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Abstract

The author, who has published numerous meta-analyses
of epidemiological studies, particularly on tobacco,
comments on various aspects of their content. While such
meta-analyses, even when well conducted, are more
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difficult to draw inferences from than are meta-analyses of
clinical trials, they allow greater insight into an association
than do simple qualitative reviews. This editorial starts
with a discussion of some problems relating to hypothesis
definition. These include the definition of the outcome, the
exposure and the population to be considered, as well as
the study inclusion and exclusion criteria. Under literature
searching, the author argues against restriction to studies
published in peer-reviewed journals, emphasising the fact
that relevant data may be available from other sources.
Problems of identifying studies and double counting
are discussed, as are various issues in regard to data
entry. The need to check published effect estimates is
emphasised, and techniques to calculate estimates from
material provided in the source publication are described.
Once the data have been collected and an overall effect
estimate obtained, tests for heterogeneity should be
conducted in relation to different study characteristics.
Though some meta-analysts recommend classifying
studies by an overall index of study quality, the author
prefers to separately investigate heterogeneity by those
factors which contribute to the assessment of quality.
Reasons why an association may not actually reflect a true
causal relationship are also discussed, with the editorial
describing techniques for investigating the relevance of
confounding, and referring to problems resulting from
misclassification of key variables. Misclassification of
disease, exposure and confounding variables can all
produce a spurious association, as can misclassification of
the variable used to determine whether an individual can
enter the study, and the author points to techniques to
adjust for this. Issues relating to publication bias and the
interpretation of “statistically significant” results are also
discussed. The editorial should give the reader insight into
the difficulties of producing a good meta-analysis.

Key words: Hypothesis definition; Literature searching;
Heterogeneity; Publication bias; Misclassification;
Confounding; Meta-analysis
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Core tip: The author has published many meta-analyses of
epidemiological studies, particularly on smoking, and the
editorial comments on various aspects of their conduct.
Areas covered include the definition of the hypothesis to
be tested, literature searching and data entry, as well as
methods to test for heterogeneity and investigate such
issues as confounding, misclassification and publication
bias. The need for well conducted meta-analyses and the
difficulty in determining whether a “statistically significant”
association is actually indicative of a causal relationship
are discussed. The editorial should be helpful to readers
inexperienced with the conduct of meta-analyses.

Lee PN. Improving the conduct of meta-analyses of observational
studies. World J Meta-Anal 2018; 6(3): 21-28 Available from:
URL: http://www.wjgnet.com/2308-3840/full/v6/i3/21.htm DOI:
http://dx.doi.org/10.13105/wjma.v6.i3.21

INTRODUCTION

Meta-analyses were originally designed to combine data
from randomized controlled trials, with the Quality of
Reporting of Meta-analyses statement™ describing how
the quality of such meta-analyses could be improved.
Provided the trials which were being combined were
of sufficiently similar design, and involved the same
exposures and outcomes there was little difficulty in
interpreting the overall effect estimate. Such meta-
analyses clearly had greater power to detect relationships
than had the individual studies being combined.

For many years attempts to summarize evidence on
an association from multiple observational epidemiological
studies were based on qualitative reviews. These reviews
typically summarized the results of each study in a
paragraph or two, and then attempted to draw an overall
conclusion. International Agency for Research on Cancer
monographs was often qualitative and it is sometimes
difficult to see the process by which the overall conclusion
had been reached.

Bringing meta-analysis techniques to the field of
observational studies seemed attractive in that it provided
some sort of quantitative overall assessment, but there
was initially considerable concern about the validity of
combining results from studies using different designs
and methods, and conducted in different countries and
time periods where the nature of the exposure may
have varied. While there is clearly some element of truth
in the criticism that one should not combine “apples
and oranges”, it became clear over the years that well-
conducted meta-analyses can be extremely useful in
assisting the judgement as to whether a relationship is a
causal one. Particularly where the association is strong is
consistently seen in multiple well conducted studies, and
there is no source of confounding or bias that materially
affects the estimates, one seems to be on safe grounds to
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conclude that a causal relationship exists.

