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Summary

The need for multiplicity adjustments in clinical trials is a very controversial issue. The aim of this paper is to provide gen-
eral recommendations that can help determine whether multiplicity adjustment is necessary.

A brief overview of the most commonly encountered multiplicity adjustment methods and of the multiplicity issues that of-
ten arise in clinical trial settings (multiple endpoints, subgroups, multiple doses or treatments and interim monitoring) is giv-
en.

To provide an insight into the Italian context, protocols which have been evaluated by the Ethical Committee of the Poli-
clinico of Padova from January 2009 to May 2010 are reviewed and discussed.

The literature suggests that there is no one single method for multiplicity adjustment that is preferred in all instances. Re-
gardless of which approach is used, however, the selected procedure must be specified in the clinical trial protocol and sta-
tistical plan before undertaking any analyses of the data.

Multiplicity adjustments are related to the need of the clinical research to fully exploit the information from clinical trials
and their usage should be motivated by the effective benefits of exploiting such information at the maximum extent.

KEY WORDS: multiplicity adjustment; clinical trials, adaptive designs; Bonferroni

Introduction

Over the past decade, the multiplicity issue has
been of increasing concern in the clinical trials area
both from a statistical and regulatory perspective.
Multiplicity arises in virtually any clinical trial be-
cause of multiple tests or looks upon data, e.g., for
several treatment or dose groups, multiple endpoints,

interim analyses, multiple subgroups, and at the very
end from the need of the investigators to exploit the
study answering as many questions as possible, kee-
ping study integrity and correctness.

Multiple tests and looks of different aspects of a
trial virtually widen the noise spectrum leading to
an increased frequency of false signals (1). The fact
that carrying out multiple statistical tests in a sin-
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gle experiment inflates the probability of a false-
positive result (2-5), is well recognized by the me-
dical research community, and this has promoted
the development of many multiple comparison ad-
justment procedures.

Confirmatory clinical trials in drug development
and approval are largely driven by expectations of
the regulatory agencies. In 2002, the European
Agency for the Evaluation of Medicinal Products
(now European Medicines Agency, EMA,
http://www.ema.europa.eu/) published a docu-
ment concerning the multiplicity problem ® stating
that “...multiplicity can have a substantial influence
on the rate of false positive conclusions whenever
there is an opportunity to choose the most favou-
rable results from two or more analyses...”. Later,
the EMEA reflection papers (7-8) on adaptive de-
signs refer to the recommendations given in the pre-
vious document (6) for stating details of the mul-
tiplicity issues arising in the analysis plan.

At present, the U.S. Food and Drug Administra-
tion (FDA, http://www.fda.gov/), is drafting a gui-
dance document (9) for industry on adaptive de-
signs that echoes EMEA guidelines by defining
the bias associated with the multiplicity of options
as the bias introduced “...because of the oppor-
tunity to choose the successful result from among
the multiplicity of options”.

Based on concerns about elevated false-positive
(Type 1) error rate, not only reguiatory agencies, but
also scientific guidelines such as the CONSORT Sta-
tement (10) advocate the use of multiplicity adju-
stments addressing multiplicity of analyses as a pos-
sible limitation (Item no. 20), and suggest indica-
ting pre-specified or exploratory ancillary analyses
(Item no. 18 and 20 of CONSORT extension) (11).
While these documents acknowledge the non-op-
timal performarnice of multiplicity adjustment, pro-
vided that it is well documented and justified in
the study protocol, this remains a very controversial
point. On the opposite side of the debate is the re-
cent EMA provocative statement, open for di-
scussion, at the ISPE Meeting (http://www.phar-
macoepi.org/meetings), stating that “... results from
epidemiology and pharmacoepidemiology studies
mislead the public because of a failure to adjust
for multiple comparisons. Journals should not pu-
blish studies that do not account for multiplicity”.
Many authors argue against multiplicity control for

several reasons, just to name a few, to avoid the loss
of statistical power (i.e., the probability of rejec-
ting the null hypothesis given that the treatment is
actually effective) when information from other
sources should be used to prevent misinterpreta-
tion (12) or when there is a priori interest in esti-
mating marginal treatment effects for a limited num-
ber of comparisons (13); to preserve organization
and logistical efficiency in multi-arm trials (14);
to prevent ad hoc corrections to manipulate stati-
stical significance; and to avoid unrealistic global
null hypothesis testing that no treatment has any
effect and no subgroups benefit from the treatment
(15). Others contend, however, that ignoring mul-
tiplicity can lead to serious misinterpretation of stu-
dy findings and publishing bias (16).

The aim of this paper is to give general recom-
mendations that can help determine whether
multiplicity adjustment is necessary. The next sec-
tion contains a brief overview of multiplicity ad-
justment methods. The following section intro-
duces multiplicity issues that most commonly ari-
se in clinical trial settings. The last section com-
prises some concluding remarks.

