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Although experimental study designs provide the strongest
evidence for a causal relationship between a risk factor or
treatment and a disease, epidemiologic studies contribute to the
causal evidence base, and causality can be established with
epidemiologic studies alone. For many questions related to
whether an exposure causes a disease, such as the link between
smoking and lung disease, it is simply not possible to conduct a
randomized controlled trial because it is unethical or impractical.
Examples of this type of question include questions related to the
role of pollution, allergen, chemical, or microbial exposures in
causing asthma. A set of criteria for assessing the strength of the
evidence for causality was proposed by Bradford Hill in 1965
(Table I),1 and critical public health findings established by
epidemiologic studies include the relationship between smoking
and lung cancer, sleep position and sudden infant death syndrome
(SIDS), and air pollution and cardiovascular and respiratory
disease. In addition, even when an epidemiologic study might
not conclusively establish causality, such studies could suggest
hypotheses, such as was the case with the association between
earlier peanut introduction and reduced risk of peanut allergy.2

With the broadening availability of large amounts of data from
electronic medical records and other sources, observational
studies offer the potential to efficiently study questions of major
importance to allergy.

Although a full discussion of epidemiologic methods,
including study design, is beyond the scope of this article, we
focus on some key pitfalls to consider when either designing or
interpreting an epidemiologic study, and we will draw on
examples from the allergy/immunology literature to illustrate
these concepts (Table II). The focus of this article is on the funda-
mental concepts of epidemiology that are critical to assessing the
validity of findings from epidemiologic studies. Those studies that
emerge as having little threat to their validity then provide the ev-
idence base for assessing the causal role of an exposure with the
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framework of the Hill criteria. Although beyond the scope of this
article, there are also specific causal inferencemethods that can be
applied to some of the more challenging causal problems in our
field.3 In addition, although one topic of particular importance
in allergy/immunology is the pitfalls of screening and diagnostic
test development, this topic will not be addressed because it is
addressed elsewhere by Keet.4 Here we will focus on 2 major
pitfalls that can threaten the validity of a study’s results,
conclusions, or both: bias and confounding.

Conceptually, bias is defined as a systematic error in the
conduct of the study (design; measurement of exposure, outcome,
or both; or selection or follow-up of participants) that leads to an
estimate of the association between the exposure and the outcome
that is incorrect. Whether the incorrect estimate of the association
is larger or smaller than the size of the true association depends on
the nature of the systematic error.

A systematic error in measuring either the exposure or the
outcome will lead to bias, and understanding the methods for
measuring and/or defining these is critical to understanding
whether there is measurement error and therefore a risk of bias.
One key question that has been difficult to answer because of
measurement error is whether prematurity is a risk factor for
asthma. Although measurement error can affect both the exposure
and outcome in this question, we will focus on how measurement
of asthma could result in a biased estimate of the association
between prematurity and asthma. Because there is no diagnostic
test for asthma and common symptoms with other causes, such as
cough, can be misconstrued as asthma, measuring this outcome is
difficult. If the study definition of asthma tends tomisclassify those
without asthma as having asthma, then the overall incidence of
asthma estimated in the study will be higher than the true
incidence. Conversely, if the definition tends to misclassify those
with asthma as not having asthma, then the overall incidence of
asthma estimated in the studywill be lower than the true incidence.

This misclassification of asthma also affects the estimate of
the association between prematurity and asthma. If the
misclassification of asthma happens proportionately between
those who were premature and those who were not premature,
this would be referred to as ‘‘nondifferential misclassification’’
because the probability of misclassification is not related to the
exposure. In nondifferential misclassification the estimate of the
association between prematurity and asthma will be ‘‘biased to
the null,’’ meaning that the estimate will be attenuated compared
with the true association, so that a study might find no association
when in fact there is an association.

