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Abstract
Meta-analysis is one of the concepts of scientific methodology, and is a frequent but optional component of systematic 
reviews of empirical research. It joins the results of several scientific studies and tests one or more interrelated scientific 
hypotheses using quantitative (statistical) methods. This analysis can either use primary data from the original studies or 
published (secondary) results of studies dealing with the same problem. Meta-analysis is used to obtain an estimate of the 
magnitude of an unknown effect, and compare the results of different studies, identifying patterns or other relationships in 
them, as well as possible sources of disagreement. Meta-analyses are the highest level of credibility within evidence-based 
medicine (EBM), so meta-analysis results are considered as the most reliable source of evidence. Understanding all the 
procedures of a meta-analysis will allow researchers to analyze the results of such studies correctly, as well as formulate 
tasks when conducting meta-analyses on their own. In this article the reader will be introduced to key concepts such as 
weighted effects, heterogeneity, the different types of statistical models used, and how to work with some of the types of plots 
produced in meta-analyses.
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Аннотация
Мета-анализ – одно из понятий научной методологии. Он является частым, но не обязательным компонентом систе-
матического обзора эмпирических исследований. Для проведения мета-анализа объединяются результаты несколь-
ких научных исследований и осуществляется проверка одной или нескольких взаимосвязанных научных гипотез 
при помощи количественных (статистических) методов. Для такого анализа можно использовать либо первичные 
данные оригинальных исследований, либо обобщенные опубликованные (вторичные) результаты исследований, 
посвященные одной проблеме. Мета-анализ используется для получения оценки величины неизвестного эффекта, 
а также для сравнения результатов различных исследований, выявляет в них закономерности или другие взаимо-
связи, а также возможные источники разногласий. Мета-анализы занимают высшую ступень достоверности в кон-
цепции доказательной медицины, поэтому их результаты считаются самым надежным источником доказательств. 
Понимание всех этапов проведения мета-анализа позволит научным сотрудникам грамотно анализировать резуль-
таты таких исследований, а также формулировать задачи при самостоятельном проведении мета-анализов. В на-
стоящей статье читатель познакомится с такими ключевыми понятиями мета-анализа, как взвешенные эффекты, 
гетерогенность, различные типы используемых статистических моделей, а также научится работать с некоторыми 
видами графиков, получаемых в мета-анализах.
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List of abbreviations
CI – confidence interval

NRT – non-randomized trial
RCT – randomized controlled trial

Many original studies have similar research 
objectives but often the research teams, patients, 
research protocol and time intervals are different. The 
results of such studies can be diverse and contradictory, 
which hampers clinical decision-making. Evidence-
based medicine has led to the development of tools 
for combining the results of numerous studies that 
may differ in certain areas [1]. We get (a) invaluable 
data whose effect can be traced in any groups (or, 
conversely, only in specific ones) (b) information about 
the variability of the effect when testing hypotheses 
in different populations. Many similar studies are 
replications of one large experiment, and, accordingly, 
a larger number of replications increases the power and 
the degree of confidence in the results.

There are several basic tools to evaluate the 
combined results of the similar studies:
• Systematic reviews. Systematic reviews include all 

studies to be found that meet certain strict inclusion 
criteria. The inclusion criteria are designed to 
meet the set of standards required for planning and 
conducting research, as well as standard operating 
procedures and results (for example, studies on 
arterial hypertension, assessing blood pressure 
according to cardiology international guidelines; 

studies of specific surgery, conducted on the 
international association guidelines).

• Meta-analyses. Meta-analysis not only summarizes 
the results of the set of studies, but also quantifies 
them. In fact, we need to know not only that the drug/
intervention has an effect, but also to assess its effect 
size and the range of its variability.
In this review, we will mention the basic aspects of 

conducting meta-analyses and tell you what to do after 
searching the literature and doing most of the work for 
a systematic review.

INCLUDING STUDIES IN META-ANALYSIS
PRISMA guidelines
A detailed description of the criteria and the 

process of literary search is not the subject of this 
review, but it is important to note that any creation of 
a systematic review consists of a set of items. These 
items are combined into a standard scheme called the 
PRISMA flow diagram (Preferred Reporting Items for 
Systematic Reviews and Meta-Analyses), by the name 
of the relevant recommendations [2] (Fig. 1).

