificity
Temporal relationship of association Temporality
Coherence of association Biological gradient

Coherence
Experiment

Standards (NAAQS) such that “the attainment
and maintenance of which in the judgment
of the Administrator, based on such criteria
and allowing an adequate margin of safety,
are requisite to protect the public health”
(p. 5697). The phrase “such criteria” refers
to the accumulated evidence on harm, giving
emphasis to that reported since the last review
of the NAAQS. The present process for a pol-
lutant, e.g., ozone, begins with a review of the
evidence, assembled in the Integrative Science
Assessment (Figure 2). The process for causal
inference draws on the long-standing classic ap-
proach and classifies the strength of evidence in
a five-level scheme (“not likely,” “inadequate,”
“suggestive,” “likely,” and “causal”). The clas-
sification, in part, determines the effects that
are subsequently considered in the risk analysis,
which estimates the pollutant-related burden
of disease and the consequences of potential
changes to the NAAQS. Those effects for which
the evidence reaches the level of “likely” or
“causal” are generally advanced for considera-
tion in the risk analysis and consequently figure
in the policy judgment made by the Adminis-
trator on revising the NAAQS for a pollutant.
The risk analysis models the counterfactual
distribution of health outcomes under different
scenarios of pollution reduction and under no
intervention. The risk analysis has the modern
approach as its conceptual underpinning.

The International Agency for Research on
Cancer (IARC) of the World Health Organiza-
tion operates its Monograph Program, which
conducts systematic reviews to classify agents

by their carcinogenicity (39). The general ap-
proach involves a meeting of a multidisciplinary
working group that reviews evidence relevant
to a particular agent in four broad categories:
(a) exposure, (b) studies of cancer in humans,
(c) studies of cancer in experimental animals,
and (d ) mechanistic and other relevant data.
The human and animal evidence is separately
considered, and for each category, the strength
of evidence for causation is classified in a four-
level hierarchical schema: sufficient, limited,
inadequate, or suggesting lack of carcinogenic-
ity. The evidence is evaluated with an approach
based in the Hill or classic criteria. Evidence for
the role of particular mechanisms is evaluated as
“weak,” “moderate,” or “strong,” and investiga-
tors consider the relevance of the mechanism to
cancer in humans. The overall classification is
based primarily on the animal and human find-
ings (Figure 3), but the mechanistic evidence
can figure in the classification as well. This
approach, for example, resulted in the 2011
classification of radiofrequency electromag-
netic radiation, the type emitted by mobile
phones, as a possible human carcinogen, Group
2B in the IARC schema (2).

CAUSAL INFERENCE AS A
COMPARISON OF OUTCOMES
UNDER DIFFERENT PUBLIC
HEALTH INTERVENTIONS

As described above, a key role for causal
inference in public health is the comparison
of the distribution of health outcomes after
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Workshop on
science-policy issues 

Integrated review plan:
timeline and key policy-

relevant issues and 
scientific questions

CASAC review and
public comment

Integrated science assessment (ISA):
concise evaluation and synthesis of 

most policy-relevant studies 

CASAC review and public comment

Risk/exposure assessment (REA):
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and uncertainties
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staff analysis of policy
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interpretation of

information in the ISA
and REA

Agency decision making
and draft proposal notice

Agency decision
making and

draft final notice 

Public hearings
and comments

on proposal 

EPA proposed
decision on
standards 

EPA final
decision on
standards 

Figure 2
The National Ambient Air Quality Standards (NAAQS) review process. Source: Memorandum from US Environmental Protection
Agency (EPA) Administrator Jackson addressing the revisit of the National Ambient Air Quality Standards (NAAQS) review process,
May 21, 2009 (70). CASAC, Clear Air Scientific Advisory Committee.

different interventions. In an ideal world,
these comparisons would be conducted via
randomized experiments, and all public health
decisions would be based on the findings of
those experiments. For example, the integra-
tion of smoking-cessation programs into the
health care system would ideally rely on the
findings from long-term randomized studies
comparing the efficacy of the intervention
in large groups of people from the target
population that adhered to the intervention
with control groups. Similarly, the decision to
increase taxation or regulation of tobacco prod-
ucts would be based in studies that randomly
allocated these policies across communities
or counties. Unfortunately, such randomized

experiments are often unethical, impractical,
or simply too lengthy for timely decision
making. As a result, causal inferences for public
health are usually derived from observational
studies, buttressed by other lines of evidence if
available.

