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Abstract

This paper gives a review of three classes of parallel gatekeeping procedures

that can be used in clinical trials with multiple objectives grouped into two

or more families. We begin with a high-level summary of three methods for

building parallel gatekeeping procedures proposed in the literature and provide

a detailed comparison of the three methods. The comparison is based on an-

alytical arguments as well as simulation studies and helps us develop general

recommendations on the use of these methods in clinical trial applications. The

methods discussed in this paper are illustrated using clinical trial examples with

two families of objectives.
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1 Introduction

Clinical trial sponsors and regulators have long recognized the importance of address-
ing multiplicity problems in clinical trials with multiple objectives. More recently,
statistical methods for analysis of clinical trials with several “sources of multiplicity”,
including multiple families of endpoint tests, treatment-control tests, treatment effect
tests in several patient populations, have started to attract attention among clinical
trial researchers. These “multidimensional” multiplicity problems arise increasingly
often due to emphasis on more challenging disease states and more sophisticated drug
development strategies.

Gatekeeping procedures, defined as multiple testing procedures for hypothesis
testing problems with multiple families of null hypotheses of no treatment effect, have
been developed to address more complex multiplicity problems. Work in this research
area started in the late 90s with the first publications by Maurer et al. (1995) and
Bauer et al. (1998). These papers, along with Westfall and Krishen (2001), focused
on more basic types of relationships among multiple families of treatment effect tests.
Specifically, it was assumed in these papers that the families are ordered and each
family serves as a gatekeeper for the next family in the sequence. The families are
tested sequentially and a gatekeeper is passed if the serial gatekeeping condition is
satisfied (all tests in the current family are significant). For example, in a trial with
multiple primary and secondary endpoints, significance must be demonstrated for
all primary endpoint tests before the secondary endpoints can be examined. These
gatekeepers are termed serial gatekeepers and multiple testing procedures used in
problems of this kind are known as serial gatekeeping procedures.

Subsequent publications in this area dealt with more flexible types of relation-
ships among individual families, including parallel gatekeepers (Dmitrienko, Offen
and Westfall, 2003; Dmitrienko and Tamhame, 2009). To pass a parallel gatekeeper,
at least one test in the current family must be significant. This formulation of multidi-
mensional multiplicity problems is an extension of the serial gatekeeping approach and
provides clinical trial sponsors with more opportunities to tailor analysis strategies
in trials with complex objectives. For information about more general formulations
of hypothesis testing problems with multiple families, see Dmitrienko and Tamhane
(2010).

Due to increasing interest to the development of flexible multiple testing proce-
dures, several methods for building parallel gatekeeping procedures arising in prob-
lems with parallel gatekeeper have been developed. In this paper we will focus on
three main methods:

• Method 1 (multistage parallel gatekeeping procedures) was proposed in Dmitrienko,
Tamhane and Wiens (2008).
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• Method 2 (Bonferroni-based parallel gatekeeping procedures) was developed in
Bretz et al. (2009).

• Method 3 (4A-based parallel gatekeeping procedures) was introduced in Li and
Mehrotra (2008b).

The main objective of this paper is to provide a comparison of the methods listed
above to facilitate efficient implementation of parallel gatekeeping procedures in clin-
ical trials. It is difficult to give a detailed comparison of the three methods because
it will require a careful examination of the underlying algorithms. We will focus on
a hypothesis testing problem involving two families of null hypotheses of no treat-
ment effect. This is a relevant problem arising in numerous clinical trial and, in
addition, this simple setting provides important insights into the “machinery” used
in different classes of gatekeeping procedures and will help the reader understand the
relationships among the three methods.

The paper is organized as follows. A two-family hypothesis testing problem con-
sidered in the paper is introduced in Section 2. The three methods for constructing
parallel gatekeeping procedures are defined in Section 3. This section also introduces
motivating clinical trial examples and important concepts such as the independence
condition. Section 4 focuses on the comparison of Methods 1 and 2 and, similarly,
Section 5 performs an evaluation of Methods 1, 2 and 3. The comparisons presented
in the two sections are based on analytical arguments and are illustrated using Monte
Carlo simulations. Section 6 presents high-level conclusions.

2 Two-family hypothesis testing problem

To help define the three methods mentioned in the Introduction, we will first introduce
a general two-family setting which will be used throughout the paper. Consider k null
hypotheses of no treatment effect in a clinical trial and assume that they are grouped
into two families (Family 1 and Family 2). The first k1 null hypotheses, denoted by
H1, . . . , Hk1

, are related to the primary trial objectives and defines the overall outcome
of this trial. They will be termed the primary null hypotheses. The remaining k2 null
hypotheses (k1 + k2 = k), denoted by Hk1+1, . . . , Hk, are secondary null hypotheses
corresponding to the secondary trial objectives that provides supportive evidence
of treatment effect. The hypotheses within each family are equally weighted and
the first family serves as a parallel gatekeeper. We are interested in constructing
a gatekeeping procedure which accounts for the parallel gatekeeping condition and
controls the global familywise error rate (FWER) at a pre-specified α, e.g., one-sided
α = 0.025. The word global is used here to indicate that the FWER is protected
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across the two families rather than within each family. By contrast, a procedure
which preserves the FWER within a family is said to provide local FWER control.

