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Key question

THE LIMITATIONS OF SUBGROUP FINDINGS

What are essential standards for conducting subgroup / \
analyses in cardiovascular medicine?
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Subgroup analyses require advanced planning,
including adequate statistical power and high
reporting standards.
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Take-home message

A well-conducted subgroup analysis provides more ,E?;:. g ;E Qf

evidence for personalized medicine and establishes
hypotheses for future research.

Summary

Resources for clinical research are limited. With increasing demand for patient-centred care, which is growing into an integral component
of modern medicine, studying outcomes of patients with specific clinical characteristics is becoming increasingly important. Given the
high cost of clinical trials and the time it takes to complete an investigation, it has become compulsory for investigators to assess not only
treatment effects between the main randomized groups but also to try to identify clinically relevant subgroups that may particularly bene-
fit from specific treatments. Publications of subgroup analyses turned out to be prevalent, and more importantly, these findings play a sig-
nificant role in strategic planning and decision-making processes. Therefore, raising awareness among clinicians about the concepts and
values of subgroup analysis is an aspect of improving patient outcomes. In this statistical primer, we give a broad introduction to the topic
of subgroup analysis in scientific research. We furthermore discuss the concept of subgroup analysis; the motivation for assessing sub-
groups; the types of subgroup analyses and the paradigm of hypothesis-generating research; the proper statistical methods for the exami-
nation of subgroup effects; and the optimal approach for interpretation of results. Finally, this review establishes the comprehensive users’
guide for analysing and reporting subgroup studies on a point-by-point basis, using real-world examples that may help readers to gain
experience to pursue their own subgroup analyses or interpret those of others.

©The Author(s) 2020. Published by Oxford University Press on behalf of the European Association for Cardio-Thoracic Surgery. All rights reserved.
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ABBREVIATIONS

CABG  Coronary artery bypass grafting
DES Drug-eluting stent
LMD Left main disease

PCI Percutaneous coronary intervention
RCT Randomized controlled trial
INTRODUCTION

Well-designed and rigorously conducted randomized controlled
trials (RCTs) are viewed as the ultimate scientific tool to assess
the safety and efficacy of treatments [1]. Among researchers,
clinicians and regulatory agencies, results from dedicated RCTs
are generally considered necessary to enhance treatment strate-
gies, patient safety and quality of care. The process of assigning
study participants to intervention by chance should guarantee
that treatment groups are well-balanced in terms of known and
unknown confounding factors, thus ensuring that any difference
in outcome can be explained only by the treatment effect.
However, their conduct is significantly limited by ethical and
practical concerns including the long period of recruitment and/
or follow-up and the typically high costs. These concerns play a
particularly relevant role in phase IV trials, which involve a more
substantial number of patients because the goal of the investiga-
tors is to establish the gold standard of care for daily practice.
Because of the time and resources invested in clinical trials and
because a large amount of data on each recruited patient is often
collected [2], the investigators attempt to derive as much infor-
mation as possible from RCTs. Performing subgroup analyses and
publishing specific subgroup papers have become popular pro-
cesses done to increase the impact of an RCT. It has, therefore,
become essential to discuss the benefits and challenges of sub-
group analyses and to establish the guiding principles for scien-
tific reporting. Hence, in this statistical primer, the key statistical
issues that are relevant for high-quality standards to report sub-
group analyses of RCTs are discussed further. Of note, many of
these aspects can also be applied to observational studies.

