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Abstract

Objectives: Robustness of an existing meta-analysis can justify decisions on whether to conduct an additional study addressing the
same research question. We illustrate the graphical assessment of the potential impact of an additional study on an existing meta-
analysis using published data on statin use and the risk of acute kidney injury.

Study Design and Setting: A previously proposed graphical augmentation approach is used to assess the sensitivity of the current test
and heterogeneity statistics extracted from existing meta-analysis data. In addition, we extended the graphical augmentation approach to
assess potential changes in the pooled effect estimate after updating a current meta-analysis and applied the three graphical contour def-
initions to data from meta-analyses on statin use and acute kidney injury risk.

Results: In the considered example data, the pooled effect estimates and heterogeneity indices demonstrated to be considerably robust
to the addition of a future study. Supportingly, for some previously inconclusive meta-analyses, a study update might yield statistically
significant kidney injury risk increase associated with higher statin exposure.

Conclusions: The illustrated contour approach should become a standard tool for the assessment of the robustness of meta-analyses. It
can guide decisions on whether to conduct additional studies addressing a relevant research question. © 2015 Elsevier Inc. All rights
reserved.
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Given an existing meta-analysis, it is often of particular
interest to determine whether conducting and adding a new
study would change conclusions or whether the existing ev-
idence provides a definitive answer to the research ques-
tion. To improve the quality and value of research being
conducted, international collaborative groups such as the
Evidence-Based Research Network and the Grading of
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Recommendations Assessment, Development and Evalua-
tion (GRADE) working group are seeking tools either to
qualify the discussion as to whether further studies are
required or to communicate high-quality evidence as
“when further studies are unlikely to change the estimate’
[1,2]. Furthermore, when using meta-analyses as primary
analysis method for the assessment of treatment effects
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What is new?

Key findings:

e For two previously inconclusive meta-analyses on
statin exposure and the risk of acute kidney injury,
it would be of particular interest to conduct further
studies because the updated meta-analyses might
demonstrate a statistically significant risk increase
associated with higher statin exposure levels. Such
a change is likely to be observed even for moderate
study and effect sizes.

e The illustrated contour approach can guide deci-
sions on whether to conduct additional studies ad-
dressing a relevant research question.

What this adds to what was known?

e The previously developed contour approach was
extended to display potential changes in the pooled
effect estimate after updating an existing meta-
analysis with an additional study.

e The contour plot analysis of the statin use and kid-
ney injury meta-analysis data show that future sin-
gle studies of common sample size will not
considerably change the direction and magnitude
of the currently evident effect estimates.

What is the implication and what should change

now?

e The illustrated contour approach should become a
standard tool for the assessment and reporting of
the robustness of meta-analyses.

e Future versions of the “extfunnel” functions avail-
able in the statistical software packages R and
Stata (R Core Team; StataCorp LP, College Sta-
tion, TX) should be extended to include the effect
estimate contours as proposed in this article.

based on consecutively conducted studies, for being time
and cost-effective, it is of particular interest to know if
the initiation of another study to be included in an existing
meta-analysis could relevantly change the actual results and
conclusion. The idea of assessing justification for a new
trial or study based on evidence syntheses has been widely
discussed in literature [3—5]. In particular, it would be
helpful to assess the potential impact of an additional study,
by investigating the possible change in the pooled effect es-
timate, statistical significance, and in the level of between-
study variance of an existing meta-analysis [6]. This would
facilitate the implementation of valid stopping rules for
usefulness and futility, the assessment of robustness of a
meta-analysis, as well as steer update prioritization of

portfolios of systematic reviews and sample size calcula-
tions for the design of future studies added to an existing
meta-analysis [7,8].

In a recent methodologic research article, Langan et al.
proposed [9] a graphical approach for assessing the impact
of additional evidence on a meta-analysis on the basis of
contours for statistical significance of the pooled effect es-
timate and the estimated between-study heterogeneity.
Although these statistics reflect aspects of stochastic uncer-
tainty and dispersion, they do not allow for a meaningful
interpretation from a clinical practice perspective. For
instance, a new study may change the pooled effect toward
statistical significance, yet the change may not be clinically
relevant. On the other hand, an additionally conducted and
added study may not yield into a significant pooled effect
estimate but may considerably change magnitude or even
direction of the effect measure. Further discussion on dif-
ferences between clinical and statistical importance of
changes in effect estimates can be found in literature
[3,10,11].