Two-family problems of this kind commonly arise in pharmaceutical development.
The setting is illustrated below using two clinical trial examples: cardiovascular trial
example (Example 1) and schizophrenia trial example (Example 2).

Example 1 deals with a hypothesis testing problem arising in a clinical trial aimed
at evaluating the effects of a new treatment on morbidity and mortality compared to
that of placebo in patients with severe heart failure (it is based on the example used in
Dmitrienko and Tamhane, 2009, Section 5.4). Four efficacy endpoints are utilized in
this trial. The first two are primary endpoints and the others are secondary endpoints.
To account for this, the treatment effect tests for these endpoints are grouped into
two families:

• Family 1: Test 1 (treatment effect on all-cause mortality) and Test 2 (treatment
effect on cardiovascular mortality and cardiovascular hospitalization).

• Family 2: Test 3 (treatment effect on cardiovascular mortality) and Test 4
(treatment effect on all-cause mortality and all-cause hospitalization).

We will denote the null hypotheses of no effect used in these tests by H1, H2, H3

and H4. The tests in Family 1 will be carried out first and the trial will be declared
successful if the treatment is shown to be superior to placebo on at least one endpoint.
After the primary trial objective is met, the tests in Family 2 will be carried out. In
other words, the secondary null hypotheses will be tested if one or more primary null
hypotheses are rejected, i.e., Family 1 is a parallel gatekeeper. The decision rules are
summarized in the diagram displayed in Figure 1. The arrows in the diagram indicate
that, whenever a primary null hypothesis is rejected, both secondary null hypotheses
are testable.

Further, Example 2 deals with a clinical trial in patients with schizophrenia and
resembles the examples introduced in Dmitrienko and Tamhane (2010, Section 2)
and Millen and Dmitrienko (2010, Section 6). In this trial the efficacy profiles of
two doses of an experimental treatment (Dose 1: low dose; Dose 2: high dose) will
be compared to that of placebo. The two dose-placebo comparisons define the first
source of multiplicity. Another source of multiplicity is due to evaluation of the
treatment effect in two patient populations, namely, in the general population of
patients diagnosed with schizophrenia as well as a certain subpopulation of patients
which was defined using results of previously conducted trials. The four treatment
effect tests are grouped into two families:

• Family 1: Test 1 (treatment effect at Dose 1 versus Placebo in the general
population) and Test 2 (treatment effect at Dose 2 versus Placebo in the general
population).
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• Family 2: Test 3 (treatment effect at Dose 1 versus Placebo in the subpopula-
tion) and Test 4 (treatment effect at Dose 2 versus Placebo in the subpopula-
tion).

As in Example 1, the corresponding null hypotheses of no effect are denoted by H1,
H2, H3 and H4. The trial sponsor is interested in carrying out the treatment effect
tests in the subpopulation as long as there is evidence of a significant effect in the
general population at either dose level and thus Family 1 is a parallel gatekeeper.
The treatment effect is expected to be greater in the subpopulation and, if a highly
significant effect is observed in the subpopulation at either dose level, this clinically
relevant finding will help the trial sponsor enrich the product label for the novel
treatment. The gatekeeping strategy in this example is equivalent to that defined in
Example 1 and the decision rules in Example 2 are represented by the same diagram
(see Figure 1).

Examples 1 and 2 are based on identical gatekeeping strategies. However, there is
one potential difference between the two examples, which is related to the so-called
independence condition. In Example 1 the primary null hypotheses are formulated in
terms of the primary efficacy endpoints that define the overall trial outcome. Thus
it is natural to require that the inferences for the primary null hypotheses be in-
dependent of the inferences for the secondary null hypotheses. This will guarantee
that the overall trial outcome is driven only by the primary endpoints (O’Neill, 1997)
and the primary analysis does not “borrow” power from the supportive secondary
analyses. This condition is known as the independence condition and was introduced
in Dmitrienko, Offen and Westfall (2003). The independence condition is frequently
imposed in trials with primary and secondary objectives. However, it is sometimes
sensible to remove this restriction. In particular, the primary and secondary null hy-
potheses in Example 2 can be treated as interchangeable. In other words, the overall
population and subpopulation analyses can be considered equally clinically relevant
and, as a result, it may be acceptable to let the decision rules for the primary null
hypotheses be influenced by those for the secondary null hypotheses.

3 Three methods for building parallel gatekeeping

procedures

This section defines three methods that can be used to construct gatekeeping proce-
dures for the general two-family setting with a parallel gatekeeper.
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3.1 Method 1

The first method was developed in Dmitrienko, Tamhane and Wiens (2008). It serves
as an extension of the methods introduced in Dmitrienko, Offen and Westfall (2003),
Dmitrienko et al. (2006) and Guilbaud (2007). It was introduced to help clinical
trial researchers build general parallel gatekeeping procedures. The method is based
on a multistage algorithm, i.e., one first specifies a multiple testing procedure for
each family (these procedures are termed component procedures) and the gatekeep-
ing procedure is constructed by performing the component procedures sequentially
beginning with Family 1. The multistage algorithm defines α propagation rules by
computing the significance levels to be used in each family. In the two-family setting,
Method 1 uses the following two-stage algorithm:

• Stage 1: Test the primary null hypotheses using the primary component pro-
cedure P1 at α1 = α. If at least one primary null hypothesis is rejected, go
to Stage 2. The significance level to be used in Stage 2, denoted by α2, is
determined by the number of null hypotheses rejected by P1 and is defined
below.

