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Meta-analysis: An Introduction
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The Evidence-Based Medicine Pyramid
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Why conduct a meta-analysis?

Summarize published literature
A more objective summary of literature than narrative review

Estimate average effect from all available studies

Increase statistical power more precise estimate of effect size

—

Identify between study heterogeneity

Identify research needs




Meta-Analysis is ...

Meta-Analysis refers to methods for the systematic
review of a set of individual studies with the aim to
combine their results.

Meta-analysis has become popular for a number of
reasons:

The adoption of evidence-based medicine (EBM) which
requires that all reliable information is considered.

The desire to avoid narrative reviews which are often
misleading.

The desire to interpret the large number of studies that
may have been conducted about a specific treatment.

The desire to increase the statistical power of the results be
combining many small-size studies.
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Outline for Conducting Meta-Analyses

3 P~y 3k Objective, hypothesis
Define outcome, intervention, population
Sy B e & 0 & @ * - $% houtcome measurement
Study inclusion criteria: £_< F srinclusion criteria
Quality assessment : < szgp’}*;f—:; by EBM/EBN methods
Search strategy : PubMed, Cochrane...
Data extraction :

g

7 ¥ ¥ R £ * meant SD, Response rate (proportion)...
Statistical analysis



Meta-Analyses: Data Extraction

Sort your paper by
Publication year
Study design
Characteristics of study population

Sample size, age, sex

Assessment procedures
Risk estimate and variance
Determine Covariates



Meta-Analyses: Statistical Analyses

Define analytic strategy

Investigate between study heterogeneity
Decide whether results can be combined
Estimate summary effect, if appropriate

Conduct sensitivity analysis

Stratification
Meta-regression analyses



The goal of Meta-Analysis

The goals of meta-analysis may be
summarized as follows:

A meta-analysis seeks to systematically
review all pertinent evidence, provide
quantitative summaries, integrate results
across studies, and provide an overall
interpretation of these studies.



An example: Dietary Cadmium Intake and the Risk of

Cancer: A Meta-Analysis
PLoS One. 2013 Sep 17,8(9):e75087

Abstract

Background: Diet is a major source of cadmium intake among the non-smoking general population. Recent studies
have determined that cadmium exposure may produce adverse health effects at lower exposure levels than
previously predicted. We conducted a meta-analysis to combine and analyze the results of previous studies that have
investigated the association of dietary cadmium intake and cancer risk.

Methods: We searched PubMed, EMBASE, and MEDLINE database for case-control and cohort studies that
assessed the association of dietary cadmium intake and cancer risk. We performed a meta-analysis using eight
eligible studies to summarize the data and summary relative risks (RRs) and 95% confidence intervals (Cls) were
calculated using a random effects model.

Results: Overall, dietary cadmium intake showed no statistically significant association with cancer risk (RR = 1.10;
95% Cl: 0.99-1.22, for highest vs. lowest dietary cadmium group). However, there was strong evidence of
heterogeneity, and subgroup analyses were conducted using the study design, geographical location, and cancer
type. In subgroup analyses, the positive associations between dietary cadmium intake and cancer risk were observed
among studies with Western populations (RR = 1.15; 95% CI: 1.08-1.23) and studies investigating some hormone-
related cancers (prostate, breast, and endometrial cancers).

Conclusion: Our analysis found a positive association between dietary cadmium intake and cancer risk among
studies conducted in Western countries, particularly with hormone-related cancers. Additional experimental and
epidemiological studies are required to verify our findings.



201 potentially relevant studies

- 125 excluded based on titles
(review articles, laboratory studies,
or irrelevant to the current analysis)

Y

76 relevant studies for further evaluation

68 excluded based on abstract/
full-text articles
review (n=39)
not dietary intake (n=19)
not cancer incidence (n=T)
laboratory studies (n=2)
no usable data reported (n=1)

|

8 articles included in meta-analysis

Figure 1. Study flow chart depicting literature search
and selection.
doi: 10.1371/journal. pone. 0075087 .g001



Table 2. Characteristics of published cohort studies on the association between dietary cadmium intake and cancer risk in
this meta-analysis.