Over the years, I and my colleagues at P.N. Lee
Statistics and Computing Ltd. have conducted a large
number of meta-analyses relating to the health effects of
tobacco. These consider effects of smoking generally™®,
different types of cigarette®®, quitting®*?!, smokeless
tobacco™ !, Swedish “snus'®*®! and nicotine replacement
therapy™, as well as effects of parental smoking*>** and
of environmental tobacco smoke exposure™®?®, Mainly
these meta-analyses relate to outcomes which are 1/0
variables (typically presence or absence of a disease),
though some concern continuous outcomes such as forced
expiratory volume®®*” or cholesterol level®™. While I do
not have experience of conducting meta-analyses in other
areas, I have also served as a reviewer for numerous
meta-analyses submitted to journals and I hope that some
of the knowledge I have accumulated will be of interest to
others.

This editorial is not intended to describe how meta-
analyses should be structured or presented. This is
adequately described in the meta-analysis of observational
studies in epidemiology proposals®™ and the preferred
reporting items for systematic reviews and meta-analyses
(PRISMA) statements, while the reporting of meta-
analysis protocols is well covered by PRISMA-P**. Nor
is it intended to cover all aspects of conducting a meta-
analysis, what follows really being a collection of personal
comments of mine on various aspects of meta-analyses of
observational studies.

DEFINING THE HYPOTHESIS TO BE
TESTED

While some meta-analyses can be quite broad-ranging,
relating a number of aspects of exposure of an agent to a
number of different outcomes, others may be much more
specific. It is important at the outset to clearly define the
objectives of the work, and the hypotheses to be tested.

In a simple case, there may be one specific outcome
of interest, and the study protocol should make clear what
definitions of that outcome are allowed. For some diseases
this may cause few problems, but for others this requires
thought. In other cases, there may be several related
outcomes, or specific subsets of the outcome, which are of
interest. For example, in our review of the evidence relating
smoking to chronic obstructive pulmonary disease (COPD),
chronic bronchitis and emphysema?, we had to be careful
to define what could be regarded as satisfactorily equivalent
diseases, since COPD is a relatively recently used term,
and we did not wish to exclude relevant older studies. We
were also careful to record the basis of definition used in
each study (e.g., symptoms reported on a questionnaire,
mortality records), so that we could compare effect
estimates according to this definition.

Similar considerations apply to the definition of
exposure. First, we have to define what the exposure
is - for smoking, for example, are we limiting attention
to cigarettes, or do we include cigars and pipes? Are we
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considering only exposure above a certain minimum level
or any exposure? Are we considering ever exposure or
current exposure? If we are considering current exposure
are we comparing this with non-current exposure or
with never exposure? Should we accept those who have
ceased exposure very recently as part of the currently
exposed group? Should we accept those with only a
minimum lifetime exposure among the never exposed
group? Often it may be useful to meta-analyse effect
estimates for various exposure definitions. However, it is,
in principle, a good idea to define in advance the main
exposure of interest, to avoid being accused of trying
various alternative definitions and then only reporting or
emphasising the one that best shows the association of
interest.

For both outcome and exposure, a balance has to
be struck between using narrow definitions which may
seriously limit the number of eligible studies, or allowing
broader definitions which will increase the number of
studies (and thus the workload and costs) and may
hamper interpretation of the results.

In some situations, the hypothesis of interest is to be
tested among a subset of the population. For example,
when studying the relationship of environmental tobacco
smoke exposure to a disease, it is usual to restrict
attention to those who have never smoked (as exposure
to tobacco smoke constituents from smoking is typically
two orders of magnitude higher than from environmental
tobacco smoke exposure). Here, one needs to define
whether it is acceptable to include results from studies
which include those with minimum lifetime cigarette
consumption among the definition of never smoking.

One also has to define study inclusion and exclusion
criteria. Are we restricting attention to certain study
designs, perhaps only considering cohort studies, or
certain sub-populations, such as employed persons? Are
we excluding studies in children, or in adults who have
relevant co-existing diseases or conditions, or who work
in high-risk occupations? Are we only interested in studies
which provide dose-response results? There are many
possibilities depending on the detail of the study protocol.
It may be useful to keep a list of those studies where
the decision to reject was a marginal one, partly so that
this list can be presented, together with the reason for
rejection, in a supplementary file to the paper reporting
the results of the meta-analysis, and partly so that results
from such rejected papers may be included in sensitivity
analyses.