In reality, meta-analysis begins after the inclusion 
is completed and the studies from which the data 
extraction will be performed are available.

Identification in science research databases (PubMed, 
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FIG. 1. PRISMA flow diagram template, adapted from M.J. Page et al. [2]
РИС. 1. Шаблон потоковой диаграммы PRISMA, адаптирована из M.J. Page и соавт. [2]
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The main guidelines for the initial and further steps 
of practical interest to the reader are:
• Cochrane Handbook for Systematic Reviews of 

Interventions1 – this guide is posted online and 
describes in detail almost all literary search issues, 
meta-analysis, basic skills in mathematical statistics 
required for such work;

• PRISMA guidelines, which we discussed above [2].
These guidelines will help to maintain high 

standards of writing systematic reviews and reduce 
the number of possible errors and inaccuracies that 
may complicate the continuation of the work. Meta-
analyses are widely used by drug companies, as well 
as other commercial entities, and therefore observance 
of guidelines standards is very carefully checked by 
reviewers both when reviewing and when publishing 
articles. Strict observance of regulation and guidelines 
is the key to a successful publication.

EVALUATION OF POTENTIAL BIASES IN 
PUBLICATIONS
After all suitable publications have been collected 

for inclusion in a systematic review or meta-analysis, 

it is necessary to evaluate them in terms of potential 
biases.

Unfortunately, there are many sources of potential 
bias, so special tools have been developed to allow 
researchers to conduct a potential evaluation of 
publications. Such tools are called risk of bias plots.

These plots can be built for studies with different 
design types, primarily for randomized controlled trials 
(RCT) (Fig. 2) and non-randomized trials (NRT) [3, 
4] (Fig. 3). The plots below are called “traffic lights”. 
The basic idea is that researchers conducting a meta-
analysis with the inclusion of RCTs (Fig. 2) review 
each study separately and assess the risks associated 
with the following five domains:
• randomization;
• deviations from intended interventions;
• missing data;
• measurement of outcome;
• selection of reported results.

The assessed risk is “high”, “some concerns” and 
“low”.

If NRTs are included in the meta-analysis, we assess 
the risks associated with the following seven domains:

1 Cochrane Handbook for Systematic Reviews of Interventions version 6.2 (updated February 2021). Cochrane, 2021. Available from  
https://training.cochrane.org/handbook/current
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D5 / 
Д5  

Overall / 
Общая оценка 

Study 1 / 
Исследование 1 

Study 2 / 
Исследование 2 

Study 3 / 
Исследование 3 

Study 4 / 
Исследование 4 

Study 5 / 
Исследование 5 
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FIG. 2. Traffic light plot for randomized controlled trials, adapted from L.A. McGuinness et al. [5]
РИС. 2. Диаграмма светофор для рандомизированных контролируемых исследований, адаптирована из L.A. McGuinness 
и соавт. [5]

Note: risk of bias associated with the domains: D1 – randomization; D2 – deviations from intended interventions; D3 – missing data; D4 – measurement 
of outcome; D5 – selection of reported results.
Примечание: риск смещения, ассоциированный с доменами: Д1 – рандомизацией; Д2 – вмешательством; Д3 – пропущенными данными; Д4 – 
оценкой конечной точки; Д5 – представлением результатов.



СЕЧЕНОВСКИЙ ВЕСТНИК Т. 14, № 1, 2023 / SECHENOV MEDICAL JOURNAL VOL. 14, No. 1, 2023 8

BIOMEDICAL STATISTICS TUTORIAL

2 https://www.riskofbias.info/ (access date 01.11.2022).

• confounding;
• selection of participants;
• classification of interventions;
• deviations from intended interventions;
• missing data;
• measurement of outcome;
• selection of reported results.

The assessed risk is interpreted as “critical”, 
“serious”, “moderate” and “low”.

Specified tools enable critical approaches to the 
results obtained in the meta-analysis and consider 
studies with a high risk of bias as less reliable. A 
detailed description of the capabilities of this tool is 
provided on a specialized website2.

EFFECT SIZE IN META-ANALYSIS
The results of studies combined in a meta-

analysis are measured by an identical endpoint. This 
measurement is an effect that has been achieved, or an 
observed effect (abbreviated as θ or θk for each of the 
k studies). The definitions of the effect, effect size and 
effect size measuring are described in our publication 
on statistical hypotheses testing [6].