(MIS)USE OF SUBGROUP ANALYSES

Subgroup analyses are necessary to evaluate whether the overall
treatment effect in a trial is consistent across patients with differ-
ent risk profiles. Beyond the vital role of identifying significant
treatment heterogeneity across different subsets of patients, sub-
group analyses may also serve as an outstanding source of infor-
mation for generating hypotheses for future research and
providing insights for personalized medicine [3]. Overall, sub-
group analyses carry more weight than retrospective analyses
and, if positive, are often used to support the hypotheses for clin-
ical trials. However, subgroup analyses have also been misused
to ‘save the trial’ by identifying a patient subgroup that may ben-
efit from a particular treatment despite the trial reporting a neu-
tral primary end point result. Indeed, only a minority of trials in
cardiovascular medicine have sufficient statistical power to detect

a treatment effect among subgroups, and the results of many of
these analyses have been misleading and overstated in the scien-
tific literature [4, 5]. Almost 2 decades ago, Sleight [6] from
Oxford University published numerous examples of wrong inter-
pretations of subgroup analyses that caused severe harm to
patients. They found, for example, that restricting the use of
thrombolytic and B-blockade therapies only to patients with an-
terior myocardial infarctions were incredibly harmful, showing
that those treatments were beneficial also for myocardial infarc-
tions in other anatomical locations. This editorial should remind
physicians why subgroup analyses do not always need to be ac-
curate and highlight potential reasons for low statistical power to
detect treatment effects where their true statistical significance
exists.

Many systematic reviews and meta-analyses combine patient
data from subgroups of patients to estimate the treatment effect
for clinically relevant subgroups of patients. Despite the widely
acknowledged benefits of meta-analyses of data from individual
patients compared to conventional meta-analyses [7, 8] in car-
diovascular medicine, data sharing receives insufficient attention
from clinical trialists. This attitude may be partially justified by
the numerous legal and technical barriers that remain and that
are difficult to overcome, but they must be addressed and re-
moved as quickly as possible. A brilliant example is the field of
genetics in which the academic community has established an
overall agreement to share all available data among investigators
for research activities in the same area [9]. In light of current cir-
cumstances, the results of subgroup analyses serve as an essential
source of information for conventional meta-analyses; hence
well-conducted studies can minimize future publication bias.

DEFINING SUBGROUPS

A subgroup can be described as any subset of the overall studied
population that is determined by the absence or presence of 1 or
more descriptive factors [10]. Numerous intrinsic and extrinsic
factors may be used to categorize patients into subgroups, in-
cluding demographic characteristics, comorbidities, severity or
type of disease, clinical presentation or procedural aspects. These
factors can be further classified as dichotomous (e.g. men and
women), categorical (e.g. different geographical locations),
ranked categorical [e.g. low (0-22), intermediate (23-32) and
high (>33) SYNTAX score tertiles] or continuous (e.g. age).
Demographic characteristics, such as sex, are most often natu-
rally defined. Other categorizations depend on additional meas-
ures that may potentially lead to a risk of misclassification. There
should be a clear justification for the choice of combining
patients into subgroups and for the use of cut-off points for con-
tinuous variables. Ideally, subgroups should be defined in the trial
protocol, with definitions based on clinical relevance or expert
consensus definitions. However, in the case of continuous varia-
bles, non-linear associations can be explored with splines [11].
The appropriate distinction between the subgroups relative to
the overall studied population is of ultimate importance during
the study design because any mistake in the definition of a subset
can lead to the study not being accepted or, even worse, to the
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study results being cited and used in daily practice and subse-
quently retracted by a journal [12].

CONSIDERATIONS FOR PERFORMING
SUBGROUP ANALYSES

Prespecified and post hoc subgroup analyses

Clinical trial participants are naturally heterogeneous due to indi-
vidual patient risk profiles such as age, sex, the severity of a dis-
ease or additional comorbidities that are known to be associated
with prognosis. Subgroup analyses are performed to assess the
consistency of treatment effects measured on a relative scale,
such as risk ratios, odds ratios or hazard ratios, or, in the case of
binary clinical outcomes, across different subgroups. Studies of
treatment effects among specific subsets of patients need to be
planned during the design phase of an RCT. Such prespecified
subgroup analyses are defined and documented in the study
protocol before any examination of data. To give more strength
to prespecified subgroup analyses, stratified randomization can
be used to ensure a balanced distribution of characteristics
among subgroups; for example, randomization between coro-
nary artery bypass grafting (CABG) and percutaneous coronary
intervention (PCl) can be stratified according to the status of dia-
betes mellitus, because this variable is known to impact the com-
parative effectiveness of treatments. However, the lack of
stratified randomization does not a priori render subgroup analy-
ses invalid.

