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Background

Abstract

Objective: To propose a comprehensive set of confounders and effect modifiers
that should be considered in epidemiologic investigations.

Methods: Two reviewers independently critiqued studies included in a recent
systematic review and extracted data on the confounders and effect modifiers that
were considered and the approaches used to justify inclusion.

Results: Of the 62 studies reviewed, 20 were cohort, 16 case—control, 25 cross-
sectional studies, and one ecologic study. All cohort, cross-sectional, and ecologic
studies had some adjustment for confounding or consideration of effect modifica-
tion, but this was only the case for 7/16 (44%) case—control studies. Of the 53
studies that considered confounding or effect modification, 39/53 (74%) gave no
justification for the inclusion of the variables considered. Studies that justified the
inclusion of the variables did so based on empirical evidence (n = 10), conceptual
justification (n = 7), or a combination of the two (n = 3). Confounding was han-
dled mainly by using regression modeling, but some case—control studies utilized
matching and Anova. Ten studies handled effect modification by stratification,
eight tested for interaction, and five used both strategies.

Conclusions: We have found substantial shortcomings in the handling of
confounding and effect modification in studies of diet and development of child-
hood asthma/allergies. Selection of variables should be based on conceptual
considerations and empirical evidence. Using this approach, we have proposed a
comprehensive set of confounders and effect modifiers that need to be considered
in future studies.

associations between nutrients and cardiovascular disease,
cancer, and all-cause mortality. To achieve the validity in the

There is a substantial international interest in the etiologic
role of nutrients and other dietary factors in the development
of asthma and atopic disease. Although observational studies
have reported associations between nutrients and asthma and
atopic outcomes, there are concerns that these associations
may be a consequence of confounding by complex social,
behavioral, and lifestyle factors acting across the life course
(1). The scientific and resource consequence of confounding in
observational studies of nutrition and disease has been high-
lighted by the failure of many well-conducted randomized
controlled trials (RCTs) to show beneficial effects of nutrient
supplementation despite numerous reports of beneficial
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evidence provided by observational epidemiologic studies,
extra effort therefore needs to be dedicated to the identifica-
tion, measurement, and adjustment of potential confounding
variables (2-5). It is for this reason that the Strengthening
The Reporting of Observational Studies in Epidemiology
(STROBE) guidelines highlight the importance of consider-
ations of confounding in observational studies (6).

Our recent systematic review found a large body of
relevant epidemiologic evidence relating early life and child-
hood dietary exposures to atopic and asthma outcomes, but
much of this was judged to be of poor methodological
quality on the grounds of, among other things, the potential
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for confounding bias (7). In order to catalyze improvements
in the methodological quality and reporting of future epidem-
iologic investigations, we undertook a further critique of the
62 international studies (8-69) in our dataset to identify and
propose a comprehensive set of confounders and effect modi-
fiers that should be considered and suggest ways in which
these may be accounted for.

Confounding can be defined as ‘the distortion of a measure
of the effect of an exposure on an outcome due to the associ-
ation of the exposure with other factors that influence the
occurrence of the outcome.” (70) Confounders are variables
used to ameliorate the effect of confounding by suitable
adjustment (70). The selection of confounders is guided by
the knowledge of the subject matter under investigation (70,
71), and while associated with both outcome and exposure,
they are not on the causal pathway between exposure and
outcome (71). Confounding is addressed by appropriate
adjustment in the design of studies and, more commonly, sta-
tistical analysis and a variety of design-related strategies,
which include restriction, matching, stratification, and regres-
sion modeling (71).

Effect modification can be defined as the ‘variation in the
selected effect measure for the factor under study across lev-
els of another factor’ (70, 71). Although not a bias, appropri-
ate consideration of effect modification helps to uncover the
details of the property of the effect under study (72). In prac-
tice, effect modification is assessed by (i) including the prod-
uct of the exposure and the effect modifier(s) in a regression
model and computing statistical significance and (ii) stratify-
ing the effect of the exposure on the outcome by the effect
modifier(s) (71-73).