LITERATURE SEARCHING

As discussed elsewhere™! it is necessary to make it
absolutely dear exactly what the search criteria used are,
so that others can repeat the searches, perhaps at a later
date. Whether one limits attention to Medline searches,
on the basis that they are quite comprehensive and free,
or to studies published in English, to avoid the costs of
translation, is up to the researcher. Especially where such
restricted searches provide substantial numbers of relevant

Baishideng® WIMA | www.wjgnet.com

23

Lee PN. Meta-analysis of observational studies

studies, extending to other literature databases or studies
in other languages may add little useful.

It is sometimes suggested that attention should be
restricted to studies published in peer-reviewed journals. I
disagree with this view for two reasons. Firstly, my personal
experience suggests that peer-review is not necessarily a
guarantee of quality. Second, it is the quality of the study
that matters, so why should one necessarily reject results
from a good study published in a journal which is not peer-
reviewed?

Similar considerations apply to unpublished data. In
my 50 yr as a practising epidemiologist/medical statistician
I have accumulated and filed a number of unpublished
reports. If they contain relevant data, why should I not use
them? On some occasions, the reviewer may be able to
add useful material to his review by conducting analyses
on public databases. While the methods used will need to
be clearly described, perhaps in a supplementary file to the
publication presenting the results of the meta-analyses,
there seems in principle to be no good reason to exclude
such evidence.

IDENTIFICATION OF STUDIES AND
DOUBLE COUNTING

Once a set of suitable papers has been identified from
the literature search it will be necessary to draw up a
list of studies. Some papers will present results from
multiple studies, which it is advisable to keep separate
in data entry for proper assessment of between-study
heterogeneity. More commonly results from some studies
will be presented in multiple publications. If one publication
clearly supersedes another (e.g., reporting results from
20 rather than 10 year follow-up from a cohort study),
the superseded publication can be omitted from the
meta-analysis to avoid double-counting. However, if two
publications present independent results (e.g., for different
sexes or age groups) then they should both be considered
in the meta-analyses.

Complete avoidance of overlap may not be the most
desirable solution. For example, a national study based
on outcomes occurring in, say, 1990 may include some
individuals also considered in a study in a smaller region
based on outcomes in 1985 to 1995. Similarly one paper
may publish results from a study involving cases in 2000
to 2005 while another may publish results from the same
study involving cases in 2004 to 2008. In both examples,
complete avoidance would require exclusion of one of the
studies, whereas, given the minor overlap, it would seem
acceptable to include both sets of results.

ENTERING DATA

For complex meta-analysis projects, we have found it
useful to have two linked databases, one containing the
characteristics of each study and the other the detailed
results, typically containing multiple records for each
study.
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The study database would include a single record
per study and contain such information as the relevant
publication(s), the sexes considered, the age range of the
population, the location of the study and its timing and
length of follow-up, the nature of the population studied,
any study weaknesses, the definition of the outcome, the
numbers of cases and of subjects, the types of controls
and matching factors used in case-control studies, the
confounding variables studied, and the availability of results
for each index of exposure and outcome studied.

Each record on the other database would be linked to
the relevant study and refer to a specific effect estimate,
recording the comparison made and the results. This
record would include such details as the outcome, the
sex, details of the exposure considered (including the
level of exposure for dose-related indices), the source of
the effect estimate (e.g., source publication, with page or
table number), the type of effect estimate (e.g., relative
risk, hazard ratio or odds ratio for 1/0 outcomes, or means
or medians for continuous outcomes), the method of
derivation (see below) and the adjustment variables taken
into account. It would also include the effect estimate itself
and its 95%CI or standard deviation, and the numbers of
exposed and unexposed cases and controls (or at risk).
It is also advisable to look routinely for errors in reported
results. Some years ago I described® some simple
methods to do this for odds ratios, relative risks and
CI, and used these methods to give some examples of
seriously erroneous published data, which unless corrected
could seriously distort the results of the meta-analyses.

It is also necessary to have a clear set of rules for
identifying which effect estimates are to be entered from
each study. Is it planned to enter estimates by sex, age or
other stratifying variables, or only overall estimates? Are
there types of estimate that should not be entered, such as
those which are adjusted for symptoms of the disease of
interest?