The use of observational, rather than ex-
perimental, data for causal inference in public
health raises several concerns. One particularly
relevant concern for public health is that the
interventions under consideration may be
vaguely defined, if at all, limiting the relevance
of the findings for public health decision mak-
ing. For example, the comparison of observed
mortality rates between obese and lean peo-
ple suggests a possible causal relation between
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Limited Inadequate ESLC

Evidence in experimental animals 

Group 4 (probably
not carcinogenic)ESLC 

Limited

Inadequate 

Group 1 (carcinogenic to humans)

Group 2B (possibly carcinogenic)
(exceptionally, Group 2A) 

Group 3 (not classifiable)

Ev
id

en
ce

 in
 h

um
an

s 

Sufficient

Sufficient

Group 2A
(probably

carcinogenic) 

Group 2B
(possibly carcinogenic)

Figure 3
The International Agency for Research on Cancer (IARC) classifications based on evidence from human and
experimental evaluations. From IARC. For further information, see the Preamble to the IARC monographs
on the evaluation of carcinogenic risk to humans, 2006 (40). ESLC, evidence suggesting lack of
carcinogenicity.

obesity and death but offers little guidance for
action: Should solutions be found in exercise
programs in the workplace, reduction of sizes of
sugared sodas available in retail stores, liposuc-
tion (26, 32)? Although obesity may meet crite-
ria for a causal factor in the classic framework,
the association between obesity and mortality
offers little insight for preventive action. One
alternative is to focus on the contrast between
individuals randomly assigned to dietary mod-
ification versus those who are not or a contrast
between communities randomized to taxation
of sugary drinks versus those who are not. The
findings from such experiments would provide
direct, actionable information about the effects
of interventions against obesity. The observa-
tional study that compares obese and lean peo-
ple provides only indirect evidence and lacks a
formally testable causal relation in the absence
of further specification.

One way to address this concern and bridge
the gap between the observational data and

public health decision making is to design ob-
servational analyses in such a way that the
observational data emulate those from hypo-
thetical randomized experiments with relatively
well-defined interventions. For example, obser-
vational data could be used to mimic a hypo-
thetical randomized experiment involving di-
etary interventions by comparing the observed
outcomes of individuals who change versus
those who do not change their diet during the
study period; or data could be used to mimic
a hypothetical randomized experiment of food
policy by comparing health outcomes between
schools that did and did not restrict access to
sugary drinks. This approach is built into the
counterfactual or potential outcomes frame-
work proposed by Neyman (51), expanded by
Rubin (61, 62), and generalized to time-varying
exposures by Robins (55, 56). A counterfactual
approach to causal inference in public health
requires that the causal effects are defined in
terms of contrasts between the distributions of
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the health outcomes under different (hypothet-
ical) well-defined interventions.

Comparing relatively well-defined public
health interventions is only the first problem for
causal inference from observational data, how-
ever. Even well-defined intervention groups
will not usually be directly comparable because
the key characteristics of individuals in each
group are likely to differ. For example, indi-
viduals who change their diet may also adopt
a healthier lifestyle than those who do not,
and schools that change their food policies
may serve populations with less economic in-
equality than do those schools whose policies
remain unchanged. This noncomparability
problem, commonly referred to as confound-
ing, is a fundamental problem for causal infer-
ence using observational data.

The most common approach to mitigate
confounding is to measure as many variables
as possible that are responsible for the non-
comparability and to adjust for them in the
statistical analysis. The available methods to ad-
just for measured confounders are stratification,
matching, standardization, inverse probability
weighting, and g-estimation. In practical appli-
cations with sparse or high-dimensional data,
these adjustment methods are implemented
with the help of statistical models. For example,
adjustment via stratification is often carried out
using conventional regression models.

Sometimes the measured confounders are
used to estimate each study participant’s prob-
ability of receiving the exposure of interest.
For binary exposures (e.g., yes/no), this prob-
ability is referred to as the propensity score
(60). If the propensity score is available for ad-
justment, then the individual variables are not
necessary. Inverse probability weighting and
g-estimation are methods based on propensity
scores. Propensity scores can also be used to
adjust for confounding via stratification (e.g.,
by adding the propensity score as a covariate in
the regression model), matching, and standard-
ization.