• Stage 2: Test the secondary null hypotheses using the secondary component
procedure P2 at α2.

The decision rules used in the two-stage algorithm are shown in Figure 2. The two-
stage gatekeeping procedure defined above will be denoted by P1-P2. For example,
if the primary component procedure is the Bonferroni procedure and the secondary
component procedure is the regular Holm procedure, the resulting gatekeeping pro-
cedure will be denoted by Bonferroni-Holm.

The gatekeeping procedure controls the global FWER under the following assump-
tions. First, both procedures must control the FWER locally within the corresponding
family. Secondly, the primary component procedure must be separable. The sepa-
rability condition was introduced in Dmitrienko, Tamhane and Wiens (2008) and is
discussed below. Finally, the secondary component procedure must be α-consistent
(Roth, 1999), i.e., if this procedure rejects a certain hypothesis at the α level, it
will also reject it at α′, where α < α′. This condition is not restrictive; in fact, all
commonly used multiple testing procedure are α-consistent.

The separability condition guarantees that a positive significance level can be
used in Stage 2 when the primary component procedure fails to reject some null hy-
potheses in Family 1. Single-step procedures such as the Bonferroni and Dunnett
procedures are separable and other popular procedures need to be modified to sat-
isfy the separability condition. This is accomplished by “truncating” non-separable
procedures (Dmitrienko, Tamhane and Wiens, 2008). As an illustration, consider the
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algorithm for building truncated Holm and Hochberg procedures in Family 1. Let
p(1) ≤ . . . ≤ p(k1) define the ordered p-values in Family 1 and let H(1), . . . , H(k1) denote
the corresponding null hypotheses. The significance levels used by the regular Holm
and Hochberg procedures are given by

ci(α) =
α

k1 − i+ 1
, i = 1, . . . , k1.

The significance levels of the truncated procedures are computed by taking a con-
vex combination of the original significance levels and the significance levels of the
Bonferroni procedure:

c′i(α, γ) =
(1 − γ)α

k1

+
γα

k1 − i+ 1
, i = 1, . . . , k1,

where γ is known as the truncation parameter and the truncated Holm and Hochberg
procedures are separable if 0 ≤ γ < 1. The truncated Holm and Hochberg proce-
dures with the truncation parameter γ will be denoted by Holm(γ) and Hochberg(γ),
respectively. The truncation parameter must be pre-specified and, as will be demon-
strated in Sections 4 and 5, its choice affects the performance of the procedure. The
value of γ in clinical trial applications can be selected using relevant optimality crite-
ria, e.g., by maximizing the probability of rejecting at least one true null hypothesis
in each family.

Given the modified significance levels, the truncated Holm procedure rejects the
null hypothesis H(i), i = 1, . . . , k1, if p(j) ≤ c′j(α) for all j = 1, . . . , i. Otherwise, it
accepts H(i) and all remaining null hypotheses otherwise. The truncated Hochberg
procedure uses the same significance levels in a step-up manner. This procedure
accepts H(i), i = 1, . . . , k1, if p(i) > c′i(α) and rejects H(i) as well as all remaining null
hypotheses otherwise.

Note that the full α level is used in Stage 1 of the two-stage algorithm to maximize
power of the primary tests. The significance level for the secondary null hypotheses
is found after the primary trial objective is met. This significance level is computed
from the error rate function of the primary component procedure P1; see Dmitrienko,
Tamhane and Wiens (2008) for more details. For example, if the primary null hy-
potheses are tested using the truncated version of the Holm or Hochberg procedures
with the truncation parameter γ, this significance level is given by

α2 =
(1 − γ)αr1

k1
if r1 < k1 and α2 = α if r1 = k1,

where r1 is the number of null hypotheses rejected in Family 1 and k1 is the total
number of null hypotheses in Family 1. It is clear that α2 cannot exceed α and is
equal to α only if all primary tests are significant.
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3.2 Method 2

The second method for building parallel gatekeeping procedures is based on the
methodology developed in Bretz et al. (2009) and Burman et al. (2009). By ex-
tending the methods developed in Dmitrienko et al. (2006) and Guilbaud (2007),
the two papers introduced a family of Bonferroni gatekeeping procedures that can be
used in hypothesis testing problems with flexible testing algorithms. To emphasize
the similarity between these algorithms and chains (discrete random processes), e.g.,
Markov chains, Millen and Dmitrienko (2011) proposed to refer to these gatekeeping
procedures as chain procedures. We will focus on the application of the general chain
approach to the two-family setting with a parallel gatekeeper defined in Section 2. A
key feature of Method 2 in two-family problems is that it enables the trial sponsor to
set up powerful Bonferroni-based gatekeeping procedures with a cyclical structure. In
other words, as in Method 1, testing begins with the primary null hypotheses and the
secondary null hypotheses are examined if the parallel gatekeeping condition is met.
Further, the gatekeeping procedure can return to Family 1 and retest the primary
null hypotheses which may result in additional significant results. It is important to
note that, due to the last step in this algorithm, the inferences for the primary null
hypotheses will be affected by the inferences for the secondary null hypotheses and
thus Method 2 is only recommended when the independence condition is no longer
relevant.