In this article, we extend Langan’s approach to allow for
a graphical assessment of the sensitivity of the pooled ef-
fect estimate of an existing meta-analysis with respect to
the addition of a new single study.

We apply the contour graph method to real meta-
analysis data on the effect of high-dose statins on the risk
of acute kidney injury and illustrate the amount of ambigu-
ity with respect to relevant effect and heterogeneity statis-
tics when adding evidence of a subsequently conducted
study.

2. Study design and setting
2.1. Contour plot approach

As previously described by Langan et al. [9], contour
plots can be used to display the impact of an additional
study on the estimates of relevant model parameters. These
graphical augmentations overlay and divide a funnel plot
(displaying single point estimates on the x-axis and corre-
sponding standard errors on the y-axis) into multiple re-
gions. The regions show the potential impact that the
additional study could have on important aspects of the
analysis, in particular the statistical significance of the
pooled meta-analysis effect estimate and the estimate of
between-study heterogeneity.

We developed a routine to display these two contours,
following the approach suggested by Langan et al. In addi-
tion, we implemented a third graph displaying contours of
the change in the pooled effect estimate of an existing
meta-analysis after adding results of a subsequently con-
ducted new study.

The contours of statistical significance relate to the sta-
tistical test of null effect of the pooled effect parameter
of the updated meta-analysis. The contours show the
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magnitude of the effect and standard error for the potential
additional study for which a certain predefined level of sta-
tistical significance of the pooled estimate from the updated
meta-analysis would be exceeded. In fact, the contours
define regions where the new study result must be located
to reject the null-effect hypothesis at a desired level (usu-
ally 5%).

Studies of a meta-analysis differ inevitably in design,
conduct, and participants. To quantify the extent of this het-
erogeneity is therefore important because it determines the
possible strength of conclusions drawn on the basis of the
results of the meta-analysis [12]. We chose the I statistic
as the corresponding measurement for heterogeneity. The
heterogeneity contours indicate the impact of an additional
study on the estimate of between-study variance. The het-
erogeneity contours therefore display the two-dimensional
location of an effect estimate and a standard error of a
new study that would be required to move the I* statistic
to a specific predetermined value. Four contours are dis-
played, three informative I* values (determined by the I*
of the existing meta-analysis) and the last one relating to
the current I* value of the meta-analysis. Effect and stan-
dard error estimates of an additional study would increase
the value of I if they are located inside the region encircled
by the contour or decrease the value if they fall outside the
contour lines.

It is of particular interest to predict the change in the
overall effect estimate because it measures the strength of
the association between the exposure factor and the
outcome. Therefore, in addition to the two contour ap-
proaches for statistical significance and study heterogene-
ity, we implemented additional graphs displaying the
change in the exposure effect parameter of interest. In
particular, we defined the following two contours for the
change in the statin exposure associated excess of odds
for acute kidney injury: less or equal than 50% and above
50%. Furthermore, we added contours for a null-effect odds
ratio of 1 and for the current pooled effect estimate.

These contour lines can be used to visualize the robust-
ness of the current meta-analysis to the addition of a future
study because the result of a new study is generally ex-
pected to be in the same region as the previously included
studies.