Consideration should also be given to how to handle
incompletely reported results. Where studies simply report
results as “non-significant”, without providing an effect
estimate, one at least should mention this in a paper
reporting on a meta-analysis. Ideally, an attempt to obtain
quantitative estimates from the author should be made.

In many cases the effect estimates can be taken
directly from the source publication, but in other cases
it will be necessary to calculate them from the material
provided (or, if practicable, from raw data supplied by
the author of the publication). Often the effect estimates
can be calculated using standard methods™, but there
is a situation I commonly come across, where more
sophisticated techniques are required. This is where a
study presents effect estimates and 95%CI for a range of
different exposures (e.g., dose levels) relative to a specific
exposure (e.g., unexposed), and one wishes to derive
effect estimates and 95%CI for a different comparison
(e.g., all exposed vs unexposed). Here the important
thing to note is that the effect estimates and 95%CI
are not independent, as they have a common base, so
that the combined estimate cannot be derived by simple
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meta-analysis of the individual estimates (as would be
the situation given simple stratified data, e.g., by age).
Fortunately a method to derive an appropriate combined
estimate is available™” and should be used. A method is
also available™ to derive estimates of the increase in effect
per unit dose from such a table. Note that when deriving
such estimates one will need a method to estimate the
mean level of exposure from ranges, including open-ended
intervals.

Most of the meta-analyses my colleagues and I have
carried out over the years have been based on software we
have written ourselves. Simple fixed-effect and random-
effects meta-analysis can be programmed quite rapidly in
Excel, the relevant methodology being succinctly described
in the Appendix to a paper by Fleiss and Gross™®!, More
commonly we use software incorporated into the ROELEE
system developed by my colleague John Fry. While
programming one’s own software gives better insight into
the methodology, John Fry advises me that ‘meta for’, the
meta-analysis package for R, is a convenient one to use for
those who do not wish to get so involved.

STUDY QUALITY

While there are published methods for assessing study
quality, such as the Cochran Collaboration Risk of Bias
Tool and Effective Public Health Practice Project Quality
Assessment Tool™”, or the Newcastle-Ottawa Scale*! which
I have on occasion used, I have always been somewhat
sceptical of them, because they seem to be trying to
quantify what is essentially multi-dimensional into a single
dimension. Even where study quality assessments are
made, it is usually advisable to also carry out heterogeneity
tests to see how effect estimates vary by those specific
study characteristics which contribute to the assessment of

quality.

HETEROGENEITY TESTS

Where there are a reasonable number of independent
effect estimates to be combined, analyses of heterogeneity
should be conducted. If Q is Cochran’s heterogeneity
statistic, and df is the number of degrees of freedom
(one less than the number of estimates combined), then
heterogeneity is often expressed by the I* statistic which
is equal to 100% x (Q — df) / Q. Negative values of I are
set equal to zero, so that I lies in the range 0 to 100%,
with values of 0% indicating no obvious heterogeneity,
larger values indicating increased heterogeneity.

Apart from conducting standard fixed- effect and
random-effects meta-analyses (see™”), a systematic review
should also include more detailed tests of heterogeneity,
where Q is shown to be statistically significant (at P < 0.05)
and the number of estimates is sufficiently large (usually
at least 10). These more detailed tests would involve
separate fixed-effect meta-analyses for different levels of
relevant study characteristic - such as sex, location, study
type, definition of outcome, definition of exposure, number
of confounding variables adjusted for, study size and
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Table 1 In a longitudinal study (often referred to as a
prospective or cohort study) the data may be expressed

Predictor variable

Exposed Unexposed Total
Outcome Yes A B A+B
No C D C+D

Total A+C B+D N

presence of a study weakness. These analyses serve two
main purposes - first, to see whether an association seen
in the overall meta-analysis is consistently seen in study
subsets, and to see whether any factors are the cause of
any heterogeneity seen. If a study characteristic has m
levels (j = 1, ..., m) and if Qi is the Cochran heterogeneity
statistic for level i, then the statistic Q*=Q->.1%, Qi.is a test
of heterogeneity between levels of the characteristic on
m — 1 degrees of freedom. If Q* is close to its degrees of
freedom, it implies that the study characteristic explains
little or none of the heterogeneity. If, on the other hand, it
is close to Q, it suggests that the characteristic is a major
determinant of the heterogeneity. Where data permit it is
useful to carry out meta-regression analyses in which a
model is fitted simultaneously relating the effect estimate
to a set of study characteristics. Because of correlation
between characteristics, this should give greater insight
into which are the important sources of heterogeneity and
which are not. Variation in the effect estimate by levels of
a study characteristic may arise for different reasons. For
example, higher effect estimates in one location may be
because of greater exposure to (or differing metabolism
of) the exposure of interest by the population there. Or it
may be due to differing biases in different situations. For
example, higher effect estimates in case-control studies
than in cohort studies may suggest that recall bias in case-
control studies may be relevant, or for other reasons as
described in the next section.