There are two main concepts that allow us to 
describe and measure the effect of several studies. Both 

concepts relate to certain statistical models, with fixed 
and random effects, respectively.

Fixed (common) effects model
This is a model in which the studies included in 

the meta-analysis are very similar to each other in 
terms of design, number of patients, methodology, 
evaluation of results and other items, and their 
results or effects θ1,2,3,...k are considered a single 
sample from one general population of all possible 
similar studies.

The probability distribution of such a population 
has an expected value (the mean weighted by the 
probabilities of possible values), which represents a 
certain true effect size θ̂. Each study is a part of the 
population, and several studies randomly taken from 
such distribution (meta-analysis) is an ordinary sample, 
respectively.

The observed effect of each study k will differ from 
the true one by the error:

θ̂ = θk + ϵk.

We believe that among several studies, the studies 
with the smallest sample error ϵ are the most accurate 
(Fig. 4).
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FIG. 3. Traffic light plot for cohort studies, adapted from L.A. McGuinness et al. [5]
РИС. 3. Диаграмма светофор для когортных исследований, адаптирована из L.A. McGuinness и соавт. [5]

Note: risk of bias associated with the domains: D1 – confounding; D2 – selection of participants; D3 – classification of interventions; D4 – deviations from 
intended interventions; D5 – missing data; D6 – measurement of outcome; D7 – selection of reported results.
Примечание: риск смещения, ассоциированный с доменами: Д1 – конфаундинг (влияние вмешивающихся факторов); Д2 – отбором и вклю-
чением пациентов; Д3 – вмешательством; Д4 – расхождением с протоколом; Д5 – пропущенными данными; Д6 – оценкой конечной точки; 
Д7 – представлением результатов.
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A sample from several studies {1,2,3,...k} must have 
some central tendency or expected value indicating the 
true effect size. Thus, using the definition of expected 
value as a mean weighted, we get:

θ̂ =                                                  ,
w1θ1 + w2θ2 + w3θ3 + ... + wkθk

w1 + w2 + w3 + ... + wk

where
• θ̂ – weighted effect size for k studies resulting from 

meta-analysis;
• θk – the observed effect of the study k;
• wk – study weight k.

However, it is still unclear how to achieve the 
weight of each study. We know that the observed 
effect obtained in study k is a point estimate. Study k 
includes a certain set of patients, n. The standard error 
is a measure of the variability of the effect θk and is 
calculated as:

sk =      ,
σk

√nwhere
• σ – the standard deviation of the effect θk in the 

study k;
• n – number of patients in the study k.

In a fixed effects model, the inverse variance method 
is one of the ways to calculate weights:

wk =      ,1
sk

2

where

• sk
2 – the square of the standard error of the effect θk 

in the study k;
• wk – weight of the study k.

Thus, in a model with fixed effects, the weight of any 
study is inversely related to the inverse effect error in 
the study and directly related to the number of patients 
included in the study. The model implies that only the 
number of patients can affect the weight of the study.

This concept seems to be overly simplified, because 
in the real world, there are a huge number of different 
factors apart from the sample size.

Random effects model
If we combine different designs (RCTs, cohorts, 

etc.) in a meta-analysis studies conducted in different 
periods of time, in different countries, in hospitals with 
different standards of medical care, with intervention 
protocols according to different clinical guidelines, 
we will need a model that will take into account not 
only differences in sample size, but also the above-
mentioned factors.

In this type of model, the effect for each study 
included in the meta-analysis is a sample from its own 
set of effect sizes and differs from the expected value of 
its own set by the ϵk (Fig. 5).

If we included k studies in the meta-analysis, there 
are k samples from k different general populations. 
At the same time, k populations have their own 
distribution with the expected value represented by 

ϵ2 

ϵ3 

True effect size /  
Истинный размер эффекта 

n = 15 

n = 1000 

Number of patients 
in the study /  
Число пациентов  
в исследовании 

n = 90 

The general population of studies / 
Генеральная совокупность исследований 

Individual studies /  
Отдельные исследования 

Observed effects /  
Наблюдаемые эффекты 

ϵ1 

FIG. 4. Schematic representation of true and observed effects in studies using a fixed effects model
РИС. 4. Схематичное представление истинного и наблюдаемых эффектов в исследованиях при использовании модели 
с фиксированными эффектами

Note: ϵk – sampling error; grey line – true effect size; colored straight lines – observed effects.
Примечание: ϵk – величина выборочной ошибки; серая линия – истинный размер эффекта; цветные прямые линии – наблюдаемые эффекты.
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weighted effect size, and each general population 
differs from the expected value of its distribution by 
ξk. This overall distribution has a point estimate, which 
corresponds to the meta-analysis weighted effect, θ̂, 
and variance τ2.