For the above methods to provide valid
causal inferences, all the confounders must have

been identified and appropriately measured, a
condition that is not empirically testable. One
alternative method to eliminate confounding
from the effect estimate is instrumental variable
estimation (17, 31). Unlike the other methods,
instrumental variable estimation does not re-
quire investigators to measure any confounders.
Rather, it requires them to identify and ap-
propriately measure an instrument, which is
roughly defined as a variable that has an ef-
fect on the exposure and that is unassociated
with the outcome except through its effect on
the exposure. Unfortunately, it is impossible to
verify empirically that a particular variable is
an appropriate instrument. Furthermore, valid
instruments can provide only lower and upper
bounds for the magnitude of the causal effect of
interest. Typically, these bounds are not help-
ful for decision making because they range from
beneficial to harmful effects. As a result, most
applications of instrumental variables make ad-
ditional untestable assumptions to obtain point
estimates for the effect of interest.

When exposures are time-varying, a new
potential problem arises: Perhaps the con-
founders (also time-varying) are themselves af-
fected by prior exposure levels. In the presence
of this exposure-confounder feedback process,
some of the above methods—stratification and
matching—cannot be generally used for valid
causal inference. Valid adjustment for measured
confounding requires the use of the parametric
g-formula (a generalization of standardization)
(55, 68), inverse probability of marginal struc-
tural models (27, 58), or g-estimation of nested
structural models (which include some forms
of instrumental variable estimation for time-
varying exposures as a particular case) (28, 57).
These methods, developed by Robins and col-
laborators since 1986, are often referred to as
causal methods because they can be applied to
obtain valid causal inferences, even in complex
settings with time-varying confounders affected
by prior exposure (29, 55).

Another recent addition to causal inference
methodology is the use of causal diagrams (di-
rected acyclic graphs, or DAGs). Although not
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a data-analysis method themselves, causal di-
agrams are used to represent the structure of
the causal networks linking exposure, outcome,
confounders, and other variables, requiring an
explicit formulation of the relationships among
these factors. Thus, causal diagrams are a help-
ful tool to detect, graphically, possible sources
of bias and to guide investigators in the design
of their data analysis (19, 30, 52).

Challenges to Implementing the
Potential Outcomes Framework

Although the potential outcomes approach is
robust in the context of a range of causal ques-
tions of high value to public health, its use raises
some questions. For example, should we con-
sider causal questions about inherent features
of the individual (such as sex, race/ethnicity, or
age) that cannot be reasonably translated into
hypothetical interventions (4, 41, 42, 47, 66)?
And how should investigators address individ-
ual (e.g., body weight) or social (e.g., neighbor-
hood income level) factors that can be translated
into hypothetical interventions but for which
many possible interventions exist? The poten-
tial outcomes approach highlights that when we
estimate associations of health outcomes with
factors not amenable to change, the question
of how to change the outcomes caused by those
factors remains open. Consequently, investiga-
tions into the association between nonmanip-
ulable factors and health outcomes can be seen
as a prelude to other studies on hypothetical
interventions (1). For example, if observational
studies tell us that individuals living in poor
neighborhoods experience higher cancer rates
than do those living in more affluent neigh-
borhoods, then the next suite of investigations
might consider potentially manipulable car-
cinogen exposures or diets that differ between
the communities under study. The initial
finding of a higher cancer rate in poor com-
munities is critical in motivating studies to find
causes that can be manipulated. Absent such
further research, epidemiology becomes more
of a descriptive tool for sociologic analysis and

less of an instrument for providing evidence
leading to interventions to improve health.

The potential outcomes framework can also
be combined with a multilevel framework to
bring context back to epidemiology and pub-
lic health (5, 6, 12, 48, 59). The causal role
of higher-level contextual factors can be eval-
uated as long as they can be defined as com-
parisons between alternative interventions or
policies. However, even when hypothetical in-
terventions on national or regional policies can
be imagined (though often impossible to imple-
ment), many of these contextual exposures are
uniform within a society, which makes it dif-
ficult to gather the data needed to conduct an
evaluation. As a result, in practice, epidemiolo-
gists and public health practitioners can be in-
duced to prioritize the study of proximal, down-
stream interventions at the individual level. For
example, it is easier to conduct, or emulate
using observational data, randomized trials of
smoking-cessation programs that target indi-
viduals than to conduct trials about the behav-
ior of well-funded corporate entities with vested
interests and political connections.