Study Variables used in multivariate
(Country) Study description Dietary cadmium intake (ug/day) Outcome model
Endometrial cancer; the FFQ; 67-item, 96-item FFQ; The [T3 vs. T1] RR = 1.39 (1.04—1.86) for all Age, education, parity, age at
Akesson et  Swedish Mammography average estimated dietary women; RR = 1.86 (1.13-3.08) for non-smoker menarche, age at menopause, leisure
al. (2008) Cohort, 30,210 cadmium intake = 15 pg/day (80% & BMI <27 kgfmz; RR =2.42 (1.12-5.21) for time physical inactivity, BMI,
Sweden postmenopausal women; 16yr  from cereals and vegetables); T1  non-smoker, BMI <27 kcg.l’n‘n2 and nonusers of postmenopausal hormones use and
FiU, 378 cases (<13.7), T2 (13.7-186), T3 (216) postmenopausal hormones smoking status.
Age, EMI, education, age at
[T3 vs. T1) RR = 0.89 (0.70-1.14) for all
Julin et al. Ovarian cancer; the Swedish . ) . menarche, use of oral contraceptives,
FFQ; E7-item, 96-item FFQ; T1 subjects; None of the subgroup analyses were
(2011) Mammography Cohort, 60,889, L ) age at menopause, postmenopausal
(<14), T2 (14-16), T2 (=16) significant (BEMI, smoking, postmenopausal )
Sweden women; 18.9yr F/U; 409 cases hormone use, parity and age at first
hormone use, oral contraceptive use) .
birth.
Age, fotal energy intake, education,
FFQ; 120-item FFQ; dietary [Q4 vs. Q1] HR = 1.00 (0.72-1.41) for all .
Breast cancer; 30, 543 race, HRT use, smoking, vegetable
cadmium intake=10.9 pg/day subjects; None of the subgroup analyses were ) i .
Admas et al. postmenopausal women; 7.5yr . e . . consumption, BMI, physical activity,
. (vegetable 44%, grain 22%); Q1 significant (smoking, HRT use, BMI, parity, )
(2012) USA  F/U 1,026 cases; VITamins ) . . alcohol consumption, age at first
i (<7.48), Q2 (7.48-10.05), Q3 vegetable consumption, multivitamin use, zinc, o .
And Lifestyle (VITAL) cohort . . childbirth, multivitamin use, and
(10.06—13.30), Q4 (=13.30) iron, calcium, ER status)
mammaography
FFQ | 96-item FFQ; The mean [T3vs. T1) RR = 1.13 (1.03-1.24) for total; RR o
. . ) Age, family history of prostate cancer,
) Prostate cancer; the cohort of  estimated energy-adjusted = 1.29 (1.08-1.53) for all localized prostate . o
Julin et al. education, BMI, waist circumference,
Swedish Men;41,089 men, cadmium intake = 19 pg/day (33% cancer; RR =1.55(1.16-2.08) or RR = 1.45 . o )
(2012a) physical activity, smoking, total
45-79yr; 10.8Byr F/U; 3,085 bread, 18% potatoes 15% other {1.15-1.83) for localized prostate cancer with a ) )
Sweden energy intake, alcohol consumption,

cases cereals than bread); T1 (<17). T2

(17-20), T3 (>20)

small waist circumference (<94 cm) or
smoking, respectively

selenium, lycopene and calcium.



Study (Year) Country Cancer Type RR (95% CI)
West(1281) LUSA Prostate [ ] 1,35 (0,84, 1.96)
Akesson (2008) Swedean Endometrial -—.— 1.39(1.04, 1.86)
Julin {2011} Sweden Owvarian —-| 0.89 (0.70,1.14)
Adams (2012) LUSA Breast 1.00(0.72,1.41)
Julin (2012a) Sweden Frostate 1.13(1.03, 1.24)
Julin {2012b) Swedean Breast l 1.21 {1.07, 1 .26)
Swada (2012) Japan All types .: 0.95 (0.85, 1.08)
o (2013) Japan Breast - 1.23(0.78,2.00)
Summary RR (95% CI): 1.10 (0.99, 1.22) ,‘,

doi: 10.1371/journal.pone.0075087.g002

1

1

Relative Risk (35% Cl)

Figure 2. Forest plot for the association between dietary cadmium intake and cancer risk using a random effects
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Example 1: Meta-Analysis of Means

This module performs a meta-analysis on a set of two-
group, continuous-scale, studies.