Thus, the point estimate of the effect in each study 
among k differs from the weighted effect the following 
way:

θ̂ = θk + ϵk + ξk.

The parameter ξk combines the differences that are 
not related to the sampling error.

The model that uses this logic is called the random 
effects model. The individual studies weights in such a 
model are calculated the following way:

wk =             ,1
sk

2 + τ2

where
• sk

2 – the square of the standard error of the effect θk 
in the study k;

• wk – study weight k;
• τ2 – the variance of several general populations.

And the weighted effect is calculated in the same 
way as for the fixed effects model:

θ̂ =                                                  ,
w1θ1 + w2θ2 + w3θ3 + ... + wkθk

w1 + w2 + w3 + ... + wk

where

• θ̂ – weighted effect size for k studies resulting from 
meta-analysis;

• θk – the observed effect of the study k;
• wk – study weight k.

Various mathematical approaches are used to 
calculate parameter τ2, most often DerSimonian-
Laird, Restricted Maximum Likelihood, Maximum 
Likelihood, Paule-Mandel estimators but there are 
others [7–9]. The choice of a specific method depends 
on the type of measurement of endpoint and on the 
specific situation, therefore it requires consultation 
with a biostatistician.

HETEROGENEITY ASSESSMENT
We discovered that the studies included in the meta-

analysis can vary significantly, moreover, depending 
on these differences, one or another analysis model is 
chosen. Is there any measure that can assess the degree 
of differences? Can we somehow explain the degree of 
differences and is it necessary? How to determine which 
studies are more different from others? The concept of 
heterogeneity can answer all these questions.

Heterogeneity depends on many things, with the 
most common being:
• incorrect selection of studies for meta-analysis;
• the presence of overt and covert moderating factors 

that affect the weighted effect (the moderator actually 
creates subgroups with different effect sizes);

ϵ2 

ϵ3 

ϵ1 
ξ1  

ξ2  

ξ3  

Distribution of several general populations / 
Распределение нескольких генеральных 

совокупностей

General populations / 
Генеральные совокупности  

Individual studies /  
Отдельные исследования 

True effect size /  
Истинный размер эффекта 

Observed effects /  
Наблюдаемые эффекты  

Observed effects /  Наблюдаемые эффекты 

FIG. 5. Schematic representation of true and observed effects in studies using a random effects model
РИС. 5. Схематичное представление истинного и наблюдаемых эффектов в исследованиях при использовании модели со 
случайными эффектами

Note: ξk – error of each general population; ϵk – sampling error; grey line – true effect size; colored dotted lines – observed effects in general populations; 
colored straight lines – in individual studies.
Примечание: ξk – величина ошибки каждой генеральной совокупности; ϵk – величина выборочной ошибки; серая линия – истинный размер 
эффекта; цветные пунктирные линии – наблюдаемые эффекты в генеральной совокупности; цветные прямые линии – в отдельных исследо-
ваниях.
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• a small number of studies included in meta-analysis.
When a researcher encounters excessive 

heterogeneity, such as in a situation where a number 
of studies have opposite effect direction, or where 
effect sizes are substantially different, it is necessary 
to understand whether there is an erroneous inclusion 
of studies in the meta-analysis. An attempt to combine 
studies in which completely different parameters were 
evaluated will lead to huge heterogeneity and will not 
answer the meta-analysis question. The results of such 
a meta-analysis will be highly doubtful.

If we believe that there is no error at this stage, 
it is necessary to look further for the cause of high 
heterogeneity. For example, when non-standardized 
parameters are used, it is necessary to try to use 
standardized instead. If several parameters are measured 
on different scales or differ significantly on inclusion 
between studies, standardization makes it possible to 
smooth out such differences.