More formally, Method 2 is based on the following three-stage algorithm (see also
Figure 3):

• Stage 1: Test the primary null hypotheses using the Bonferroni procedure at
α1 = α. If at least one primary null hypothesis is rejected, let r1 denote the
number of rejected null hypotheses and go to Stage 2. The significance level
carried over to Stage 2 is given by α2 = αr1/k1.

• Stage 2: Test the secondary null hypotheses using the Holm procedure at α2. If
all secondary null hypotheses are rejected, go to Stage 3. The significance level
carried over to Stage 3 is α3 = α.

• Stage 3: Test the primary null hypotheses using the Holm procedure at α3.

3.3 Method 3

The last method considered in this paper was proposed in Li and Mehrotra (2008b).
It serves as an extension of the 4A procedure (Li and Mehrotra, 2008a) to hypoth-
esis testing problems with parallel gatekeepers. The method is fairly general and
enables clinical trial sponsors to build parallel gatekeeping procedures from a broad
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class of component procedures, including the Hochberg and Hommel procedures. For
simplicity and for consistency with Li and Mehrotra (2008b), we will focus here on
the case when the Hochberg procedures are utilized in both families. Method 3 is
based on a two-stage algorithm conceptually similar to that used in Method 1 (the
algorithm is depicted in Figure 4). However, the fraction of the global FWER carried
over to Family 2 in Method 3 depends on the magnitude of the primary p-values, i.e.,
the more significant the primary p-values are the higher the significance level used in
Family 2. Specifically, the two-stage algorithm utilizes the following decision rules:

• Stage 1: Test the primary null hypotheses using the Hochberg procedure at
α1 < α. If at least one primary null hypothesis is rejected, go to Stage 2. The
significance level for Stage 2 (α2) is a function of the largest primary p-value (it
is defined below).

• Stage 2: Test the secondary null hypotheses using the Hochberg procedure at
α2.

The significance level used in Stage 2 is defined as follows:

α2 = min

(

λα∗

(p∗)2
, α1

)

if p∗ > α1 and α2 = α if p∗ ≤ α1,

where p∗ is the largest primary p-value, λ is chosen to control the global FWER at
the α level (its values can be found in Tables 2 and 3, Li and Mehrotra, 2008b) and
α∗ is defined as follows:

α∗ =







α1

(

1 −
√

2 − α1/(k1 − 1) − α/α1

)2
if α′ ≤ α,

α1(α− α1)/(k1 − 1 − α1) if α′ > α

with

α′ = α1 +
α2

1

k1 − 1
−

α3
1

(k1 − 1)2
.

It is important to note that Method 3 assumes a full parametric model. In order
to compute λ and α2, one needs to know the joint distribution of the hypothesis test
statistics in Families 1 and 2 under the global null hypothesis.

In Sections 4 and 5 we will provide a detailed comparison of the three methods
defined above. This comparison is based on analytical arguments as well as Monte
Carlo simulations. Simulations are based on the following general setting. Con-
sider a two-family hypothesis testing problem with k primary and k secondary null
hypotheses. The 2k hypothesis test statistics, denoted by t1, . . . , t2k, are assumed to
follow a multivariate normal distribution. The univariate distribution of ti is N(µi, 1),
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i = 1, . . . , 2k. The global one-sided FWER is set to α = 0.025 and marginal power
of the test based on ti is denoted by ψi, where

ψi = 1 − Φ(zα − µi),

Φ(x) is the cumulative distribution function of the standard normal distribution and
zα = Φ−1(1 − α). The following correlation structure with a common within-family
correlation coefficient ρ1 and a common between-family correlation coefficient ρ2 is
assumed:

corr(ti, tj) =



















ρ1, i, j = 1, . . . , k, i 6= j,
ρ1, i, j = k + 1, . . . , 2k, i 6= j,
ρ2, i = 1, . . . , k, j = i+ k,
ρ1ρ2, i = 1, . . . , k, j = k + 1, . . . , 2k, j 6= i+ k.

When k = 2, this correlation structure arises in Example 2 with

ρ1 =
1/n0

1/n0 + 1/n1
, ρ2 =

√

f,

where n0 is the sample size in the placebo group, n1 is the common sample size in
the two dose groups and f is the fraction of patients in the subpopulation compared
to the general population.