2.2. Data source and data extraction

In a recently published article, Dormuth et al. [13] con-
ducted meta-analyses on the association between hospitali-
zation for acute kidney injury and the use of high- vs.
low-potency statins in patients suffering from kidney dis-
ease. Outcome and exposure data from about two million pa-
tients aged >40 years being newly treated with statins were
included in seven Canadian provincial databases (Alberta,
British Columbia, Manitoba, Nova Scotia, Ontario, Quebec,
and Saskatchewan) and two international databases (the
United Kingdom and the United States). The results for the

nine studies were pooled together in meta-analyses on the
same health research question in different subpopulations.
Daily statin doses were categorized as high or low according
to their potency in lowering serum concentrations of low-
density lipoprotein cholesterol. There were four exposure
categories: patients who were treated with statins for less
than or equal to 120 days, between 121 and 365 days, be-
tween 366 and 730 days and patients who were not exposed
to statins within the first 120 days of the index date but after.
Within these subgroups, the comparison of high-potency vs.
low-potency statins was conducted for patients with and
without chronic kidney disease yielding a total of eight
meta-analyses.

The point estimates (propensity score adjusted odds ra-
tios) of each study were extracted from the figures provided
in the article of Dormuth et al. [13]. Corresponding stan-
dard errors of the log odds ratios for each study were calcu-
lated from confidence intervals.

3. Results

We denote SEj, to be the standard error for the largest
study and, similarly SEg for the standard error of the small-
est study of each meta-analysis. Unlike Langan’s contour
plots, our proposed graphs are displayed with larger stan-
dard errors at the top of the graph, and the different con-
tours correspond to the different impacts that the study
can have on the summary statistics of the meta-analysis.
For the purposes of brevity, graphical representations of
the analysis results are only displayed for the four meta-
analyses on patients with chronic kidney disease (see online
Supplementary material/Appendix A at www.jclinepi.com
for the contour plots referring to the four meta-analyses
in patients without kidney disease). However, for all eight
meta-analyses, potential relevant changes of effect and het-
erogeneity estimates are summarized in Table 1.

3.1. Overall effect estimate

The first row panel of Fig. 1 embeds our proposed con-
tour plots for the overall effect estimates for the four meta-
analyses on high- vs. low-potency statins in chronic kidney
disease patients. Although in most instances the null-effect
contour is close to the contour that displays a 50% reduc-
tion in excess odds, a study that could change the direction
of the estimated overall effect would need to be located
apart from the other studies with respect to both the effect
estimate and the standard error.

3.2. Statistical significance

The plots in the second row panel of Fig. 1 show the
impact of a potential study on the statistical significance
of the overall effect estimate. The plots for the meta-
analyses A and B (first and second column, Fig. 1) indicate
a wide region of potential study outcomes (to the right of
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Table 1. Current meta-analysis summary statistics and their potential changes according to the contour method (indicated by arrows as described in
the following) for the eight meta-analyses on statin exposure and risk of acute kidney injury conducted by Dormuth et al. [13]

Chronic kidney Duration/*initiation of

Overall effect estimate:

Statistical significance Heterogeneity

Meta-analysis disease current statin exposure (days) odds ratio [95% Cl] (P-value) index (P in %)
A With <120 1.11[0.99; 1.24] 0.07 (\) 32 (/)

B With [121; 365] 1.08 [0.96; 1.22] 0.19 (\) 0

C With [366; 7301 1.04 [0.92; 1.18] 0.50 0

D With *not within 120 days 1.16 [0.85; 1.57] 0.35 49 ()

of the index date

E Without <120 1.34 [1.25; 1.43] <0.01 20 ()

F Without [121; 365] 1.11[1.04; 1.19] <0.01 0

G Without [366; 7301 1.15[1.09; 1.22] <0.01 0

H Without *not within 120 days 1.06 [0.98; 1.15] 0.12 0

of the index date

Arrows indicate defined* relevant possible changes of the corresponding summary statistic:
* Change in the overall effect estimate (odds ratio) that would alter excess odds by more than 50% (~ or \.). Change in the statistical signif-
icance of overall effect estimate: from P> 0.05 to P < 0.05 (\.); from P < 0.05 to P> 0.05 (7). Absolute change in I? heterogeneity index of

>20% ().

the last contour) that would lower the statistical signifi-
cance of the effect estimate to a value below 0.05. For
example, using the current data, the estimated log odds ra-
tio for meta-analysis A (patients treated for fewer than
120 days) is not statistically significantly different from
0 (P = 0.07). To establish a statistically significantly higher
risk of hospitalization for patients who were treated with
high-potency statins, the odds ratio of a new study would
have to be higher than 1.11 with standard error equal to
SE,; or higher than 1.73 for an additional study, with stan-
dard error equal to SE;

Similarly, in Table 1, the estimated treatment effect from
meta-analysis B (patients treated for between 120 and
365 days) is not statistically significantly different from
null (P = 0.19). To be able to observe a statistically signif-
icantly higher risk of hospitalization for high-potency sta-
tins, for an additional study with standard error equal to
SEy, the odds ratio would have to be larger than 1.22.