Combining relative risks and odds ratios

Suppose we are studying the relationship or a predictor
variable to an outcome, each with two levels. In a
longitudinal study (often referred to as a prospective or
cohort study) the data may be expressed as in Table 1.

The relationship of outcome to exposure is typically
expressed by the relative risk (RR), the ratio of the
probability of the outcome given exposure, A / (A + C), to
that given no exposure, B/ (B + D), orRR = A (B + D)/B (A
+ C), the variance of its logarithm being given by 1/A+1/
B—1/(A+C)-1/(B+D).

In a cross-sectional or case-control study, the data
may be similarly expressed, but here the relationship is
typically expressed by the odds ratio (OR), the ratio of the
odds of the outcome given exposure, A/C, to that given
no exposure, B/D or OR = AD/BC, the variance of its
logarithm being givenby1/A+1/B+1/C+1/D.

Where the outcome is relatively rare, it can be shown
that RR and OR are very similar. Thus, for example, with A
= 10 and B = 20, and a true RR of 2, the OR will be 2.04
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when comparing probabilities of 2% and 4%, and even
closer to 2 for smaller probabilities. Even comparing 10%
and 20% the OR of 2.25 is not that far from 2.

This suggests that when conducting meta-analysis of a
reasonably rare outcome, one can combine RRs and ORs
without worrying. Where this is not the case, e.g. when
comparing 20% and 40% (where the OR is 2.67), this
is less valid and it is preferable either to report separate
combined results for ORs and RRs, or to try to convert one
into the other. This is simple when the data are in the form
of a 2 x 2 table, but not possible for adjusted estimates
without access to the raw data.

I note that often in longitudinal studies, where RRs are
in principle more appropriate, ORs are often presented in
publications. This is related to the simplicity of adjusting for
multiple variables simultaneously using logistic regression
analysis.

ADJUSTMENT FOR CONFOUNDING
VARIABLES

Especially where the association between the exposure
and disease of interest is quite modest, one needs to bear
in mind that the association may not be a causal one,
and may be due to confounding by one or more variables
which are correlated both with the exposure and the
disease. Individual study authors are usually well aware of
the problem and often present effect estimates adjusted
for one or more sets of potential confounders. There are
various approaches to investigate confounding in meta-
analyses.

One possibility is to extract most-adjusted and least-
adjusted effect estimates from each study. Most-adjusted
estimates are those estimates reported in the source
publication which have been adjusted for the most potential
confounding variables, while least-adjusted estimates may
include estimates that are totally unadjusted or adjusted
only for age. Given these estimates, one can either
compare results of meta-analyses based on the alternative
estimates, or meta-analyse the ratio of estimates (perhaps
using a weight based on the confidence limits of the most-
adjusted estimates). Some studies may of course only
provide one estimate, and can be excluded from such
meta-analyses.

An additional method which may provide insight is to
look for heterogeneity of the effect estimate according to
the grouped number of confounders adjusted for, or to
compare estimates adjusted or unadjusted for specific
potential confounding variables.

Where an association substantially reduces following
adjustment for confounding, but remains statistically
significant, the possibility of bias arises.

Though beyond the scope of most meta-analyses, it is
on some occasions worth formally investigating the extent
to which effect estimates from meta-analyses may be
biased by such uncontrolled confounding. The interested
reader may wish to study the techniques used in our
systematic review of the relation between environmental
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tobacco smoke exposure and lung cancer’® which
concluded that bias due to uncontrolled confounding by
four factors (fruit, vegetable and dietary fat consumption,
and education) explains a substantial part of the observed
association.