4 Method 1 versus Method 2

In this section we will provide a characterization of parallel gatekeeping procedures
based on Methods 1 and 2 in a two-family setting. Method 2 was introduced to
improve power of more basic Bonferroni-based gatekeeping procedures developed in
Dmitrienko, Offen and Westfall (2003) when the independence condition can be re-
laxed. In particular, it is easy to show that the Method 2 gatekeeping procedure is
uniformly more powerful than the Holm(0)-Holm gatekeeping procedure. This is due
to the fact that the Holm(0) procedure is equivalent to the Bonferroni procedure and
thus the two gatekeeping procedures use identical decision rules in Stages 1 and 2.
However, the Method 2 gatekeeping procedure utilizes an additional stage (Stage 3)
and it gains power for the primary null hypotheses compared to the Holm(0)-Holm
procedure through the retesting option.

When the comparison is extended to a more general case, e.g., the Holm(γ)-Holm
gatekeeping procedures with 0 < γ < 1, the relationship between Methods 1 and
2 becomes more complex. Selecting a positive value of the truncation parameter
improves power of the primary tests but may also reduce power of the secondary
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tests since the significance level in Family 2 (α2) is a decreasing function of γ unless
all primary null hypotheses are rejected in Stage 1. As a result, the Holm(γ)-Holm
procedures with 0 < γ < 1 are likely to gain power in Family 1 and lose power in
Family 2 compared to the Method 2 gatekeeping procedure.

A simulation study was conducted to examine the relationship between the two
methods. It was based on the general setting defined as the end of Section 3 with two
primary and two secondary null hypotheses (k = 2). The following three scenarios
were considered in this simulation study:

• Scenario 1. All tests are adequately powered (ψ1 = ψ2 = ψ3 = ψ4 = 0.8).

• Scenario 2. Primary tests are adequately powered (ψ1 = ψ2 = 0.8), secondary
tests are underpowered (ψ3 = ψ4 = 0.6).

• Scenario 3. One primary test is adequately powered and one is underpowered
(ψ1 = 0.8, ψ2 = 0.6) and, similarly, one secondary test is adequately powered
and one is underpowered (ψ3 = 0.8, ψ4 = 0.6).

Further, within each scenario, we considered cases when the hypothesis test statistics
are weakly correlated (ρ1 = ρ2 = 0.2) and moderately correlated (ρ1 = ρ2 = 0.5).

These scenarios help evaluate the performance of Methods 1 and 2 in settings
with weaker and stronger within- and between-family correlations and quantify the
impact of power of the secondary tests on the probability of rejecting the primary
null hypotheses with and without retesting.

Tables 1 and 2 summarize estimated probabilities of rejecting each null hypothesis
under the three scenarios for Methods 1 and 2 (Method 1R will be discussed later in
this section and Method 3 will be discussed in Section 5) based on 100,000 simulation
runs. The truncation parameter in the Holm(γ)-Holm procedure based on Method 1
was set to γ = 0, 0.4 and 0.8. Table 1 focuses on the case when the test statistics
are weakly correlated whereas Table 2 presents the case of moderately correlated test
statistics.

First, Tables 1 and 2 illustrate an important fact noted above, namely, they show
that Method 2 is uniformly more powerful than Method 1 in all three scenarios if γ =
0. Note that the power gain comes from retesting the primary null hypotheses. Thus
Method 2 provides an improvement over Method 1 only in Family 1 (null hypotheses
H1 and H2) and power in Family 2 (null hypotheses H3 and H4) is not affected. This
improvement is greater when the secondary tests are adequately powered (Scenario
1) and is diminished when the secondary tests are underpowered (Scenario 2). In the
latter case, there is clearly less value in retesting the primary null hypotheses.

The simulation results presented in Tables 1 and 2 also help understand the rela-
tionship between Methods 1 and 2 when a positive truncation parameter γ is specified
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in Method 1. As expected, Method 1 with γ = 0.4 or 0.8 improves power in Family 1
compared to Method 2. The improvement increases with increasing γ and stronger
within- and between-family correlations. In addition, the power gain for Method 1
depends on power of the secondary tests since Method 2 is based on “borrowing
strength” for the primary tests from the secondary tests. Consider, for example, the
case of moderately correlated test statistics (Table 2) and Method 1 with γ = 0.8.
The power gain for Method 1 in Family 1 is 1.5 to 2 percentage points if the secondary
tests are powered at 80% (Scenario 1) and 3 to 4 percentage points if the secondary
tests are powered at 60% (Scenario 2). On the other hand, considering power in Fam-
ily 2, we see that Method 1 with γ = 0.4 or 0.8 leads to a power loss in this family
compared to Method 2. The loss is greater (around 4 percentage points) if γ is closer
to 1 and the hypothesis test statistics are weakly correlated (Table 1) and smaller
(around 2 percentage points) if the test statistics are moderately correlated (Table 2)
due to the fact that the values of the primary test statistics are more predictive of
the secondary ones.

As was emphasized in Section 3, Methods 1 and 2 were developed under two
different sets of assumptions: Method 1 assumes that the independence condition
needs to be met whereas Method 2 does not rely on this assumption. This naturally
leads to a power advantage for Method 2 and, to perform a “fair” comparison, it is
important to examine the performance of gatekeeping procedures based on Method 1
when independence is not required. Dmitrienko, Kordzakhia and Tamhane (2011)
developed a more flexible method for defining general parallel gatekeeping procedures
for hypothesis testing problems without the independence requirement. The extended
method is similar to Method 2 in that it also relies on a three-stage algorithm with
retesting depicted in Figure 5:

• Stage 1: Test the primary null hypotheses using the primary component pro-
cedure P1 at α1 = α. If at least one primary null hypothesis is rejected, go to
Stage 2. The significance level used in Stage 2 (α2) is defined in the same way
as in Method 1.