The next reason for the high heterogeneity is the 
presence of covert and overt moderators or confounders. 
For example, when assessing the prevalence of 
cardiovascular diseases, sex and age group of patients 
are obvious moderators. The inclusion of a moderator 
and the assessment of its impact on the effect and 
heterogeneity is carried out using meta-regression 
analysis or meta-regression. Further analysis of 
subgroups can significantly reduce heterogeneity.

Finally, a small number of studies in a meta-analysis 
can result in high heterogeneity.

There are 2 main types of heterogeneity by Rücker 
[10]:
• Heterogeneity due to the design or basic 

characteristics. The reason is an attempt to combine 
in a meta-analysis studies of different design 
(including the study type, the exposure status, the 
way to results evaluating, the duration of their 
evaluation and other parameters), as well as studies 
that are highly heterogeneous by cohorts of patients. 
This type of heterogeneity can lead to statistical 
heterogeneity;

• Statistical heterogeneity results from the accuracy of 
the estimation and variability of the effect size. This 
type of heterogeneity can already be quantified. One 
of the reasons (but not in all cases) for statistical 
heterogeneity can be design-driven heterogeneity.

Methods to measure heterogeneity
Cochran's Q
We looked at two types of models and realized that 

there is an observable effect θ̂k of a certain study k, as 
well as a weighted effect that we calculate θ̂ for all meta-
analysis studies. We also remember that each study 
has its own weight wk. The deviation of the observed 
effect from the weighted one can be directed in both the 
direction with a plus sign or a minus sign. If we square 
the deviation, it will not depend on the direction.

The sum of the weighted squares of such deviations 
is called Cochran’s Q:

Q = w1(θ̂1 – θ̂)2 + w2(θ̂2 – θ̂)2 + w3(θ̂3 – θ̂)2 + ... +  
+ wn(θ̂n – θ̂)2.

We can calculate the deviation of the observed effect 
from the weighted one for all studies.

The Cochran’s Q is distributed as a χ2 statistic with 
K – 1 degrees of freedom, where K is the number of 
studies in the meta-analysis.

Cochran’s Q will grow with an increase in the 
number of studies in the meta-analysis, as well as with 
the presence of large studies with many patients in it.

Higgin’s & Thompson’s I2

I2-statistic
I2 is calculated from Cochran’s Q and describes 

the percentage of heterogeneity which is not caused 
by sampling error ξk. A null hypothesis occurs when 
there is no heterogeneity, and Cochran’s Q follows 
a distribution of χ2 with K – 1 degrees of freedom 
(expected heterogeneity). But we also have the observed 
heterogeneity of Q. Then the deviation of the observed 
heterogeneity from the expected one is:

I2 =                     Q – (K – 1)
Q

and is expressed in unit fractions or a percentage.
Heterogeneity can be qualified as low, moderate, 

and high, with upper limits of 25%, 50% and 75%, 
respectively [11].

H2-statistic
H2-statistic calculates the ratio of Q-statistics to K – 

1. If there is no heterogeneity, then the value tends to 
1; higher values indicate the presence of heterogeneity 
between studies.

H2 =          .
Q

K – 1
Heterogeneity of variance τ2

The true weighted effect has its own variance τ2 
and standard deviation τ. This parameter is used to 
evaluate the measure of heterogeneity and has the same 
dimension as the effect in studies in meta-analysis. If 
we know the calculated weighted effect size θ̂ in the 
meta-analysis, we can estimate the 95% confidence 
interval (CI) of the true effect as θ̂ ± 1,96 × τ.

SENSITIVITY ANALYSIS
Sensitivity analysis shows how individual studies 

can influence the weighted effect, and how stable the 
results of the meta-analysis are. The leave-one-out 
is one of the most used methods for the evaluation 
of sensitivity. Each study is excluded from the meta-
analysis on an individual basis, then the weighted effect 
size and heterogeneity are recalculated. Serious changes 
in the effect size and a decrease in heterogeneity indicate 
that the excluded study has a significant impact on the 
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overall result. If at the first stage in the “traffic light” 
plot the study has a high/some concern risk of bias, then 
at the stage of using the leave-one-out method it may 
be an outlier, and it will be necessary to consider the 
feasibility of its presence in the meta-analysis.

Graphically, the results of the sensitivity analysis 
are presented in Figure 6.