In a recent investigation of published study protocols, a major-
ity of cardiovascular trials reported specific articles on subgroup
analyses, but only about 20% of these analyses were performed
on a prespecified subgroup [13]. All other analyses were per-
formed on post hoc subgroups, i.e. they were not defined in the
protocol before the investigators saw the data. This type of analy-
sis is particularly challenging because there is a high plausibility
that a hypothesis was established after the statistical analyses
were performed. Post hoc subgroup analyses are sometimes re-
ferred to as a fishing expedition’, where investigators are looking
for significant results.

Hypothesis-generating subgroup analyses. Although pre-
specified subgroup analyses are more trustworthy than post hoc
analyses, clinical investigators should avoid performing a large
number of subgroup analyses, whether prespecified or post hoc.
Both prespecified and post hoc subgroup analyses may have a
limited ability to inform individual treatment decision-making
because of false positive (type | error) results due to multiple test-
ing or false negative (type Il error) results because of inadequate
sample size and statistical power. Results from a subgroup analy-
sis should not be used to justify a change in clinical practice if
the results are not prespecified and do not have enough statisti-
cal power to detect a clinically meaningful difference.
Accordingly, the results of subgroup analyses should be viewed
with caution and generally used for generating hypotheses for fu-
ture clinical trials.

End points. Clinical trial end points can be classified as primary,
secondary or exploratory. The primary end point is the main
study outcome and represents the parameter for which the study
sample size is determined. Secondary or explanatory end points

are those that are used to provide additional clinical characteri-
zation of treatment effects. Importantly, the majority of clinical
studies lack sufficient power for these end points. Therefore, em-
phasizing secondary end points carries an extremely high risk of
reporting false-positive conclusions. Generally, the judgement of
subgroup effects should be based on the primary end point
results, whereas secondary end points may be used in rare situa-
tions, for example when a strong signal of harm in a subgroup,
such as a markedly higher risk of death, outweighs the risk of
false positive findings.

Example of a subgroup analysis. An example of where a sub-
group analysis was used for the hypothesis of a new RCT comes
from the Synergy between Percutaneous Coronary Intervention
with TAXUS and Cardiac Surgery (SYNTAX) trial. The trial was
designed to examine if PCl with first-generation drug-eluting
stents (DESs) was non-inferior to CABG for the 1-year incidence
of major adverse cardiac and cerebrovascular events among
1800 patients with de novo 3-vessel disease or left main disease
(LMD) [14]. The overall 1-year results demonstrated that PCl was
not non-inferior to CABG [14]. Importantly, however, subgroup
analyses according to (i) the presence of LMD (n=705) and 3-
vessel disease without LMD (n=1095) were prespecified to reach
the desirable statistical power of 80% for major adverse cardiac
and cerebrovascular events; and (ii) the SYNTAX score was deter-
mined post hoc to determine the impact of coronary lesion com-
plexity on the comparison between PCl and CABG. Whereas
CABG was clearly superior to PCI in patients with 3-vessel dis-
ease, patients with LMD did well with PCI versus CABG, particu-
larly those with a low or intermediate SYNTAX score (0-32). This
result generated the hypothesis that PCI was non-inferior to
CABG in patients with LMD and a SYNTAX score <32. The
Evaluation of XIENCE versus Coronary Artery Bypass Surgery for
Effectiveness of Left Main Revascularization (EXCEL) trial subse-
quently tested the hypothesis and compared PCl with
everolimus-eluting stents (XIENCE Family Stent System, Abbott
Vascular, Santa Clara, CA, USA) with CABG among 1905 such
patients [15].