These studies have a treatment group and a control group.
Each study’s result may be summarized by the sample size,
mean, and standard deviation of each of the two groups.
The NCSS provides a complete set of numeric reports and
plots to allow the investigation and presentation of the
studies.

The plots include the forest plot, radial plot, and L’Abbe plot.
Both fixed-, and random-, effects models are available for
analysis.




Notations

Suppose you have obtained the results for & studies, labeled 7 = 7, ...,k. Each study consists of a
treatment group (T) and a control group (C). The results of each study are summarized by six

statistics:

- the number of subjects in the treatment group.

Hes the number of subjects in the control group.

Xr the sample mean of the treatment group which estimates the treatment mean /s, .
Xey the sample mean of the control group which estimates the control mean /¢, .
St the sample standard deviation of the treatment group.

Sey the sample standard deviation of the control group.



Mean Difference for Each Study

The scales (e.g. blood pressure. pulse rate. volume. etc.) of all studies must be the same. If the
logarithm has been taken in one study, it must be taken in all studies. You cannot combined
studies with different scales using this program!

The measure of treatment effect for study 7 1s

6 = Uy — U

which is estimated by
H- =X — ‘TC

i i1

The standard deviation of the difference 1s

(6 )=o2| L+ 1|
Ay R )

~ L . . . .
The value of ¢~ 1s estimated by the pooled sample standard deviation given by

D | - R 2
! N + H e

50 that

6, )= 52| L+

N~ n.
I | Cr



Defining the Study Parameters

Confidence mtervals based on the 7 distribution may be defined for &, in the usual manner.

8:’ T r.ll;-|:+.ll,:~l:—3.1—f.1f."2 1"'. v [HI ]
It will be useful in the sequel to make the following definition of the weights.
o =716)

w, =1/,



Overall Null Hypothesis

Two statistical tests have been devised to test the overall null hypothesis that all treatment effects
are zero. The null hypothesis 1s written

Hy6,=0 i=1--k

Nondirectional Test

The nondirectional alternative hypothesis that at least one &, = 0 may be tested by comparing the

quantity
k -
Xyp = Z“}‘Qf
i=l1
witha y; distribution.

Directional Test

A test of the more interesting directional alternative hypothesis that &, = & =0 for all / may be

tested by comparing the quantity

with a /1 distribution. Note that this tests the hypothesis that all effects are equal to the same
Nonzero quantity.



Effect-Equality (Heterogeneity) Test

When the overall null hypothesis is rejected. the next step is to test whether all effects are equal.
that 1s, whether the effects are homogeneous. Specifically, the hypothesis 1s

Hy6,=6 i=l--k

versus the alternative that at least one effect 1s different. that 1s. that the effects are heterogeneous.
This may also be interpreted as a test of the study-by-treatment interaction.

This hypothesis 1s tested using Cochran’s Q test which 1s given by
ko
Q = Z“‘i [ﬁr o f‘})‘
i=1
where
ko
Z .o,
=1
o= k
Z 'H‘J,-
i=1

The test is conducted by comparing Q to a y,_, distribution.



Fixed versus Random Effects

If the effects are be assumed to be equal
(homogeneous), either through testing or
from other considerations, a fixed effects
model may be used to construct a combined
confidence interval.

However, if the effects are heterogeneous, a
random effects model should be used to
construct the combined confidence interval.



Fixed Effects Model

The fixed effects model assumes homogeneity of study results. That is, it assumes that &, =& for
all i. This assumption may not be realistic when combining studies with different patient pools.
protocols. follow-up strategies. doses. durations. etc.