Another possibility to be borne in mind is “residual
confounding”, arising because relevant confounders
have not been adjusted for. It is well documented that
“misclassification of a confounder” leads to “partial
loss of ability to control confounding”*? while “even
misclassification rates as low as 10% can prevent adequate
control of confounding”™*. It has even been noted that if X
is an inaccurately measured true cause of disease, and if Y,
which is precisely measured but not a cause, is correlated
with X, one may incorrectly conclude that Y, not X, is the
cause (e.g.**).

MISCLASSIFICATION

Apart from bias arising due to misclassification of
confounding variables, bias may also arise because of
other forms of misclassification. Random misclassification
of the exposure or outcome variable will tend to dilute any
relationship, but misclassification may not be random,
and can lead to underestimation of the relationship. For
example, when studying a relatively weak association
of smoking to cancer at one site, the inclusion of some
individuals who actually have cancer of a site known to
be strongly related to smoking (such as lung cancer) will
bias upward the association being studied. Misdiagnosis of
lung cancer certainly exists™ "), Similarly, upward bias will
arise if some of those dlassified as having the exposure of
interest actually have an exposure which is more strongly
related to the disease.

While random misclassification of exposure or outcome
should not produce an association when no true causal
relationship exists, this is certainly not so for random
misdassification of the variable used to determine whether
an individual should be included in the study. This applies,
for example, to the study of the relationship of spousal
smoking to lung cancer in never smokers. As I have
demonstrated™**", the inclusion of some true ever smokers
among the reported never smokers, can cause bias. This
bias arises because spouses tend to have smoking habits
in common, so that the exposed group (with spouses who
smoke) are likely to include more misclassified smokers
than will the comparison group (with spouses who do not
smoke). Because of the very high risk of lung cancer this
bias can be substantial, and the interested reader may wish
to study the techniques which my colleagues and I used to
adjust for misdassification bias'*!.

PUBLICATION BIAS

Publication bias occurs if the published data are not
representative of all the data that exist on a topic. It is well
documented (e.g.”***) that positive findings are published
more often than negative findings, so meta-analyses of
data drawn from the literature tend to overestimate true

Roishidenge ~ WIMA | www.wjgnet.com

26

relationships. Inasmuch as large studies are more likely
than small studies to publish their findings regardless of
the result, one can compare effect estimates from larger
and smaller studies as some sort of test of publication
bias. More formal tests are available, but tend to involve
assumptions that are difficult to justify. Furthermore,
they are based on the published results, and ignore
what may be known about unpublished results. What
should one conclude if a very large cohort study has
published evidence demonstrating a statistically significant
relationship between an exposure and various common
diseases, but has not reported results relating that
exposure to other common diseases? It seems to me quite
likely that the authors would have looked at these other
diseases, found no significant association, and decided
not to publish their findings. The existence of such studies
should at least be pointed out in the discussion section of a
paper describing a meta-analysis of the exposure to one of
these other diseases.

Publication bias can also arise in the meta-analysis of
dose-response relationships. It is certainly plausible that
authors will be more likely to report dose-response results
where there is a strong association in the first place. This
can be tested by comparing effect estimates for overall
exposure in studies reporting and not reporting dose-
response results.

STATISTICAL SIGNIFICANCE

An effect estimate derived from a meta-analysis that is
not statistically significant (P > 0.1) clearly cannot be
interpreted as supporting a true causal relationship. Nor
can it rule it out, as one cannot prove a negative, but it can
suggest an upper limit to any true effect. Additional studies
may clarify the situation, especially where the original
meta-analysis had little power, being based on relatively
few studies.

On the other side of the coin, a significant association
alone does not demonstrate that a true causal effect
exists. P-values less than 0.05 but greater than 0.1 may
be due to chance, and even where the probability is very
low, so that chance can be excluded for practical purposes,
confounding or bias may be relevant. Before concluding
that a causal effect is likely, it is up to the meta-analyst to
demonstrate that confounding or bias cannot explain the
relationship, which may be difficult, especially where the
relationship is weak.

CONCLUSION

Meta-analysis is an interesting subject and quite difficult to
do well. If it is done well it can act as an extremely useful
tool to aid the epidemiologist in reaching a conclusion.
However, it is very important for the meta-analyst to be
aware of the limitations of meta-analysis, and of the
epidemiological studies on which it is based.
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