Table 1 presents that the current P-value for meta-
analysis C is 0.5, which indicates very little evidence
against the null hypothesis. However, one could observe a
statistically significant pooled effect estimate indicating a
higher risk of hospitalization for high-potency statins if a
study with standard error equal to SE, yielded an odds ratio
larger than 1.3.

In Fig. 1, the current pooled effect estimate based on
meta-analysis D is also not statistically significant
(P = 0.35). In contrast to the first three meta-analyses,
however, the contours for a statistically significant overall
effect at level 0.05 are not even present on the graph. There-
fore, it is very unlikely that even with a large study with the
pooled effect estimate of the updated meta-analysis would
become statistically significant.

3.3. Heterogeneity

The plots in the third row panel of Fig. 1 show the effect
of an additional study on the estimate of between-study het-
erogeneity, I°. For meta-analyses A and D, no plausible

additional study result would reduce the estimate of I*
below 32% and 50%, respectively, regardless of the value
of the effect estimate or the standard error. For meta-
analyses B and C, the current meta-analyses yield I* esti-
mate of 0%. The contours show that it is quite unlikely that
one would observe a study that would change the I* esti-
mate from 0% for meta-analysis C, whereas it is quite plau-
sible that one would estimate some level of heterogeneity in
meta-analysis B on observing data from an additional study.

4. Discussion

The contours method used for assessing the impact of
future study data on an existing meta-analysis was applied to
data on statin use and acute kidney injury to determine whether
inclusion of a future 10th study was justified or not. The poten-
tial impact was evaluated and illustrated for the pooled effect
estimate, statistical significance, and heterogeneity, according
to a wide range of possible effect estimates and standard errors
that the additional study might have.

These contour graphs provide regions where the estimate
and standard error of a new study would have to lie to war-
rant clinically relevant and statistically significant conclu-
sions from the updated meta-analysis. We stress that the
choice of increments for the effect estimate contours depends
on the context of the studies being considered in the meta-
analysis (eg, type and clinical relevance of the outcome,
range of previously observed and expected effect sizes).
We suggest that, in contrast to contours for P-values for
formal hypothesis tests, contours for effect sizes should be
ideally not considered as strict rejection boundaries but
rather reviewed as a continuous scale for the assessment of
clinical relevance.

The illustrative example in this article is based on obser-
vational data. It is commonly accepted that the potential for
bias in effect estimation is larger in nonrandomized studies.
However, meta-analyses can get close to the results of ran-
domized controlled trials if selection bias can be excluded,
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Fig. 1. Contour plot analyses for the four meta-analyses (A—D) on hospitalization for acute kidney injury in patients with chronic kidney disease
after receiving low-potency or high-potency statins. Odds ratio values >1 indicate a risk increase associated with higher potencies of statins.
The solid diamond and the extend line represent the pooled effect estimate and its 95% confidence interval; and the 95% prediction interval,
respectively. First row panel: odds ratio (OR) estimate contour; the solid line depicts those coordinates of a new study that would reveal the same
OR as derived by the nine currently included studies. The dashed lines represent coordinates of a new study which lead to a decrease or increase of
the excess odds of 50%. The dotted line represents coordinates of a new study which would lead to an estimated null treatment effect (OR = 1).
Second row panel: statistical significance contour; the solid line depicts those coordinates of a new study that would reveal the same P-value for the
pooled effect estimate as derived by the nine currently included studies. The dashed lines represent coordinates of a new study which lead to a P-
value of 0.05 and therefore divide the plot into significance and nonsignificance regions. Third row panel: heterogeneity contour based on the
inconsistency index (/2); the solid lines depict those coordinates of a new study that would reveal the same /? value as derived by the nine currently
included studies. Dashed lines (if representable) depict /2 values of 30% and 50%. Overlapping of contours: On the left side of column panel A, the
P-value dotted line for the 0.05 level is overlapped by the solid line for the 0.07 level. Absence of contours: On plot D, contours for 0.05 P-value
and 30% /2 are missing because it is not possible that this new meta-analysis becomes significant and that its heterogeneity decreases to 30%. For
plots B and C, contours for 50% /2 are not displayed for a better readability and avoid overlapping of contours.