Overview of multiplicity
adjustment methods

A large body of literature describes statistical me-
thods to adjust Type | errors for multiple testing
and we refer the reader elsewhere for the details
[see, for example, the books by Hsu (17), Miller
(18) and Hochberg and Tamhane (19)].

Until recently, most of the literature on multiple
testing focused on methods to control the false-
positive error rate for the entire trial, which is de-
noted as familywise error rate (FWER), where ‘fa-
milywise’ (also ‘experimentwise’) means for the
selected hypotheses out of all possible hypothe-
ses, at a given o level (that is, methods to ensure
that the FWER < o).

The most well-known method is the Bonferroni
procedure, which sets the significance level for in-
dividual tests at divided by the total number of stu-
dy comparisons. The Bonferroni method, howe-
ver, yields conservative bounds on Type | error and,
hence, it tends to reduce power, inflating the Type
Il error rate. When the total number of compari-
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sons is large, the Bonferroni procedure is in ad-
dition overly conservative. Several modified and
sometimes more powerful versions (20-22) of the
Bonferroni method have been developed that
provide strong control of the FWER.

To account for the hierarchical structure of mul-
tiple analyses, gatekeeping procedures that involve
the prospective specification of families of null hy-
potheses that are tested in a sequential manner have
been developed (23). The most straightforward ap-
plication of these procedures is that to the multi-
ple endpoint problem, via a sequential gatekeeping
approach, in which testing of families (or gates)
of null hypotheses in a pre-specified sequence con-
tinues only when all hypotheses in the previous fa-
mily have been rejected; otherwise, the procedu-
re stops, and hypotheses in families that have not
yet been tested cannot be rejected. Because of this
strict hierarchical nature of the testing, an uncor-
rected overall significance level can be used for
testing each family of hypotheses, however, ad-
justment is necessary when multiple null hypo-
theses are being tested within a family. Different
approaches to control the FWER can be used for
this adjustment, including some of those discus-
sed above. In other words, if the primary endpoint
fails to achieve statistical significance, the study
is regarded as a failure and no secondary endpoint
will be tested. When the success or failure of the
study is driven by the primary endpoint, this se-
quential strategy makes logical sense. In case of
multiple doses or composite endpoints this ap-
proach is inappropriate (24).

The increase of the Type | error when repeated ana-
lyses are performed on accumulating data led se-
veral authors in the late 1970s to propose simple
strategies, named Group Sequential Designs
(GSDs), to maintain this risk of Type I error to a
desired value, given a fixed schedule of analyses
planned in advance, the so-called interim analy-
ses, (see Jennison and Turnbull (25) for a review).
The earliest proposals for GSDs developed by Po-
cock and O’Brien and Fleming, were primarily
two-sided tests for normal responses with known
variance. More flexible designs based on error
spending functions which allow unequal group si-
zes and unspecified inspection times have also been
developed. However, the GSD allows only reas-
sessing the number of people to be involved in the

mean course of the study, but no insight is given
to the appropriateness of the chosen, expected, cli-
nical effect, which remains a priori fixed as in the
general, classical designs.

An alternative approach to the design of sequential
clinical trials that well accomplishes this task has
been proposed by Bauer (26) and Bauer and Koh-
ne (27). This method is called the adaptive design
approach (28). It allows a wide range of modifica-
tions to the trial design, including sample size re-
estimation and design parameters re-specification,
to be made at each interim analysis, while main-
taining control of the overall Type | error rate (29).

Multiplicity issues

Multiple primary endpoints. The primary endpoint
will typically determine whether the study results
are considered positive, negative, or uninforma-
tive concerning the effect of treatment, regardless
of the results for other endpoints. Moreover, the
sample size, power, and other features of the cli-
nical trial design will be based on the primary en-
dpoint. In a regulatory context, when there is a sin-
gle pre-specified primary efficacy endpoint and all
additional endpoints are declared as providing only
supportive exploratory information, adjustment for
multiplicity will typically not be necessary.
Human diseases are often characterized by mul-
tiple measures, therefore the effect of the inter-
vention in a clinical trial may actually be measu-
red via multiple endpoints.

When significant results are required for all the pri-
mary endpoints, in this case called co-primary en-
dpoints, no adjustment for multiplicity is neces-
sary. Noteworthy, the overall power will be less
than the smallest power for testing each co-primary
endpoint. If the test statistics are completely in-
dependent, then the overall power is the product
of the powers for testing each co-primary endpoint.
If the test statistics are perfectly correlated, then
the power for detecting the same (standardized)
effect size on all endpoints is the same as the com-
mon power for detecting the same (standardized)
effect size at the individual co-primary endpoint
level (30). This should be taken into account at the
sample size estimation step and explicitly docu-
mented in the study protocol.
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Table 1. Need for multiplicity adjustments depending on the number of primary endpoints (p), the number of secondary end-
points (s) and the endpoints for which a significant result is required.