• Stage 2: Test the secondary null hypotheses using the secondary component
procedure P2 at α2. If all secondary null hypotheses are rejected, go to Stage
3. The significance level used in Stage 3 is α3 = α.

• Stage 3: Test the primary null hypotheses using the α-exhaustive version of the
primary component procedure P∗

1 at α3.

Due to the option to retest the primary null hypotheses in Stage 3, this method
will be referred to Method 1R (Method 1 with retesting). Note that the primary null
hypotheses are now tested using a modified primary component procedure denoted
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by P∗

1. Recall that the original primary component procedure must be separable to
maintain a positive significance level for the secondary tests in Stage 2 when some
primary null hypotheses are accepted. When the primary null hypotheses are retested,
there is no need to account for a possibility of further testing (the secondary null
hypotheses will not be retested) and thus the separability condition can be relaxed in
Stage 3. Instead of a separable procedure, a more powerful procedure which consumes
all available α (or an α-exhaustive procedure) can be used. For example, if P1 is the
truncated Holm procedure, the α-exhaustive version of P1 utilized in Stage 3 is the
regular Holm procedure, respectively.

A comparison among the Holm(γ)-Holm procedure based on Method 1, Method 2
gatekeeping procedure and an extended version of the Holm(γ)-Holm procedure based
on Method 1R can be performed using the results of a simulation study summarized in
Tables 1 and 2. For any fixed γ, Method 1R is uniformly more powerful than Method 1
with the power gain restricted to the primary tests. Further, the points made above
in the context of comparison of Methods 1 and 2 also apply to the comparison of
Methods 1R and 2. In particular, Method 1R improves power in Family 1 (by a
larger amount than Method 1) and reduces power in Family 2 (by the same amount
as Method 1) compared to Method 2.

It follows from the simulation results presented in Tables 1 and 2 that Methods 1
and 1R are more attractive than Method 2 when it comes to power of the primary
tests; however, the power gain in Family 1 is offset by a power loss in Family 2. In
other words, Methods 1 and 1R mainly shift the power balance between the two fam-
ilies. While this may be true in the simple setting considered above, this conclusion
is incorrect in the general case. As shown below, in clinical trials with more than two
secondary null hypotheses a power gain in Family 1 quickly outweighs a power loss in
Family 2. To see this, recall that the primary null hypotheses are retested only if all
secondary null hypotheses are rejected and the probability of rejecting all secondary
null hypotheses decreases quickly as the number of these hypotheses increases.

Another important consideration in the comparison of Methods 1 and 2 is that
the former defines a general class of gatekeeping procedures whereas the latter is re-
stricted to Bonferroni-based procedures. Power of the primary tests in gatekeeping
procedures based on Method 1 is easy to improve by using a more powerful primary
component procedure, e.g., truncated Hochberg or Hommel procedures or even para-
metric procedures that take the joint distribution of hypothesis test statistics within
each family into account; see Dmitrienko, Tamhane and Wiens (2008) and Dmitrienko
and Tamhane (2009) for more information. The Hochberg or Hommel procedures may
require additional assumptions on the joint distribution of hypothesis test statistics
to achieve FWER control. These procedures are known to control the FWER when
the joint distribution is multivariate totally positive of order two (MTP2); see Sarkar
and Chang (1997) and Sarkar (1998) for more information. The MTP2 condition is
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met in Example 2 when the study design is balanced, i.e., a common sample size is
used across the three treatment arms.

As a quick illustration, consider a clinical trial with three primary and three
secondary null hypotheses. The performance of the Hochberg(γ)-Hochberg procedure
based on Method 1, Method 2 gatekeeping procedure and an extended version of
the Hochberg(γ)-Hochberg procedure based on Method 1R were compared using the
following two scenarios:

• Scenario 1. All tests are adequately powered (ψ1 = . . . = ψ6 = 0.8).

• Scenario 2. Primary tests are adequately powered (ψ1 = ψ2 = ψ3 = 0.8) and
secondary tests are underpowered (ψ4 = ψ5 = ψ6 = 0.6).

As above, we considered separately cases when the hypothesis test statistics are
weakly correlated (ρ1 = ρ2 = 0.2) and moderately correlated (ρ1 = ρ2 = 0.5). Note
that the MTP2 condition is met in this case due to the fact that the hypothesis test
statistics are equicorrelated within each family and thus all Hochberg-based gatekeep-
ing procedures control the global FWER.