If the fixed effects model is adopted. the inverse variance-weighted method as described by
Sutton (2000) page 58 1s used to calculate the confidence interval for €. The formulas used are

N =7 =
Otz o %"IV[\Q)

where z,__,, is the appropriate percentage point from the standardized normal distribution and

S,
oo
Z W,
i=1
V(ﬁ') ~ 1



Random Effects Model

The random effects model assumes that the individual &, come from a random distribution with

. = : 2 -
fixed mean # and variance o~ . Sutton (2000) page 74 presents the formulas necessary to
conduct a random effects analysis using the weighted method. The formulas used are

2

B+ Zy s ,Vl'III;'( 0 J

where z,__,, 1s the appropriate percentage point from the standardized normal distribution and

ko 22 :Pj” if 0>k-1
5_ EH" % l 0 otherwise
— k L
Mt 0=3"w6,-6f
i=1
i 1
Ve |=— T (2
N/ T L-'z(ﬁ'—l{u‘—h—%;
_ 1 2 1 ‘f . 5 _2 ‘
- 5., = Wy —kn
i i+{.2 k— a_g /
“‘I'




Graphical Displays

A number of plots have been devised to
display the information in a meta-analysis.
These include the

forest plot,

radial plot,

L'’Abbe plot.



Data format for NCSS Meta-

Analysis

The data are entered into a dataset using one row per

study.

Six variables are required:
sample size,
Mean,
standard deviation (SD)

of both Treatment group and Control group.
In addition to these, an additional variable is usually

used to represent a short (3 or 4 character) label.
Another variable may be used to define a grouping

variable.



A Numeric Example

Sutton (2000) page 30 as the dental dataset.
This dataset reviews g randomized clinical trials
(RCTs) that were conducted to study the effects of
sodium fluoride (NaF, & it 4 ) with sodium
monofluorophosphate (SMFP, 5 & &k 4p ).
These nine studies were all on the same continuous scale,
so their results could be analyzed using the meta-analysis.

This dataset contains data for nine randomized clinical
trials that were conducted to study the effect of
fluoridation.

The NaF data represent the control group and the
SMFP represent the treatment group.




Data Format in NCSS
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Numeric Summary Section Using Random Effects Model

Study NT/NC Mean T Mean C
=1 1134134 55200 59600
=2 151175 50700 4.7400
=3 1404137 25100 2.0400
=4 1794184 3.2000 27000
=h 1694174 53100 §.0900
=5 736754 4 7500 47200
=7 203209 10,9000 10.1000
=5 11221151 3.0100 28200
= B7F34E79 4.3700 3.8800
[Combined]

HAwerage

Difference
03500
0.3300
0.4700
0.5000

-0.2800
0.0400
0.3000
0.1900
0.4900

0.2835

s0DT
47200
53800
32200
24500
£.1400
52500
75000
33200
53700

Mote: This report shows the input data far each study in the analysis. The ‘Average’values are
actually weighted averages with weights based an the effects modelthat was selected.

Nondirectional Zero-Effect Test Using Random Effects Model

Outcome
Rows Measure Chi-Square
Combined Mean Diference 14 8417

Mote: This chirsquare value tests the nul hypothesis that all effects are zero versus

the afternative that at least one study had a non-zero effect.

Prob Level

DF
H

sDC
42400
45400
25500
23200
48600
£.3300
8.1000
3.0500
48500

EE%: Combine {& Trt group
EA Control group” 7=

This 1s the significance level of the test. If this value is less than the nominal value of alpha
(usually 0.05). the test 1s statistically significant and the alternative 1s concluded. If the value 1s
larger than the specified value of alpha. no conclusion can be drawn other than that yvou do not

have enough evidence to reject the null hypothesis.




Directional Zero-Effect Test Using Random Effects Model

Outcome Prab
Rows Measure Chi-Square DF Level
Combined Mean Diference 04395 1 0.0021

Mote: This chir-square value tests the null hypothesis that all effects are zero versus
the aternative that all studies had the same, non-zero effect.

This reports the results of the directional zero-effect chi-square test designed to test the overall
null hypothesis that all treatment effects are zero. The null hypothesis is written

Hy:6=0 i=1.---.k
The alternative hypothesis is that &, = 6 = 0 for all 7. that is. that all effects are equal to the same.

non-zero value. FE—EIFoEE, 6




Effect-Equality (Heterogeneity) Test

Outcome Cochran's Prob
Treatment Measure Q DF Level
Combined Mean Difference 54022 8 0.7139

This reports the results of the effect-equality (homogeneity) test. This chi-square test was
designed to test the null hypothesis that all treatment effects are equal. The null hypothesis is
written

Hy6=6 i=L--.k

The alternative is that at least one effect 1s different, that is. that the effects are heterogeneous.
This may also be mterpreted as a test of the study-by-treatment interaction. This test may help
you determune whether to use a Fixed Effects model (used for homogeneous effects) or a Random
Effects model (heterogeneous effects).