all potential confounding variables are measured, and so-
phisticated confounder-adjustment procedures are used.
The design and statistical analysis approach of the cohort
studies included in the example meta-analyses, at their best,
aimed to fulfill these conditions.

There are some further limitations which have been
already widely discussed in previous work: although the
choice of the statistical model (fixed or random effects)
should not exclusively rely on the observed data, changes
in the statistical model choice may occur after including
a new study. The funnel plot approach, however, does not
enable automated handling of such situations so that
manual review of results and subsequent reconsideration
of model choice are required. Moreover, the method could
potentially be improved by estimating the between-study
variance (7%) with a Bayesian approach instead of the used
DerSimonian and Laird method. The Bayesian approach is
more sophisticated because it allows incorporation of un-
certainty in the estimation of all parameters, including 7>
[10,14]. However, the main problem with the Bayesian
approach is the need to specify a prior distribution for the

parameters of interest. The contour graphs could then also
be extended by illustrating the impact of the new study
on the confidence interval of the overall random effect es-
timate of the meta-analysis. It would be of particular inter-
est to examine how the width of a random-effects
confidence interval and prediction interval increases or de-
creases according to a new study’s effect estimate and stan-
dard error. For the fixed-effects approach, corresponding
contours for confidence interval limits and widths have
been proposed previously [11]. Earlier proposals of clinical
equivalence contours incorporate formal test results such as
changes in P-values for pooled effect estimates [11]. The
contours extension suggested within this work reflects po-
tential changes in effect estimates and purposively disre-
gards aspects of statistical significance.

The proposed method focuses on the inclusion of
evidence from only one additional study on the meta-
analysis but not for multiple additional studies. General-
izing this approach to the addition of multiple studies
would need more assumptions, such as adjustment of
P-value for multiple sequential testing [11]. For example,
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previous work by Yusuf and Pogue [15], and subsequently
by Wetterslev et al. [16] and Thorlund et al. [17], suggested
building monitoring boundaries for cumulative meta-
analysis and determining the optimal information size.
These boundaries control for random error in case of mul-
tiple testing when sequentially accumulating data and
mainly address the problem of spurious effect determina-
tion induced by early significance testing at inappropriate
cumulative sample size.

Finally, conclusions based on the contour plot approach
can become difficult if different clinical outcomes have to
be simultaneously considered. Sophisticated methods need
to be developed to help summarize information across mul-
tiple outcomes.

Langan’s approach and its extension to point estimate
contours being illustrated in this article represent an explor-
atory tool kit to visualize the sensitivity of all relevant
meta-analysis statistics. Because of its straightforward im-
plementability and interpretation, the contour plot method
should become a standard tool for the assessment and re-
porting of the robustness of meta-analyses. We suggest that
future versions of the “extfunnel” functions available in the
statistical software packages R and Stata should be
extended to include the effect size contours as proposed
in this article. With this article, we provide a brief tutorial
on how to apply the contour plot approach to meta-analysis
data using the statistical software package R (online
Supplemental material/Appendix B at www.jclinepi.com).

5. Conclusions

The discussed approach can effectively guide decisions
on whether and how to initiate additional evidence-
contributing studies in a wide range of research areas with
controversial or inconclusive state of evidence.

Supplementary data

Supplementary data related to this article can be found at
http://dx.doi.org/10.1016/j.jclinepi.2015.05.030.
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