Methods

Details of the methodology for the identification, selection,
and inclusion of the studies have been previously reported
(7). In summary, the included studies (8-69) were of children
aged <16 years and included mothers during pregnancy.
The exposures of interest were food consumption, nutrient
intake, and nutrient biomarkers during pregnancy, infancy,
and childhood. In addition, we included studies investigating
both nutrient deficiency and the role of increased nutrient
consumption, whether through diet or supplementation. The
primary outcomes of interest were asthma and atopic disor-
ders as assessed by any objective measure, that is, the inci-
dence of physician-confirmed asthma/atopic disease, lung
function, and atopic sensitization. Secondary outcomes of
interest were measures of disease severity, health economic
data, and data on adverse effects.

These studies were reappraised by two independent review-
ers (UN and BIN) to extract detailed information on the
confounders and effect modifiers included in the studies;
examine the approaches and justifications employed in the
selection of the confounders and effect modifiers; appraise
the analysis strategies utilized to handle the confounders and
effect modifiers. A customized data extraction form was used
to record the extracted set of information. After the indepen-
dent review of studies, any disagreements were resolved
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through discussion between the two reviewers. A third
reviewer arbitrated if discussion could not be reached. BIN
and GD did not participate in the discussion of the studies in
which they were co-authors.

The information extracted from the studies was transferred
to a Microsoft Excel spreadsheet, and basic descriptive statis-
tics of study characteristics were computed and stratified by
study design.

Results

The main features of the included studies are presented in
Table 1, arranged in alphabetical order of authorship.
Table 2 contains the summary statistics relating to issues of
confounders and effect modifiers, extracted from the infor-
mation in Table 1.

Time-line of studies

The earliest of these studies were conducted in 1990 [one
cross-sectional study (24) and one case—control study (59)].
Subsequent studies were conducted in 1994 [two case—control
studies (56, 62)]. One cross-sectional study was carried out in
1997 (19), and after that, the remaining studies were con-
ducted between 2000 and 2010, with the first cohort studies
emerging in 2004 (39, 46, 61)(Table 1).

Selection of confounders and effect modifiers

Of the 62 studies reviewed, 20 utilized cohort design; 25
employed cross-sectional design; 16 were case—control studies;
and one study was of ecologic design (Table 2). Nine of the
studies (26, 36, 37, 40, 41, 49, 53, 62, 64), which were all case
—control studies, did not take into account confounding or
effect modification in the analysis. Of the studies that consid-
ered either confounding or effect modification (n = 53), 40
considered only confounding (9, 10, 15-25, 27, 30, 31, 34, 35,
38, 39, 4245, 47, 48, 50-52, 54-56, 58, 61, 63, 65-69), while
13 considered both confounding and effect modification (8,
11-14, 28, 29, 32, 33, 46, 57-59). Thirty-nine of these studies
did not have any justification for the selection of confounders
or effect modifiers included in the studies: 15 (38%), five
(13%), and 19 (49%) of these studies were cohort, case—con-
trol, and cross-sectional studies, respectively (Table 2). Of the
14 studies (five cohort, two case—control, six cross-sectional,
and one ecological) that justified the selection of the con-
founders or effect modifiers, seven employed a conceptual
approach (i.e., based on knowledge of the subject matter or
previous evidence in the literature), 10 employed an empirical
approach (usually based on statistical tests), while only three
employed both conceptual and empirical approaches
(Table 2).

Although the number of confounders considered in the
studies varied considerably, the most common were age, sex,
familial or parental history of atopic disease, parental or
household socioeconomic status (education, occupation,
income), smoking (maternal or household), siblings (or parity
or birth order). Some studies also considered birth weight,
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5 years

EM: None

Multiple

No justification given

C: propensity scores of several unspecified

covariates and sex

EM: None

Questionnaire-based

Cross-sectional Fruits and
asthma

Wong et al.,

regression
using

vegetables

study of 10-
year-olds;

China (68)

propensity

n= 10902

scores of the
selected

covariates

BMI, body mass index; C, confounders; EM, effect modifiers; FFQ, Food Frequency Questionnaire; GDP, gross domestic product; ISAAC, The International Study of Asthma and Allergies

in Childhood; RCTs, randomized controlled trials; SPT, skin prick test.

Confounding in studies of diet and allergies

length, gestational age, use of antibiotics, and paracetamol.
The most common effect modifiers considered included sex,
smoking, history of atopy, place of residence, and race (data
not shown).