Multiple testing

An alpha of 0.05 implies that there is a 5% probability of claiming
statistical significance when there is no actual difference between
the analysed groups. However, this interpretation is overoptimis-
tic in most cases [16]. Even if the interpretation was always ap-
propriate, if 20 independent statistical tests are performed with
an alpha of 0.05, there is a 64% [1 - (1 - 0.05)*°] chance of ob-
serving at least 1 significant result (Table 1). In the cardiovascular
literature, the total number of analyses reported is almost always
higher than 20; therefore, the probability that published findings
are likely to be false positive is significant (Fig. 1). Crucially, false
positive results may cause serious medical, economic and legal
issues, especially if the study results are published in journals that
have substantial credibility among health care professionals. This
specific issue has received increasing attention over the last deca-
des, but there is still no consensus on how to deal with multiple
comparisons [18]. The Bonferroni correction and Benjamini-
Hochberg approaches are most commonly used to reduce the
number of false-positive results. They do not address the funda-
mental problems of significance testing at an alpha level of 0.05
in the presence of underpowered tests and the potentially low
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prevalence of real between-group differences [16]. They may in-
crease the number of false negative results at the same time but
are frequently performed to address the overall false positive rate
of multiple tests at least partially.

Test for interaction

Moving beyond the question of whether a statistical analysis
should include an adjustment for multiple testings, a proper ana-
lytical approach for the examination of subgroup effects must in-
clude a test for treatment by subgroup interaction [19]. This

Table 1: Testing multiple hypotheses

Number of  The probability of finding one or more  Expected number
analyses (N)  false positive results by chance 100 - of false positive

(1 - the significance level)™ findings
(suppose o =0.05) (%)

1 5 0.05

2 10 0.1

4 23 0.2
10 40 0.5
20 64 1

40 92 2
100 99 5

Expected probability of finding one or more false positive and expected
number of false positives under the optimistic assumption that 50% of
tested differences are real and the power of each performed analysis is
95%. False positive rates will increase dramatically with decreasing power
and decreasing probability that a tested difference is real [16].

statistical approach is the most effective tool to overcome the
concerns of false positive findings. It determines whether there is
a significant difference in the treatment effect measured on a rel-
ative scale according to a specific characteristic. This approach is
opposed to the ‘main effect’, which is the effect of a single inde-
pendent variable, in trials of the treatment allocation, on the de-
pendent variable. The types of interactions are divided into
quantitative and qualitative for dichotomous subgroups. As
shown in Fig. 2, a quantitative interaction implicates the variation
in the magnitude of treatment effects whereas a qualitative inter-
action implies a change in the direction of the treatment effects
among different subgroups. Qualitative interactions also include
the only situation in which an interaction test is significant but in
which there is no difference in the main results of the individual
subsets. In general, quantitative interactions are more likely to be
genuine than interactions that are qualitative.

Due to the nature of interactions, these analyses can only be
explored if both groups of a subgroup analysis are reported.
However, this is not always the case. In a comparison of bare-
metal stents (BMSs) versus DESs, Stefanini et al. [20] reported that
outcomes favoured DES over BMS concerning safety and efficacy
among women, on the basis of the individual P-values of the
analyses. However, because no men were included in the study,
it is unclear whether this treatment effect associated with DES is
similar in men and whether there is any difference in the direc-
tion and magnitude of the treatment effect according to sex.

The presence of a positive test result for a treatment by sub-
group interaction, as defined by a significant P-value for interac-
tion at a 2-sided alpha of 0.05 or smaller, is particularly relevant
for the interpretation of subgroup results. If the test results are
negative, one must assume that the difference in the treatment
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Figure 1: The risk of false-positive findings after performing multiple subgroup analyses (adapted from an illustration by Lagakos [17]).
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Figure 2: Different types of treatment-variable interactions. CI: confidence interval; HR: hazard ratio.