Primary Secondary Target Multiplicity
Endpoints Endpoints (significance) adjustment
p=1 S> One primary No
p=1 s> One primary, the secondary marginally significant Yes
p=>1 s>1 All primary No
p=>1 s>1 Al least one primary Yes
p=3(P1, P2, P3) s>1 Either P1 or both P2 and P3 Yes
p=3(P1, P2, P3) s>1 Either (P1 and P2) or (P1 and P3) Yes
p=1 sx1 Hierarchical significance among primary No
p=>1 >1 k < p primary, the remaining marginally Yes
p=>1 s>1 Complex (usually hierarchy between primary and secondary) Yes

When a significant result is required for only one
of multiple primary endpoints in order to consi-
der a trial positive, each endpoint must be tested
with a significance level that has been corrected
for multiplicity. There are also other circumstan-
ces in which multiplicity adjustment is usually
avoidable, for example, when additional en-
dpoints are used only to explore treatment me-
chanisms, to examine secondary hypotheses, or to
generate hypotheses for future studies. Table 1
summarizes our subjective view of the need for
multiplicity adjustment for various scenarios.

In order to distinguish between endpoints that
could be used for labelling claims from en-
dpoints that would provide only supportive evi-
dence, some authors (31) advocate to clearly spe-
cify the set of endpoints for which strong control
of the Type I error rate is guaranteed, and that any
significant result within this set is equally valid,
regardless of their designation (i.e. primary, se-
condary,...).

Subgroups.

A subgroup within a clinical trial may be classi-
fied as proper or improper depending on whether
it is delineated by patients’ baseline characteristics
or by a post-randomization event or measure (32).
No validity is usually given for improper outco-
me-based subgroup findings since a subgroup ef-
fect may be the result of inherent patients’ cha-
racteristics that led to a particular response or side
effect rather than a true treatment effect. Subgroup
analyses have often been criticized for being post
hoc and leading to suboptimal clinical practice
(33). Nevertheless, there are many situations

where there are prior clinical or biological reasons
why a certain subgroup may particularly benefit
from a given treatment. In this context, testing stra-
tegies for both the overall and pre-specified sub-
group hypotheses, which have optimal power and
strongly control the FWER exist (34) and are re-
comimended. Strategies have been proposed that
allow testing for a subgroup although results in the
overall population might not be significant (35).
If there is no a priori reason to expect subgroup
differences, one should first test whether there is
an effect in the overall group, and proceed further
only if this test were significant. In this case, an
interaction test (36) could be applied.

Multiple dose groups or treatments.

Identifying the minimum effective dose that pro-
duces a relevant biological effect is a fundamen-
tal step in the development of any medicinal drug.
The analysis of data from dose-response studies
has traditionally been divided according to two ma-
jor approaches: model-based approaches and
multiple comparison procedures. Model-based stra-
tegies assume a functional relationship between
the response and the dose, taken as a quantitati-
ve factor, according to a pre-specified parametric
model. On the contrary, multiple comparison
procedures consider the dose as a qualitative fac-
tor and make very few or no assumptions about
the underlying dose-response model. Unified
strategies combining multiple comparison and mo-
delling techniques while preserving the FWER in
dose-response studies have been proposed (37).
In randomized dose-finding studies it is common
to compare several dose groups with a placebo
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group and/or an active control. It is known that
establishing equivalence to an active control is of
limited value if both the dose and the active con-
trol have not been shown to be superior to place-
bo. Furthermore, it is well recognized that si-
multaneous testing for non-inferiority and supe-
riority in an active-controlled clinical trial does not
require multiplicity adjustments (38).

Since confirmatory clinical trials are an expensi-
ve and time-consuming component of drug deve-
lopment, multi-arm clinical trials in which multi-
ple treatments may be tested simultaneously (14)
are attractive for efficiency and logistical reasons.
Some authors (14, 39) suggest that the need for mul-
tiplicity adjustments depends on the relatedness of
individual comparisons. Only if each experimen-
tal arm is a component of a primary overall que-
stion (e.g. the treatment recommendation will be
based on a joint interpretation of treatment com-
parisons), a multiplicity adjustment is required.

Interim Monitoring.

Interim assessments of long-running confirmato-
ry clinical trials are important from both ethical
and economic standpoints as in most medical stu-
dies and need to be done carefully and judiciou-

sly. The decision to conduct an interim analysis
should be based on sound scientific reasoning that
is guided by clinical and statistical integrity,
standard operating practices, and regulatory con-
cerns. Since interim analyses allow early stopping
for strong evidence of efficacy or futility, there is
potential for gaining for single entities such as phar-
maceutical industries. In this context, multipiici-
ty adjustments are extremely important and both
GSDs and adaptive designs can be applied.
Adaptive designs should not be seen as a means
to alleviate the burden of rigorous planning of cli-
nical trials. Instead, adaptive designs wouid be best
utilized to cope with difficult experimental situa-
tions. In all instances the type of the anticipated
design modification would need to be described
and justified in the study protocol.