On the other hand, if thosewho are premature aremore likely to
be misclassified as having asthma when in fact they do not, a
positive association between prematurity and asthma will be
found when there is not truly a positive association. This scenario
is referred to as ‘‘differential misclassification’’ and could occur if
the definition of asthma included symptoms that are specific to
prematurity. One study recently tackled this very issue by
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TABLE I. Bradford Hill’s criteria

Criterion Comments

Strength of association Stronger associations are more likely to be causal, although some causal relationships are weak.

Consistency Consistency within a study (eg, across subgroups) and between studies supports a causal association.

Specificity This criteria is infrequently used because many exposures (ie, smoking) have been shown to have multiple effects.

Temporality Exposures that cause a disease occur before disease onset.

Dose response or gradient Typically, higher doses of exposure should have a stronger effect on the outcome if the environmental factor is causal.

Plausibility Ideally, causal relationships should have biological plausibility.

Coherence Epidemiologic and laboratory studies showing similar results support a causal relationship.

Experiment When possible, an experiment (ie, intervention) provides the highest level of evidence for a causal relationship.

Analogy If there is strong evidence for similar or analogous exposures causing a disease, this provides some weak evidence

in support of the exposure under study causing the disease.

TABLE II. Selected threats to validity in epidemiologic studies

Threat Definition

Bias A systematic error in the conduct of a study that leads to an estimate of the association between an exposure or an outcome

that is incorrect

Measurement error Error in measuring either the exposure or outcome that can be nondifferential (error in measuring the exposure without

respect to the outcome or vice versa) or differential

Example: misclassification

error

A type of measurement error when the outcome or exposure is dichotomous

Selection bias Bias that arises because subjects are more or less likely to be selected because of a combination of exposure, outcome,

or both

Example: healthy worker

effect

A type of selection bias that occurs in occupational cohorts when workers with occupationally related diseases are more

likely to drop out of the cohort

Confounding Bias that arises when a factor outside of the studied exposure and outcome is causally related to both the exposure and

outcome

Example: confounding

by indication

A type of confounding that occurs when studying the association between a medication or treatment and disease

development if the medication is taken for symptoms associated with the disease

Reverse causality A type of bias that occurs when the exposure being studied is actually caused by the disease being studied instead

of causing the disease
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analyzing data from a large population-based birth cohort study
using different definitions of asthma.5 In this study the researchers
found consistent positive associations between prematurity and
asthma risk, regardless of the method used to classify asthma,
providing evidence to support an association between prematurity
and asthma.

Another common type of bias is selection bias. There are many
flavors of selection bias, but generally speaking, selection bias
occurs when those in the target population who have both the risk
factor and outcome (or neither the risk factor nor the outcome) are
more likely to be enrolled in the study or remain in the study than
others. Sometimes this can occur inadvertently, such as when a
study of the effect of a proposed risk factor on a disease is
advertised as such, thereby disproportionately attracting those
with both the risk factor and the disease, resulting in an
association in the study population when there is no association
in the target population. However, other times, the selection bias
is a direct result of the study design, such as in case-control studies
with biased selection of control subjects.

One example is a case-control study undertaken to test the
hypothesis that soy formula or soy milk exposure is a risk factor
for the development of peanut allergy.6 The authors identified
patients with peanut allergy and control subjects who were likely
at very low risk of food allergy and ascertained soy formula and
soy milk exposure in both groups and found that soy formula or
soy milk exposure was more common among those with
peanut allergy than the control subjects without food allergy.
However, because trials of non–cow’s milk–based formulas are
common among infants with food allergy, it is quite
plausible that soy formula or soy milk exposure was simply a
marker for a child with food allergy generally and not peanut
allergy specifically.7 Use of a control group composed of children
who had food allergies, but not peanut allergy, would have helped
to address this study design issue, and was done in a recent study
that found no association between soy exposure and risk of peanut
allergy.8