The potential outcomes framework has been
extended in several directions to accommodate
multilevel causal processes (75). Formal mod-
eling approaches have arisen in infectious dis-
ease to handle endogeneity and interference
(21, 43–45, 69). Complex systems approaches
have begun to offer new frameworks for causal
processes across multiple geographic and time
scales (7, 13, 14, 24). They call for a mapping
of the agents and processes involved in pro-
ducing outcomes and, consequently, are useful
for framing many of the most pressing public
health challenges that result from processes at
levels ranging from local to global. They need
to be brought to bear on public health prob-
lems as appropriate. They point to the data
that should be collected, how the data should
be organized, and how the data should be an-
alyzed in the potential outcomes framework.
Complex systems approaches may also provide
insights into the consequences of outcomes car-
ried out by different actors and at different
levels.

70 Glass et al.

A
nn

u.
 R

ev
. P

ub
lic

 H
ea

lth
 2

01
3.

34
:6

1-
75

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.a

nn
ua

lr
ev

ie
w

s.
or

g
 A

cc
es

s 
pr

ov
id

ed
 b

y 
U

ni
ve

rs
ity

 o
f 

M
ic

hi
ga

n 
- 

A
nn

 A
rb

or
 o

n 
01

/1
2/

22
. F

or
 p

er
so

na
l u

se
 o

nl
y.

 



PU34CH05-Samet ARI 19 February 2013 8:7

THE FUTURE OF CAUSAL
INFERENCE IN PUBLIC HEALTH

In this article, we have offered a brief overview
of how causal inference can evolve to enhance
public health decision making; we have given
insight into how this goal could be accom-
plished. Current causal inference methods are
relevant and useful because they are directed
not at identifying causes, but at identifying ef-
fects of interventions. The classic criteria for
causal inference do not clearly separate these
two goals, leading to debates about the attribu-
tion of cause that are, in fact, implicitly about
the appropriate intervention. Even if we under-
stood a causal chain perfectly, i.e., knew every
factor that could be considered a cause, we still
might not know how best to change the out-
come. Newer causal inference methods move us
away from the philosophical exercise of identi-
fying causes and force us to consider more pro-
foundly how to improve health through specific
interventions.

Returning to the example of tobacco, for
public health purposes, estimating the impact of
a given reduction in individual smoking is less
important than estimating the consequences for
health of smoking-cessation programs versus
cigarette taxes. The latter exercise provides a
guide to action. But what is different about these
two interventions, aside from their estimated
effects, is how we evaluate them. The effect of
smoking cessation is amenable to randomized
evaluation, but characterizing the consequences
of raising taxes and other forms of social inter-
vention may not be. In such situations, we must
use observational data to emulate the experi-
ment that cannot be conducted. The greater
the departure from the randomized experiment
for evaluation, the greater the reliance on mod-
eling and subject-matter knowledge, including
sociologic and other theories. This need to turn
to observational data poses a potential dilemma
for public health; if we succumb to focusing on
interventions that are easy to evaluate, we may
ignore upstream interventions for which the
randomized experiment cannot be conducted
or emulated but which may have the greatest

potential to effect change. Causal inference
frameworks and methods help us to identify in-
tervention options and to determine how best
to assess their effects, but they do not necessar-
ily inform on the relevant levels of intervention
to consider and which interventions should be
attempted.

The preceding discussion shows us that
causal inference methods cannot be ignored
by those who endeavor to improve the pub-
lic’s health. A focus on the effects of interven-
tions rather than causes brings the science of
public health in closer alignment with its prac-
tice. New causal inference methods force us
to confront, as previous methods did not, how
interventions will affect public health. How-
ever, a number of steps must be taken to move
these methods from academia to practice. First,
teaching in public health, particularly in MPH
(master of public health) programs, often em-
phasizes the classic framework. This limited
focus needs to be changed so we can birth a
new cohort of public health professionals who
have a better understanding of causation and
the relevance of the potential outcomes frame-
work for their work. Second, accessible, high-
profile examples of the utility of the modern
framework need to be developed and dissemi-
nated through publication and presentations at
professional meetings that public health profes-
sionals attend. A very useful case study could be
developed, for example, around the multicom-
ponent strategy used to address cigarette smok-
ing in New York City (10). During the period
2002–2003, cigarette smoking dropped steeply
in New York City following the implementa-
tion of an aggressive strategy with components
including increased taxes, an indoor smoking
ban covering most workplaces, increased ces-
sation services, and education. These methods
could be used to address the public health im-
pact of the ban on sales of large-sized sugar-
containing beverages, which came into force in
2013. This widely publicized intervention of-
fers a valuable test case.