None of the studies employed restriction for controlling
confounding in the design stage of the study. In the handling
of confounding in the statistical analysis, regression modeling
was the most common approach utilized, this being employed
by all the cohort (12, 14, 18,2 0-22, 25, 30, 39, 43, 44, 4648,
55, 60, 61, 67) and cross-sectional (10, 11, 15-19, 27, 29, 31—
33, 38, 42, 45, 51, 52, 57-59, 63, 65, 66, 69) studies and four
of the case—control studies (13, 35, 54, 56); two (9, 24) case—
control studies employed matching and one (50) employed
ANOVA. Of the studies that considered effect modification
(n = 13), 10 employed stratification; eight tested for interac-
tion, while five used both stratification and interaction
(Table 2).

Summary of the comprehensive set of confounders and effect
modifiers that should be considered

Based primarily on a careful examination of the factors that
were considered in the appraised studies and evidence from
other studies (62, 74-88), we propose in Table 3 a compre-
hensive set of confounders and effect modifiers that should
be considered in future epidemiologic studies investigating
the role of diet in the development of childhood asthma and
atopic disease. These factors can be grouped mainly into
maternal characteristics; birth measurements; socioeconomic
characteristics; and environmental exposures. These potential
confounders have been grouped into primary and secondary
confounders. For the primary confounders, we suggest that
these are factors that must always be considered based on
conceptual justification, while the secondary confounders are
factors that need to be confirmed by performing appropriate
statistical tests.

Discussion

The evidence from this comprehensive review of the interna-
tional evidence indicates a general inadequacy in the handling
of confounding and effect modification in observational stud-
ies investigating the potential effects of diet during preg-
nancy, infancy, and childhood on the development of
childhood atopic disease and asthma. A majority of the case—
control studies did not adjust for confounding or consider
effect modification, while all the cohort, cross-sectional, and
ecologic studies did. Of the studies that considered confound-
ing or effect modification, most gave no justification for
including the selected variables; this was the case irrespective
of the study design employed. Empirical justification (usually
through statistical tests), compared to conceptual justification
(based on knowledge of the subject matter or evidence in
previous literature), was the major criteria used in selecting
the confounders and effect modifiers among the studies that
provided justifications for the variables included. All cohort,
cross-sectional, and ecologic studies applied regression
modeling for confounder adjustment, while the case—control
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Table 2 Summary statistics on confounding and effect modification, extracted from Table 1

Study designs

All Cohort Case—control Cross-sectional Ecologic
Characteristics of studies N=62 n=20 n=16 n=25 n=1
Studies without adjustment for either confounders or effect modifiers 9 0 9 0 0
Studies with adjustment for either confounders or effect modifiers 53 20 7 25 1
Studies with adjustment for only confounders 40 16 6 17 1
Studies with adjustment for both confounders and effect modifiers 13 4 1 8 0
Studies without justification for the inclusion of confounders or effect modifiers 39 15 5 19 0
Studies with justification for the inclusion of confounders or effect modifiers 14 5 2 6 1
Studies with conceptual justification 7 2 1 3 1
Studies with empirical justification 10 3 2 3 0
Studies with both conceptual and empirical justifications 3 1 1 1 0
Approaches to treatment of confounders in the studies
Studies with regression modeling 50 20 4 25 1
Studies with matching 2 0 2 0 0
Studies using ANOVA 1 0 1 0 0
Approaches to treatment of effect modifiers in the studies
Studies using stratification 10 4 1 5 0
Studies using interaction 8 2 1 5 0
Studies using both stratification and interaction 5 2 1 2 0

ANOVA, analysis of variance.

Table 3 Summary of comprehensive set of confounders and effect modifiers that need to be considered in future epidemiologic studies

Confounding/effect

modification Variables

Confounders
Primary confounders*

Maternal and child characteristics: maternal age, child's age, child's sex, family history of atopic disease,

parity, birth weight, gestational age at birth, and mode of delivery

Socioeconomic status: preferably, at least two parameters relating to education, income, occupation,
or a measure of deprivation or social class

Environmental exposures: use of antibiotics and paracetamol during pregnancy and early life, pets at
home, smoking (maternal smoking, household, or environmental smoking exposure), home
environment (dampness, mold, chemicals), exposure to day care during infancy

Dietary factors: breastfeeding, and other relevant dietary factors depending on the research question

Secondary confounders’

Maternal BMI, living on a farm, race/ethnicity, place (or region) of birth, season of birth, and season

of ascertainment of dietary factors, physical activity

Effect modifiers

Family history of atopic disease, season of birth or season of ascertainment of dietary factors, sex,

race/ethnicity, place of residence, breastfeeding

*Always to be considered based on conceptual justification.

tTo be considered based on empirical evidence (i.e., by appropriate statistical tests).

studies used either matching, regression modeling, or ANOVA.
Effect modification was handled either by stratifying by the
effect modifiers or by including interaction terms between the
effect modifiers and the exposures of interest.