In the example from Figure 6, the weighted effect 
obtained in the meta-analysis is the mean difference and 
amounted to 0.16 [0.1; 0.23]. We see that when studies 
are excluded from meta-analysis on an individual basis, 
the weighted effect does not change significantly. At 
the same time, according to I2 statistics, the exclusion 
of the Protocol 162A study significantly reduces 
heterogeneity to 5%. This study requires close attention 
since its presence causes high heterogeneity in the 
whole meta-analysis.

Sensitivity analysis evaluates how the weighted 
effect changes when excluding studies that received 
“high” and “very high” risk levels when assessing 
potential risks of bias. If, when one excludes one of 
these studies, they significantly influence the effect (for 
example, when, after excluding high-risk studies, 95% 
CI of the new weighted effect ceases to include the 
point estimate of the weighted effect before excluding 
studies), it is necessary to reconsider the need to include 
high-risk studies in the meta-analysis.

FOREST PLOT
Forest plot is the most common way to summarize 

the results of a meta-analysis in a single image. It 
shows the studies included in the analysis, the effect 
of each one of them, the weighted effect, as well as a 
set of additional parameters, for example, the weights 
of each study, parameters of heterogeneity, the type 

of chosen statistical model (fixed or random effects). 
By using forest plots, you can separately duplicate the 
effect sizes and their 95% CI, as well as the weighted 
effect and their 95% CI.

The size of the points on the plot that characterize a 
particular study is often associated with the weight of 
the study (the points of the largest size are associated 
with studies with the highest weight, respectively). A 
common forest plot is shown in Figure 7. The research 
data are taken from the materials accompanying the 
meta library of the R programming language [12].

From Figure 7, we can see the names of the studies 
and the year of results publication, the characteristics 
of the test and control groups (quantities, means and 
standard deviations required to calculate the standard 
error), the effect size (in this case, mean difference, MD) 
and its 95% CI, weights in fixed and random effects 
models, weighted effect for both types of models, as 
well as heterogeneity parameters.

We also see a chart showing all the same effect sizes 
in studies (represented by squares, the size of which 
proportional to weights) and the weighted effects 
for fixed and random effects models (represented by 
diamond).

A solid vertical line is known as the “line of null 
effect”. If 95% of the CI of individual studies or 
weighted effects pass through the “line of null effect”, 
the study data is said to be statistically insignificant, 
and there is a high probability that the observed point 
estimates are random.

In this example, Floral 1971 was the only study 
where a significant effect was observed; its weight was 
the highest in both fixed and random effects models 
(38.6% and 33.3%, respectively). The fixed effects 
model showed a significant effect, the means difference 

FIG. 6. Forest plot showing sensitivity analysis, adapted from S. Balduzzi et al. [12]
РИС. 6. Форест-диаграмма, демонстрирующая анализ чувствительности, адаптирована из S. Balduzzi и соавт. [12]

Note: MD – Mean difference; Cl – confidence interval; I2 – Higgin’s & Thompson’s I2 statistic / I2 statistic.
Примечание: study – исследование; MD – Mean difference, разница средних; Cl – confidence interval, доверительный интервал; P-value – значе-
ние p; I2 – Higgin’s & Thompson’s I2 statistic / I2 statistic, I2-статистика Хиггинса и Томпсона / I2-статистика; common (fixed) effect model – модель 
с фиксированными эффектами.
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was -0.71 [-1.26; -0.16], while the random effects model 
was insignificant, since the point estimate was -0.75, 
and 95% CI included zero [-1.53; 0.03] according to the 
results of the meta-analysis

CONCLUSION
In this section of the article, we have introduced 

the reader to the stages of including studies in meta-
analysis, reviewed the existing guidelines that you 
need to familiarize with when writing a meta-analysis, 
analyzed in detail the process of creating weights, 
various types of models used in meta-analyses. We also 

became acquainted with the definition of heterogeneity 
and understood how it is calculated as well as the main 
plot published in meta-analyses such as the forest plot 
and the leave-one-out plot for sensitivity analysis were 
presented.

In the next article, we will consider how to analyze 
subgroups, familiarize with meta-regression, and learn 
how to evaluate the publication bias, visually and 
mathematically. Additionally, we will recall the most 
common ways of evaluating the meta-analysis effect 
and focus on standardized indicators and the evaluation 
of the standard error for them.
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