The potential outcomes framework should
be embraced as appropriate to gauge the
potential effectiveness of public health actions.
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We have touched on new analytical tools
developed to sharpen analyses of observational
data within this framework, recognizing that
true randomized trials are not possible for
many issues. Other approaches capture the
complexity of causal processes with formality
sufficient to be useful as a framework for data
collection and analysis and to identify targets
for intervention. As public health data are col-
lected, they need to have enough richness for
this purpose. Public health professionals need
not shy from causal inference using these newer
approaches because of perceived complexities.

As the origins of questions confronting pub-
lic health professionals become more complex
and global, we are increasingly challenged to
understand the world sufficiently and to capture
its complexity in our models and interventions

to identify areas for change. From obesity to cli-
mate change, how we should measure the effects
of causes and where investments are best di-
rected become questions with enormous health
and social consequences. With so much at stake,
and with quantities of linked information from
multiple levels—from gene to environment—
which past generations never had, our quanti-
tative and conceptual tools must keep pace. The
utility of long-used, familiar approaches for sta-
tistical analysis and causal inference to interpret
the broad sweep of evidence on the causal deter-
minants of human health is diminishing. Public
health practitioners and researchers must un-
derstand the limitations of those methods and
commit to learning what new approaches offer
if they are to be reliable scientific guides for the
health of future generations.
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51. Splawa-Neyman J, Dabrowska DM, Speed TP. 1990. On the application of probability theory to agricul-

tural experiments. Essay on principles (1923). Stat. Sci. 5:465–572
52. Pearl J. 1995. Causal diagrams for empirical research. Biometrika 82:669–710
53. Phillips CV, Goodman KJ. 2004. The missed lessons of Sir Austin Bradford Hill. Epidemiol. Perspect. Innov.

1:3
54. Proctor RN. 2011. Golden Holocaust: Origins of the Cigarette Catastrophe and the Case for Abolition. Berkeley:

Univ. Calif. Press
55. Robins J. 1986. A new approach to causal inference in mortality studies with a sustained exposure period—

application to control of the healthy worker survivor effect. Math. Model. 7:1393–512
56. Robins JM. 1987. Errata to “a new approach to causal inference in mortality studies with a sustained

exposure period—application to control of the healthy worker survivor effect” Mathl. Modelling 7(9–12),
1393–1512 (1986). Comput. Math. Appl. 14:917–21

57. Robins JM. 1993. Analytic methods for estimating HIV-treatment and cofactor effects. In Methodological
Issues of AIDS Behavioral Research, ed. DG Ostrow, RC Kessler, pp. 213–90. New York: Plenum

58. Robins JM, Hernán MA, Brumback B. 2000. Marginal structural models and causal inference in epidemi-
ology. Epidemiology 11:550–60

59. Rockhill B. 2005. Theorizing about causes at the individual level while estimating effects at the population
level: implications for prevention. Epidemiology 16:124–29

60. Rosenbaum PR, Rubin DB. 1983. The central role of the propensity score in observational studies for
causal effects. Biometrika 70:41–55

61. Rubin DB. 1974. Estimating causal effects of treatments in randomized and nonrandomized studies.
J. Educ. Psychol. 66:688–701

62. Rubin DB. 1978. Bayesian inference for causal effects: the role of randomization. Ann. Stat. 6:34–58
63. Rubin DB. 1997. Estimating causal effects from large data sets using propensity scores. Ann. Intern. Med.