Confounding constantly poses great challenges to observa-
tional epidemiologic studies and, if not efficiently handled,
invariably weakens the validity of conclusions (2-5). Effect
modification, on the other hand, although not a bias aimed
to be eliminated in a study (72), helps to identify whether the
effect of an exposure on an outcome of interest varies across
subgroups of the study population (70-72) and, in clinical
practice, guides in more specific targeting of intervention to
the subgroup of the population that needs it most (89).

Consequently, efficient consideration of confounding and
effect modification is essential in order to reach a valid and
reliable interpretation of findings from observational studies
(2-5). As highlighted in our recent systematic review, avail-
able evidence on the role of diet during pregnancy, infancy,
and childhood in the development of childhood atopic dis-
ease and asthma was largely inconclusive for several dietary
factors, and this was largely attributed to the methodological
weaknesses of the studies (7).

The present critical appraisal of these studies shows major
inadequacies concerning the handling of confounding and
effect modification, particularly as it relates to the process of
selection and the criteria utilized for that purpose. Poor treat-

© 2012 John Wiley & Sons A/S
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ment and report of confounding and effect modification has
also been noted in other research contexts (5, 90, 91). The
lack of consideration of confounding in the majority of the
case—control studies considered in the present paper raises
serious concerns about the conclusions of these studies,
because the observed effect cannot be independently attrib-
uted to the dietary factors examined without taking into
account the influence of other potential factors that usually
confound the diet-disease relationship. It is also surprising
that a majority of studies that considered confounding or
effect modification gave no inclusion criteria for the selected
variables. It is possible that some of these studies, a priori,
had no criteria for selecting the variables, or might have used
conceptual and/or empirical criteria, but failed to report
them when published. While the inclusion of confounders
and effect modifiers in a study must be justified, the criteria
used for their selection must also be reported in the paper. A
detailed recommendation for indicating such information in
a research paper has been described elsewhere (6).

Efficient treatment of confounding and effect modification,
beginning from selection to treatment in statistical analyses,
is also addressed in most epidemiologic texts (72). Primarily,
selection of the variables should be based on knowledge of
the causal mechanism between diet and the development of
allergy and asthma (conceptual justification) and secondarily
on the evidence available from the data, which is usually
assessed using appropriate statistical tests (based on P-val-
ues), percentage change in the main effect under study, step-
wise regression models, or the more advanced techniques
such as propensity scores or the shrinkage method (empirical
justification) (72, 92). Unfortunately, of the studies that gave
justification for inclusion, the majority based their criteria
only on empirical evidence, ignoring the primary conceptual
basis. The adjustment for confounding was suitably made in
the cohort and cross-sectional studies, and in some case—con-
trol studies, by employing multiple regression modeling.
However, regardless of the sophistication of the method used
to adjust for confounding, findings may still remain invalid if
appropriate steps have not been employed in confounder
selection (72). As a result, the issue of residual confounding
may remain an important concern (72). Although matching
is one of the methods used to address the issue of confound-
ing, its limitations, particularly for case—control studies, have
been extensively addressed in the literature and authors
should consider these recommendations when considering
matching (72, 93). The selection of effect modifiers is mostly
guided by prior knowledge of the effect under study (92).
Handling effect modification by stratification is always deter-
mined by the adequacy of the sample size of a study (89).
However, regardless of the sample size of a study, including
interaction terms between the potential effect modifier(s) and
the exposure of interest and performing appropriate statisti-
cal tests may be a good starting point to investigate the pos-
sible presence of effect modification (73). The statistical
significance of such tests may give a clue as to whether the
effect measure is modified by the potential effect modifier(s)
(73). However, when such subgroup analyses are performed,
appropriate steps should be taken to address the issue of

© 2012 John Wiley & Sons A/S
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multiple tests of association so as to minimize the risk of
generating false-positive findings.