The simulation results based on 100,000 runs are presented in Table 3 (weakly cor-
related test statistics) and Table 4 (moderately correlated test statistics). Focusing
on the comparison of Methods 1 and 2, note that power in Family 1 (null hypothe-
ses H1, H2 and H3) for Method 1 with γ = 0.4 or 0.8 exceeds that for Method 2
with a comparable power loss in Family 2 (null hypotheses H4, H5 and H6) if the
secondary tests are adequately powered (Scenario 1). However, if the secondary tests
are underpowered and test statistics are moderately correlated (Scenario 2 in Ta-
ble 4), Method 1 with γ ≥ 0.4 provides an advantage over Method 2. In particular,
Method 1 improves power in Family 1 by 3 percentage points and also provides a
small power gain in Family 2. Further, if γ = 0.8, Method 1 leads to a 5 percentage
point improvement in power in Family 1 with a negligible power loss in Family 2.
Finally, comparing Methods 1, 1R and 2, we see that Method 1R is uniformly more
powerful than Method 1 and provides an even bigger advantage over Method 2 when
the test statistics are moderately correlated (Table 4).

5 Method 1 and Method 2 versus Method 3

To facilitate the comparison of parallel gatekeeping procedures constructed using the
three methods defined in Section 3, we will first compare the Hochberg(γ)-Hochberg
gatekeeping procedure based on Method 1 with the Method 3 gatekeeping procedure
and then briefly compare Methods 2 and 3 (recall that the two methods are defined
based on two different classes of procedures).
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Focusing on the comparison of Methods 1 and 3, we will first consider the decision
rules for the primary null hypotheses. A key feature of Method 3 is that the Hochberg
procedure is performed in Family 1 at a reduced significance level (α1) to enable
further testing in Family 2. Since α1 < α, one can construct a truncated version of
the Hochberg procedure which is uniformly more powerful at the α level than the
regular Hochberg procedure at the α1 level. Specifically, if the truncation parameter
γ is chosen in such a way that

k1α1 − α

k1α− α
≤ γ < 1,

the significance levels of the regular Hochberg procedure are uniformly less than those
of the truncated Hochberg procedure and thus the latter is guaranteed to reject as
many and potentially more primary null hypotheses as the former. For example,
assume that there are three primary null hypotheses (k1 = 3) and let α = 0.025 and
α1 = 0.02. The significance levels of the regular Hochberg procedure at the 0.02 level
are given by 0.0067, 0.0100 and 0.0200. Further, note that (k1α1−α)/(k1α−α) = 0.7
and select any truncated Hochberg procedure with 0.7 ≤ γ < 1, e.g., γ = 0.8. The
significance levels of this truncated Hochberg procedure at the 0.025 level are given
by 0.0083, 0.0117 and 0.020017 and are uniformly greater than those of the regular
Hochberg procedure at the 0.02 level. Given this, we can always select a Method 1
gatekeeping procedure which will be more powerful than the Method 3 gatekeeping
procedure with respect to the primary tests.

Moving on to the secondary tests, the significance level carried over to Family 2
(α2) in Method 3 depends on the magnitude of the primary p-values rather than
simply the number of significant primary p-values. As a result, Method 3 is likely
to exhibit more flexibility compared to, say, Method 1. However, α2 in Method 3 is
computed using only one primary p-value (largest p-value in Family 1). By contrast,
α2 in Methods 1 and 2 depends on the number of null hypotheses rejected in Family 1,
i.e., all available information on the outcomes of the primary tests is utilized to
compute the significance level for Family 2. It is clear that focusing only on the
largest primary p-value and ignoring information on other primary p-values that may
be significant is likely to reduce efficiency in hypothesis testing problems with multiple
primary null hypotheses.

Another potential limitation of Method 3 is that it assumes a fully parametric
setting. It was noted in Section 3 that this method can be applied only under the
assumption that the joint distribution of hypothesis test statistics in Families 1 and 2
is known. This assumption is satisfied in Example 2 introduced in Section 3 since the
four test statistics follow a multivariate joint distribution with a known correlation
matrix. However, the joint distribution of the four test statistics in Example 1 is not
fully specified, e.g., when the sample size is large, it may be reasonable to assume a
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multivariate joint distribution but the correlation matrix is unknown at the design
stage. As a result, the λ parameter in Method 3 needs to be chosen under the worst-
case scenario which again leads to loss of efficiency.

To compare the performance of parallel gatekeeping procedures based on Meth-
ods 1, 2 and 3, we will return to Tables 1 through 4. The one-sided significance level
allocated to the primary family in Method 3 was set to α1 = 0.02 and the value of
λ was determined from Table 3 in Li and Mehrotra (2008b), namely, λ = 0.0595
in problems with two primary null hypotheses (Tables 1 and 2) and λ = 0.0139 in
problems with three primary null hypotheses (Tables 3 and 4).

We will begin with the comparison of Methods 1 and 3 and focus on the Method 1
gatekeeping procedure with the truncation parameter γ = 0.8 (this value of γ guaran-
tees a uniform improvement in power for the primary tests). Based on an analytical
argument presented earlier in this section, Method 1 is expected to provide a uni-
form power advantage in Family 1 over Method 3. It follows from the four tables
that Method 1 improves power of the primary tests for any configuration of effect
sizes and correlation coefficients by 1 to 2 percentage points. A larger value of γ in
Method 1 will increase the power gain over Method 3.