PCl CABG HR (95% CI) pvalue P o
Sex
Male 387/4380 (10-7%)  318/4394 (8-8%) — 120(1.03-1-39) 00181 0-82
Female 152/1373 (12:7%) 119/1371 (10-6%) +— 123(0-97-157) 0.0854
Age at baseline (years)
<65 20042971 (8-0%) 160/2940 (6-4%) e 123(1-00-151) 00534 098
=65 339/2782 (14-8%)  277/2825(12:5%) — 119 (1.02-1-40) 0-0284
Body-mass index (kg/m’)
<30 373/3958 (11:2%)  304/3953 (9-4%) —_— 120 (1.04-1:40) 00156 043
=30 148/1548 (121%)  106/1558 (8-6%) B e 135(1-05-1:73)  0-0179
Hypertension
Yes 391/3880(12.2%)  332/3913 (10-6%) e 116 (1.00-134) 00527 025
No 145/1859 (9-1%) 103/1835 (6-6%) — 137 (1.06-176) 00144
Hypercholesterolaemia
Yes 364/3982 (11:0%)  288/3862 (9-1%) —— 119 (1.02-1-39) 00272 076
No 173/1744 (11-6%) 148/1873 (9-5%) e 124 (1:00-1:55)  0-0527
Diabetes
Yes 2782215 (15:7%) 185/2171 (10-7%) —— 144 (1-20-174) 00001 0-0077
No 261/3538 (8-74%) 252/3594 (8-4%) —— 1.02 (0-86-121) 081
Peripheral vascular disease
Yes 75/424 (20-7%) 58/440 (16-0%) — 135(0-96-1.90) 0.0869 0.66
No 4284734 (10-6%)  346/4724 (8:7%) —— 1.21(1.05-139) 00094
Previous myocardial infarction
Yes 183/1438 (14.2%)  146/1417 (11-6%) — 1.21(0:97-1-50) 0-0852 0-97
No 318/3700 (10-2%)  257/3739 (8-4%) e 1:22(1:03-1-44) 0-0180
Left-ventricular ejection fraction
=50% 356/4447 (9-6%) 311/4597 (8-3%) e 114 (0-98-1-32) 00974 0-65
30-49% 132/807 (19-3%) 95/779 (15-1%) —_— 1.41(1-08-1.84) 00122
<30% 18/49 (57-3%) 16/54 (34-4%) * 1.25(0-64-2-46) 0.52
SYNTAX score
0-22 105/1533 (8-8%) 100/1585 (8-1%) 1.02 (0:77-134) 091 021
23-32 163/1677 (12-4%) 122/1545 (10-9%) - 1.20(0:94-151) 014
233 117/871 (16:5%) 83/927 (11-6%) —_—— 152(1-15-2:02) 0-0029

T T 1
05 1 2 3
—b
Favours PCI Favours CABG

Figure 3: Caterpillar plot of subgroup analyses of 5-year mortality rates after CABG and PCl obtained for the pooled analysis of individual patient data from 11 clinical
trials. Reprinted with permission from Elsevier [23]. CABG: coronary artery bypass grafting; Cl: confidence interval; HR: hazard ratio; PCl: percutaneous coronary

intervention.

effect between subgroups occurred by chance alone. In this situ-
ation, the main effect observed in the trial overall needs to be
considered as the most representative for all subgroups and no
subgroup-specific treatment effects can be claimed. Positive test
results for an interaction provide some evidence for a difference
in treatment effects between subgroups, but the caveats

discussed above regarding false positives need to be taken into
account. P-values for the interaction in the study report typically
use the same threshold of significance as conventional analyses.
The sole reporting of a P-value for an interaction is not adequate
and needs to be complemented by treatment effects with the
corresponding confidence intervals observed in each of the
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Table 2: Critical points for reporting and interpreting sub-
group analytic data

The study design:

e s the subgroup analysis prespecified in the study protocol or designed
post hoc?

e Are both the subgroup of interest and the complementary subgroup
included?

e s the subgroup analysis powerful enough for the proposed end points?

e Is the subgroup variable a stratification factor during the
randomization?

e How is the subgroup defined?

e Does the subgroup analysis have a prior statistical power >50% to de-
tect subgroup effect?

e Is the subgroup analysis restricted to groups >35% of the original
cohort?