Some insight in the ltalian Experience

A review of the protocols which have been eva-
luated by the Ethical Committee of the Policlini-
co of Padova reveals (Table 2) that a small frac-
tion of them is actually explicitly referring to the
issue of multiplicity in taking multiple compari-

Table 2. Protocols evaluated by the Ethical Committee of Policlinico of Padova.

Protocols Drug studies Controlled Multi-group Adjustment
comparison in analysis

2009

January 17 10 6 3 3
February 11 4 2 0

March 19 11 9 2 2
April 18 10 8 2 2
May 25 14 10 4 4
June 15 12 6 1 1
July 23 9 6 2 2
September 26 18 11 3 3
October 20 15 10 1 0
November 16 10 7 1 1
December 16 4 1 0

Total 2009 206 117 76 19 (9,2%) 18
2010

January 17 6 4 3 (1 Bayes) 3
February 19 7 4 0

March 21 7 4 1 1
April 31 14 12 3 3
May 15 3 2 0
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sons (9.2% in 2009 and 6.8% in 2010). The im-
portance given to the proper analysis and defini-
tion of primary and secondary endpoints in the
trials’ protocol, which includes the treatment of
multiplicity, is ranking between the 4" and the 6™
position in terms of importance, as emerging from
the NEBICE survey among biostatisticians ope-
rating in the Italian ethical committee (www.si-
smec.info). This seems not to be affected by the
post-graduate level of education attained (Table 3).

Conclusions

Multiplicity adjustments are unguestionably the
consequence of the need of the clinical research
to exploit the results eventually obtained in clinical
trials: this encompasses the need to reduce the lag
between drug ideation, approval and its availabi-
lity on the market, but also the ethically sensiti-
ve issue of getting as much information as possi-
ble from each single patient involved in the stu-
dy.

In this sense, the usage of sequential and adapti-
ve designs is perhaps one of the most promising
perspective in clinical research over the last de-
cades. This of course poses several issues; ifi terms
of an ethically sound conduction of the study, but
should not prevent it, in principle, from increasing
their concrete application in nowadays trails.
The new flexibility introduced by adaptive designs
to clinical trials entails a possibly high danger of
malpractice. To prevent any fraudulent use, spe-
cific regulatory guidance is required on the pre-

requisites of any contingent modification of the ori-
ginal study plan.

Some specific points could be considered to re-
duce the negative aspects of the multiplicity ad-
justments still preserving their appealing charac-
teristics of increasing study rationality:

1. Multiplicity should never be the effect of a po-
orly designed experiment. Its usage should be mo-
tivated by the effective benefits of exploiting the
study information at the maximum extent.

2. Tests on primary and secondary endpoinits, the
hierarchy among them should be always clearly
indicated in each protocol design, to allow regu-
latory agencies and ethical commiittee a proper eva-
luation of the risk of type | errors.

3. Power should be ensured and clearly calcula-
ted and discussed with reference to the actual set
of hypotheses as implemented with multiplicity ad-
justment.

4. The loss of statistical power ensuing from mul-
tiplicity control or adjustment should be antici-
pated, and adequately foreseen, in sample size cal-
culations.

5. External and independent ad-hoc steering
committee should be ensured to evaluate proper
study adaptation and its compliance with what in-
dicated in the study protocol.

Regarding the methods suitable for adjustment, the
literature suggests that there is no one single me-
thod for multiplicity adjustment that is preferred
in all instances. Rather, the appropriate measure
will depend on the study design, the primary re-
search questions that are to be addressed, and the
strength of inferences that are required. Regardless

Table 3. Ranks of importance of primary and secondary endpoint definition and analysis in evaluating protocols as result-

ing from the NEBICE survey.

Rark (%) 1 2 3 4 5 6 7 8 9 10
Overall

Primary 2 0 10 11 18 24 18 9 4 4

Secondary 3 1 3 9 15 15 31 9 13 2

MD or MA

Primary 0 0 5 22 22 10 18 2 2 8

Secondary 0 2 5 2 22 12 34 7 15 0

PhD

Primary 3 0 12 6 16 26 18 11 4 3

Secondary 4 0 2 11 11 16 30 9 12 3
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of the approach is used, the selected procedure
must be specified in the clinical trial protocol and
statistical plan before undertaking any analyses of
the data. A posteriori procedures for the adjustment
for multiple comparisons may appear as stopgap
measures to avoid negative results and should the-
refore be avoided, even in exploratory analyses.
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