127:757–63
64. Russell B. 1912. On the notion of cause. Proc. Aristot. Soc. 13:1–26
65. Samet JM, Wipfli HL. 2013. Ending the tobacco epidemic: from the genetic to the global level. In

Structural Approaches in Public Health, ed. M Sommer, R Parker. New York: Routledge. In press
66. Susser M. 1997. Steps toward discovering causes: divergence and convergence of epidemiology and clinical

medicine. Epidemiol. Prev. 21:160–68
67. Susser M, Stein Z. 2009. Eras in Epidemiology: The Evolution of Ideas. New York: Oxford Univ. Press
68. Taubman SL, Robins JM, Mittleman MA, Hernán MA. 2009. Intervening on risk factors for coronary

heart disease: an application of the parametric g-formula. Int. J. Epidemiol. 38:1599–611
69. Tchetgen EJ, VanderWeele TJ. 2012. On causal inference in the presence of interference. Stat. Methods

Med. Res. 21:55–75
70. US Environ. Prot. Agency. 2009. Memorandum: Process for Reviewing National Ambient Air Qual-

ity Standards, L Jackson, May 21. Washington, DC: USEPA. http://www.epa.gov/ttn/naaqs/pdfs/
NAAQSReviewProcessMemo52109.pdf

71. US Dep. Health Educ. Welf. (DHEW). 1964. Smoking and Health. Report of the Advisory Committee to the
Surgeon General. Rep. DHEW Publ. No. [PHS] 1103. Washington, DC: US Gov. Print. Off.

74 Glass et al.

A
nn

u.
 R

ev
. P

ub
lic

 H
ea

lth
 2

01
3.

34
:6

1-
75

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.a

nn
ua

lr
ev

ie
w

s.
or

g
 A

cc
es

s 
pr

ov
id

ed
 b

y 
U

ni
ve

rs
ity

 o
f 

M
ic

hi
ga

n 
- 

A
nn

 A
rb

or
 o

n 
01

/1
2/

22
. F

or
 p

er
so

na
l u

se
 o

nl
y.

 

http://www.epa.gov/ttn/naaqs/pdfs/NAAQSReviewProcessMemo52109.pdf
http://www.epa.gov/ttn/naaqs/pdfs/NAAQSReviewProcessMemo52109.pdf


PU34CH05-Samet ARI 19 February 2013 8:7

72. US Court Fed. Claims. 2010. Cedillo v. Secretary of Health and Human Services. Case No. 2010–5004
(98-916V). Washington, DC: US Court Fed. Claims. http://www.uscfc.uscourts.gov/sites/default/
files/cedillo.fedcir.pdf

73. Vandenbroucke JP. 2001. Changing images of John Snow in the history of epidemiology. Soz. Praven-
tivmed. 46:288–93

74. Vandenbroucke JP, Eelkman Rooda HM, Beukers H. 1991. Who made John Snow a hero? Am. J. Epi-
demiol. 133:967–73

75. VanderWeele TJ. 2010. Direct and indirect effects for neighborhood-based clustered and longitudinal
data. Sociol. Methods Res. 38:515–44

76. Vineis P. 1991. Causality assessment in epidemiology. Theor. Med. 12:171–81

www.annualreviews.org • Causal Inference in Public Health 75

A
nn

u.
 R

ev
. P

ub
lic

 H
ea

lth
 2

01
3.

34
:6

1-
75

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.a

nn
ua

lr
ev

ie
w

s.
or

g
 A

cc
es

s 
pr

ov
id

ed
 b

y 
U

ni
ve

rs
ity

 o
f 

M
ic

hi
ga

n 
- 

A
nn

 A
rb

or
 o

n 
01

/1
2/

22
. F

or
 p

er
so

na
l u

se
 o

nl
y.

 

http://www.uscfc.uscourts.gov/sites/default/files/cedillo.fedcir.pdf
http://www.uscfc.uscourts.gov/sites/default/files/cedillo.fedcir.pdf


PU34-FrontMatter ARI 19 February 2013 13:11

Annual Review of
Public Health

Volume 34, 2013 Contents

Symposium: Developmental Origins of Adult Disease

Commentary on the Symposium: Biological Embedding, Life Course
Development, and the Emergence of a New Science
Clyde Hertzman � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � 1

From Developmental Origins of Adult Disease to Life Course Research
on Adult Disease and Aging: Insights from Birth Cohort Studies
Chris Power, Diana Kuh, and Susan Morton � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � 7

Routine Versus Catastrophic Influences on the Developing Child
Candice L. Odgers and Sara R. Jaffee � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �29

Intergenerational Health Responses to Adverse and
Enriched Environments
Lars Olov Bygren � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �49

Epidemiology and Biostatistics

Commentary on the Symposium: Biological Embedding, Life Course
Development, and the Emergence of a New Science
Clyde Hertzman � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � 1