Cochran’s Q

This 1s the computed chi-square value for Cochran’s Q statistic. The formula was presented
earlier.

B & BX(Ho): #7151 ¢ » Rk R Edgnck (effect)f = ¥ 8, 0
e 2388 2 Ho, s Lig & # * - T 2% #5-3(fixed effect model)
= EAE% s Ho, A Z & @ * 5§82 % #i-73] (random effect model)



Mean Difference Detail Section Using Fixed Effects Model

95.0% 95.0% Percent
Lower Upper Fixed
IMean Standard Confidence Confidence Effects
Study  Difference Error Limit Limit Weight
=1 0.56500 05704 02635 1595835 28172
=2 0.3300 05545 07817 14217 27645
=3 0.4700 0.3516 02221 1.1621 55887
=4 0.5000 0.2503 0.0085 09934 135235
=5 -0.2800 0.5400 -1.3421 07821 29198
=5 0.0400 02752 -0.4993 05793 112455
=7 0.5000 07828 07384 23384 1.3500
=3 01900 01337 00720 04520 47 B529
= 0.4500 0.27g2 00554 1.0354 109974
[Combined]
Ayerage 0.2835 0.0923 01025 04643

Maote: This report presents the diference’svalue and a confidence interval
The ‘Average’ lne presentsthe combined estimates for the group. The weights let you
determine the influence of each study on the combined results.

Confidence Limits
These are the lower and upper confidence limits

Weights

The last column gives the relative (percent) weight used in
creating the weighted average.

Using these values, you can decide how much influence each
study has on the weighted average.



Forest Plot (Zx /X [E])

Forest Plot of Mean Difference

The size of the plot symbol is

proportional to the sample N ' Symbol
size of the study. . — ¢ Combined
The points on the plot are B Individual
sorted by the mean ® ™

difference. .

The lines represent the
confidence intervals about

S3

the mean differences. = |
Note that the narrower the «

confidence limits, the better. * R
Conclusion is focused on the | .
Combined point.

Also, we can determine s

which study did not show oo - 95% Cl ;250
significant results. <®

15 0.5 0.5 1.5 25
Mean Difference



Radial plot (X [q][E])

Radial Plot of Mean Difference

The radial (or Galbraith)

plot shows the z-statistic 4'05
(outcome divided by |
standard error) on the 20 -

vertical axis and a

measure of weight on 0_05 :
the horizontal axis. : ;
Studies within the limits _205

are interpreted as
homogeneous.

Studies outside the 40

limits may be outliers. 1/(Standard Error)

Z Statistic




L’Abbe plot

L'Abbe Plot
The L'Abbe plot displays

the treatment mean on _
vertical axis versus the - :
control mean on the '
horizontal axis.
Homogenous studies will
be arranged along the
diagonal line.

This plot is especially
useful in determining if the
relationship between the
treatment group and the
control group Is the same .
for all values of the control 2.0 ¥ e

group risk. 2.0 45 7.0 95 12.0
Control Group Mean

12.0 -

©
(@)}
L

Treatment Group Mean
~ ~




—{[&FreefyMeta-Analysis Software

MIX 2.0

MIX 2.0 is a statistical add-in for performing meta-
analysis in Excel.

TR FE B4

5 T HREKAE | (Solver)ifz £

=(Add-in)

The free Lite version is for educational purposes and
contains datasets used in the most authoritative books

on meta-analysis.

The paid Pro version has additional features enabling
users to create and edit their own datasets.

N ER AL

http://www.meta-analysis-made-easy.com/download/index.html



Thank you for your attention!!

Understanding
The New Statistics

) : _ it Effect Sizes, Confidence
with Ap[ﬂlﬂi‘lllﬂl’lh Intervals, and Meta-Analysis

Statistical Meta-Analysis

3 i ot 2

. L -

Meta-analysis in Y OU
1 Ty

Medical Research + |

#

-
"

Joachim Hartung
Guido Knapp

Bimal K. Sinha BM -|- GeolT Cumming

Gioicching Leandoo

B marfl

HWILEY