We observed that the confounders and effect modifiers
considered differed between studies. This lack of uniformity
in the identification and inclusion of confounders or effect
modifiers in studies of diet, allergies, and asthma is likely to
have contributed to the heterogeneity of reported associa-
tions. Although we acknowledge that some confounding or
effect-modifying variables may be specific to a study setting,
it is important that, conceptually, a comprehensive set of
variables be considered by studies investigating the effect of
early life diet on the occurrence of atopic disease and asthma
should be proposed to guide authors when planning their
study and analysis. For this purpose, based on careful con-
sideration of the reviewed studies and other related evidence
(1, 62, 74-88), we have proposed several factors that should
be taken into account, in the areas of maternal characteris-
tics, birth measurements, socioeconomic characteristics, and
environmental exposures. The confounders are grouped into
primary (factors that are biologically relevant in the risk of
allergies or that have been consistently established in previ-
ous studies) and secondary (factors with probable or insuffi-
cient evidence in previous studies) factors, indicating that the
primary confounders must always be considered, while
the secondary factors should be considered based on appro-
priate statistical tests. For effect modification, depending on
the adequacy of the sample size of a study, we propose that
the following variables should be considered as potential
effect modifiers: family history of atopic disease, season of
birth or season of ascertainment of dietary factors, race/eth-
nicity, place of residence, breastfeeding. We recommend
employing tests for interaction, at least in the first place,
before the consideration of stratification by the effect modifi-
ers. We acknowledge that while these lists may not be
exhaustive, the proposed factors, at present, constitute a core
comprehensive set of important potential confounders and
effect modifiers in this area of research.

A major challenge in nutritional epidemiology is the com-
plex inter-relationships and interactions between dietary fac-
tors both within foods and dietary habits, which ultimately
may confound the observed effect of interest (94). Conse-
quently, including several dietary factors in the same statistical
model could result in multicollinearity and hence distortion of
the overall model performance. For nutrients, the observed
effect may reflect interactions with other nutrients, as well as
with other nonquantified nutrients. Although there are no
straightforward approaches to dealing with this situation, there
is a need to apply more advance statistical techniques that can
account for multicollinearity. If the analysis is based on the
food level, suggestions that have been offered include (i) using
food groups as the unit of dietary intake instead of using single
foods and (ii) employing dietary pattern analysis, such as fac-
tor or cluster analysis (94). The situation may be less clear with
nutrients considering the potential interactions between nutri-
ents; however, appropriate statistical methods should be
employed to explore such interactions. Our recent systematic
review showed that the key dietary factors related to the risk of
allergies in childhood include vitamins A, D, E, zinc, fruits,
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and vegetables (7). With appropriate statistical methods, we
suggest that these dietary factors should be considered for
adjustment in subsequent dietary and nondietary studies. Fur-
thermore, with appropriate statistical techniques, we also sug-
gest that studies investigating the role of maternal diet should
adjust for the dietary intake of the child and vice versa.

This is, as far as we are aware, the first study to address
the issues of confounding and effect modification in studies
investigating the possible effect of diet on the development of
childhood asthma and atopic disease. We envisage that this
groundwork will stimulate active discussions on the optimal
strategies to consistently reduce the potential for bias in this
area of research that has been mainly investigated using
observational epidemiologic study designs. These observa-
tions and suggestions presented here could be the basis for
further discussions and consensus on a core comprehensive
set of potential confounders and effect modifiers that need to
be considered when planning future epidemiologic studies.
However, we note that considering confounding/effect modi-
fication-related issues will not address all of the challenges
associated with observational studies, and a number of other
factors, such as reverse causation, selection bias, information
bias (regarding both the ascertainment of dietary intake and
measurement of allergic outcomes), and sample size, still need
to be considered. In addition to inadequate consideration of
confounding, it is possible that differences in addressing this
spectrum of factors might also be responsible for the incon-
sistent findings noted in previous studies. The studies
included in this paper were those selected based on a set of
rigorous inclusion criteria. Consequently, it is possible that
the inadequacies regarding the handling of confounding and
effect modification as highlighted in this paper might have
been underestimated, considering that other studies with
poorer quality were excluded. Regardless, we believe that the
framework outlined in this paper is adequately applicable to
all studies in this area of research.

Conclusions

This systematic review—based analysis provides evidence that
the issues of confounding and effect modification have on the
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