In prospective studies selection bias can also occur if loss to
follow-up occurs disproportionately by risk factor and outcome.
For example, in occupational cohorts high levels of exposure to an
occupational allergen might appear to protect against the
development of the disease, when in reality, workers with high
levels of exposure leave work because of the adverse health
effects of the exposure, leaving a disproportionate number of
healthy workers who have high levels of exposure to the allergen.
This type of selection bias in an occupational cohort is called a
healthy worker effect and leads to the erroneous conclusion that
high levels of exposure are not harmful. Careful follow-up of all
workers that includes assessment of health status at the time of
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departure and reasons for departure help mitigate this type of
selection bias.9

Confounding is generally a concern when the hypothesized
causal factor being studied is associated with another factor that is
believed to be causally related to the outcome of interest. A study
might seek to determine whether mouse allergen exposure causes
asthma exacerbations, but if mouse allergen exposure is associ-
ated alsowith cockroach allergen exposure, which is a known risk
factor for asthma exacerbations, part or all of the associations
between mouse allergen exposure and asthma exacerbations
might be explained by cockroach allergen exposure.10 In such a
case, it would be important for the researchers to adjust for cock-
roach allergen to estimate the association betweenmouse allergen
exposure and asthma morbidity that is independent of cockroach
allergen exposure.

Confounding by indication can be a less obvious type of
confounding but is a common concern in studies evaluating the
effects of exposure to a medication or treatment on the
development of a disease. It is a concern when the medication
or treatment would be used to treat symptoms that are a precursor
to the disease, so that medication use would be more common
among those who have a known risk factor for the disease than
those who do not. One commonly used medication, acetamino-
phen, has been hypothesized to increase the risk of asthma among
young children,11 but respiratory tract infections in early child-
hood, which are a known risk factor for asthma, would also be
expected to increase the likelihood of receiving acetaminophen.
Therefore the question is whether associations that have been
reported between acetaminophen and asthma risk are explained
by early-life respiratory tract infections,12 which are often
accompanied by fever, and are an indication for treatment with
acetaminophen. Ultimately, it might not be possible to settle the
concern of confounding by indication without a randomized
controlled trial, but the unresolved threat of confounding by
indication should lead to a cautious interpretation of the
epidemiologic findings to date.

Reverse causality occurs when the risk factor being evaluated is
a known manifestation or effect of the disease. For example,
several observational studies have noted that the presence of a
furred pet is associated with a reduced risk of allergic disease, but
it is quite plausible that those who are not allergic to a furred
animal are more likely to have a furred pet. The challenge is to
determine which ‘‘direction the arrow goes’’: Does having a
furred pet protect against allergy, or is it that those who are not
allergic are more likely to have a furred pet? This scenario occurs
even in the setting of a prospective cohort study when one can
determine whether the acquisition of the pet occurred early in life
before a child’s allergic status is established because parents who
are not allergic and therefore pass on a ‘‘nonallergic’’ genetic
background to their children might be more likely to have a furred
pet.13 Because a randomized controlled trial of pet acquisition
during infancy is not likely to be feasible, it will be important
for epidemiologic studies to account for parental allergy to under-
stand the effects of early-life pet exposure that are independent of
parental allergy. In addition, epidemiologic studies, combined
with laboratory-based experiments, should evaluate a
biologically plausible mechanism, such as how the microbes
associated with furred pets modulate the infant’s immunologic
phenotype in a way that protects against allergy, because this
would provide critically important evidence in favor or against
a causal role of early-life pet exposure in reducing the risk of
allergic disease.

Epidemiologic studies play a critical role in evaluating
exposures as causes of allergic diseases and are the primary
scientific tool used to establish causality when experimental study
designs are not possible. Even when randomized controlled trials
are possible, epidemiologic studies provide the preliminary
evidence to support (or not) devoting resources and subjecting
participants to the time commitment and potential risks of
enrolling in a randomized controlled trial. Understanding how
to assess the potential effect of bias and confounding on a study’s
results and interpretation helps to ensure that epidemiologic
studies remain a sharp tool for assessing the causal role of
exposures in allergic diseases.
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