From Developmental Origins of Adult Disease to Life Course Research
on Adult Disease and Aging: Insights from Birth Cohort Studies
Chris Power, Diana Kuh, and Susan Morton � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � 7

Causal Inference in Public Health
Thomas A. Glass, Steven N. Goodman, Miguel A. Hernán,

and Jonathan M. Samet � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �61

Current Evidence on Healthy Eating
Walter C. Willett and Meir J. Stampfer � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �77

Current Perspective on the Global and United States Cancer Burden
Attributable to Lifestyle and Environmental Risk Factors
David Schottenfeld, Jennifer L. Beebe-Dimmer, Patricia A. Buffler,

and Gilbert S. Omenn � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �97

viii

A
nn

u.
 R

ev
. P

ub
lic

 H
ea

lth
 2

01
3.

34
:6

1-
75

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.a

nn
ua

lr
ev

ie
w

s.
or

g
 A

cc
es

s 
pr

ov
id

ed
 b

y 
U

ni
ve

rs
ity

 o
f 

M
ic

hi
ga

n 
- 

A
nn

 A
rb

or
 o

n 
01

/1
2/

22
. F

or
 p

er
so

na
l u

se
 o

nl
y.

 



PU34-FrontMatter ARI 19 February 2013 13:11

The Epidemiology of Depression Across Cultures
Ronald C. Kessler and Evelyn J. Bromet � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � 119

Routine Versus Catastrophic Influences on the Developing Child
Candice L. Odgers and Sara R. Jaffee � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �29

Intergenerational Health Responses to Adverse and
Enriched Environments
Lars Olov Bygren � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �49

Environmental and Occupational Health

Intergenerational Health Responses to Adverse and
Enriched Environments
Lars Olov Bygren � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �49

Causal Inference Considerations for Endocrine Disruptor Research in
Children’s Health
Stephanie M. Engel and Mary S. Wolff � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � 139

Energy and Human Health
Kirk R. Smith, Howard Frumkin, Kalpana Balakrishnan, Colin D. Butler,

Zoë A. Chafe, Ian Fairlie, Patrick Kinney, Tord Kjellstrom, Denise L. Mauzerall,
Thomas E. McKone, Anthony J. McMichael, and Mycle Schneider � � � � � � � � � � � � � � � � � � � 159

Links Among Human Health, Animal Health, and Ecosystem Health
Peter Rabinowitz and Lisa Conti � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � 189

The Worldwide Pandemic of Asbestos-Related Diseases
Leslie Stayner, Laura S. Welch, and Richard Lemen � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � 205

Transportation and Public Health
Todd Litman � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � 217

Public Health Practice

Implementation Science and Its Application to Population Health
Rebecca Lobb and Graham A. Colditz � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � 235

Promoting Healthy Outcomes Among Youth with Multiple Risks:
Innovative Approaches
Mark T. Greenberg and Melissa A. Lippold � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � 253

Prospects for Tuberculosis Elimination
Christopher Dye, Philippe Glaziou, Katherine Floyd, and Mario Raviglione � � � � � � � � � � � 271

Rediscovering the Core of Public Health
Steven M. Teutsch and Jonathan E. Fielding � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � 287

Contents ix

A
nn

u.
 R

ev
. P

ub
lic

 H
ea

lth
 2

01
3.

34
:6

1-
75

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.a

nn
ua

lr
ev

ie
w

s.
or

g
 A

cc
es

s 
pr

ov
id

ed
 b

y 
U

ni
ve

rs
ity

 o
f 

M
ic

hi
ga

n 
- 

A
nn

 A
rb

or
 o

n 
01

/1
2/

22
. F

or
 p

er
so

na
l u

se
 o

nl
y.

 



PU34-FrontMatter ARI 19 February 2013 13:11

Social Environment and Behavior

Routine Versus Catastrophic Influences on the Developing Child
Candice L. Odgers and Sara R. Jaffee � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �29

HIV Prevention Among Women in Low- and Middle-Income
Countries: Intervening Upon Contexts of Heightened HIV Risk
Steffanie A. Strathdee, Wendee M. Wechsberg, Deanna L. Kerrigan,

and Thomas L. Patterson � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � 301

Scaling Up Chronic Disease Prevention Interventions in Lower- and
Middle-Income Countries
Thomas A. Gaziano and Neha Pagidipati � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � 317

Stress and Cardiovascular Disease: An Update on Current Knowledge
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