Statistical analysis:

o s the intention-to-treat principle being used in the subgroup analysis?
o s the test of interaction applied?

e s there any adjustment for multiple testing?

e Is the analysis adjusted for any variety of critical prognostic factors
among subgroups?

Reporting results:

e Are the differences in baseline characteristics presented (detailed de-
scription may include supplemental material)?

o Does the results section focus mainly on the primary end point(s)?

e Are event numbers and denominators presented together with a test of
statistical significance and interaction terms?

e s the graphical presentation of the subgroup effects included?

Discussion:
e Is the main emphasis placed on the primary outcome of the study?

e s the subgroup effect consistent or conflicting with evidence from pre-
vious related studies?

o s there any indirect evidence to support the differential effects?

e Are the limitations of the study emphasized correctly?

e s the hypothesis-generating study design emphasized appropriately?
e [s the study conclusion based on the primary end point results?

subgroups. A graphical presentation using a caterpillar plot is
desirable.

REPORTING SUBGROUP ANALYSES

The pattern of inadequate reporting of subgroup analyses was rec-
ognized almost 3 decades ago [21]. Despite numerous published
editorials [10, 19, 22], there has been no relevant improvement in
the reporting of subgroup effects among publications between
2007 and 2014 in the top 5 medical journals: The New England
Journal of Medicine; The Lancet; JAMA: The Journal of American
Medical Association; Annals of Internal Medicine; and BMJ: The British
Medical Journal [5]. Of the 270 investigated subgroup analyses,
roughly two-thirds did not apply any formal test for heterogeneity
or interaction across subgroups. Furthermore, the authors found
that the numbers of subgroup analyses using appropriate methods

decreased from 77% in 2007 to 63% in 2014. Findings from large
numbers of subgroup analyses may, therefore, be misleading.

Done correctly, the results of subgroup analyses should be
reported in detail as follows: (i) the total number of investigated
patients; (i) the total number of events also expressed by percen-
tages; (ii) the hazard ratio (or another relative measure of treatment
effect) and the corresponding 95% confidence intervals; (iv) the P-
value for treatment by subgroup interaction; and (v) a caterpillar
plot as a graphical illustration of the treatment effect (Fig. 3).

However, a study report must also include specific information
on the assessment of the validity and reliability of a subgroup find-
ing. Thus, critical considerations (checklist) for conducting and
interpreting a subgroup analysis are given in Table 2. Although the
randomization process is expected to ensure the balance of risk
factors between the overall treatment groups, it is less likely that
subgroups will remain balanced if subgroups are small, unless ran-
domization has been stratified according to the particular sub-
group characteristic. A significant difference in a potent
prognostic factor could cause confounding, which can be
addressed by tests for interaction adjusted or stratified by this
confounding factor.

The acknowledgment of a study’s limitations provides the
authors an opportunity to demonstrate critical thinking concern-
ing the methods selected for investigation of the research prob-
lem and helps to convince the editorial board, the reviewers and
potential readers that the study was conducted according to the
highest scientific standards. Therefore, it is essential to recognize
the 'hypothesis-generating’ nature of subgroup analyses and ac-
knowledge the limitations of the analyses.

CONCLUSIONS

Subgroup analyses are performed in the majority of clinical trials.
Unfortunately, reporting of subgroup analyses is often inade-
quate. Misinterpretation of subgroup results may lead to subopti-
mal treatment and could mislead subsequent research. However,
if subgroup analyses are well-designed and adequately analysed,
the results may be crucial for informing physicians about treat-
ment by subgroup interactions. Findings of post hoc subgroup
analyses can be hypothesis-generating and assist in performing a
dedicated, powered, confirmatory clinical trial. There remains a
clear opportunity for significant improvements in the design and
reporting of subgroup analyses. Strategies for improving the cur-
rent practice of subgroup analyses require better education and
more precise reporting standards. This article provides the check-
list needed for the study design, statistical analysis and reporting
of a subgroup study, and in addition, may serve as a vital tool in
critical appraisal of scientific papers.
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