It is natural to ask if the power gain for Method 1 over Method 3 in Family 1
may be offset by a power loss in Family 2. Tables 1 and 2 show that Method 1 loses
power in Family 2 compared to Method 3 in problems with two primary and two
secondary null hypotheses. Further, Method 1 provides a uniform improvement in
power over Method 3 for the secondary tests in problems with three primary and
three secondary null hypotheses (Tables 3 and 4). This power gain is greater in the
case of weakly correlated hypothesis test statistics (Table 3) and becomes smaller
when the test statistics are moderately correlated (Table 4) due to the fact that the
adaptive rule for determining the significance level carried over to Family 2 (α2) in
Method 3 becomes more efficient as the between-family correlation increases.

Finally, as was pointed out above, a direct comparison of Methods 2 and 3 is
complicated by the fact that the former is based on the Bonferroni and Holm compo-
nent procedures whereas the latter utilizes the Hochberg component procedures that
are uniformly more powerful than the Bonferroni and Holm procedures. As a result,
Method 3 provides an improvement over Method 2 in Family 1 in all scenarios con-
sidered and is generally more powerful than Method 2 in Family 2 in problems with
two secondary null hypotheses (Tables 1 and 2). However, Method 2 gains a power
advantage over Method 3 in Family 2 if there are three secondary null hypotheses
especially when the secondary tests are adequately powered (Scenario 1 in Tables 3
and 4).
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6 Conclusions

In this paper we discussed issues related to efficient implementation of parallel gate-
keeping procedures in clinical trials with multiple objectives. We started with a
review of three popular methods for building gatekeeping procedures. We focused
on the comparison of a method for constructing general multistage parallel gatekeep-
ing procedures (Method 1) as well as its extension (Method 1R) with two methods
that were developed to define Bonferroni-based parallel gatekeeping procedures and
parallel gatekeeping procedures based on the 4A procedure (Methods 2 and 3, respec-
tively).

Using analytic arguments and simulation studies, we characterized cases when
Method 2 is more powerful than Method 1 and showed that Method 1 is generally
more attractive than Method 2 in trials with two families of treatment effect tests
(or null hypotheses of no effect) when the secondary family includes three or more
tests and these tests are underpowered. This power gain exists despite the fact that
Method 1 was developed under a more restrictive set of assumptions compared to
Method 2. In particular, Method 1 guarantees independence of the primary inferences
from the secondary ones and thus it can be used in a broader class of hypothesis
testing problems. When the independence condition can be relaxed, e.g., when the
primary and secondary objectives in a clinical trial are interchangeable, an extension
of Method 1 can be implemented to provide an additional power advantage over
Method 2.

Further, a comparison of Methods 1, 2 and 3 revealed that Method 1 is guaran-
teed to achieve the highest power for the primary tests and also leads to a power
advantage in the secondary family compared to Method 3 in problems with three or
more secondary tests. Method 2 is less powerful than Method 3 in the primary family
but this power loss is offset by higher power in the secondary family if there are three
or more secondary tests.

The methods discussed in this paper (with the exception of Method 3) are sup-
ported by the R package developed by Alex Dmitrienko, Eric Nantz and Gautier Paux
(Multxpert package). The ParGateAdjP function included in the package can be used
to implement multistage parallel gatekeeping procedures with and without retesting
(Methods 1 and 1R) as well Bonferroni-based parallel gatekeeping procedures with
retesting (Method 2). This function computes adjusted p-values and generates de-
cision rules for these gatekeeping procedures. More information on the Multxpert
package is available on the Multiplicity Expert web site at www.multxpert.com.
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Table 1. Probability of rejecting individual null hypotheses for the parallel gatekeep-
ing procedures based on Methods 1, 1R, 2 and 3 in a clinical trial with two primary
and two secondary null hypotheses in the case of weakly correlated hypothesis test
statistics (ρ1 = ρ2 = 0.2). The truncation parameter γ is used in the primary com-
ponent of the gatekeeping procedures defined using Methods 1 and 1R.

Null Probability (%)
hyp Method 1 Method 1R Method 2 Method 3

Parameter γ Parameter γ
0.0 0.4 0.8 0.0 0.4 0.8

Scenario 1: ψ1 = 0.8, ψ2 = 0.8, ψ3 = 0.8, ψ4 = 0.8
H1 71.5 74.3 76.4 74.4 75.5 76.6 74.4 74.9
H2 71.1 74.0 76.1 74.0 75.2 76.3 74.0 74.8
H3 66.0 64.3 61.0 66.0 64.3 61.0 66.0 64.3
H4 66.1 64.4 61.1 66.1 64.4 61.1 66.1 64.2

Scenario 2: ψ1 = 0.8, ψ2 = 0.8, ψ3 = 0.6, ψ4 = 0.6
H1 71.3 74.1 76.2 72.7 74.6 76.3 72.7 75.0
H2 71.2 74.1 76.2 72.7 74.7 76.3 72.7 75.0
H3 45.7 44.2 41.9 45.7 44.2 41.9 45.7 45.3
H4 45.6 44.0 41.7 45.6 44.0 41.7 45.6 45.4

Scenario 3: ψ1 = 0.8, ψ2 = 0.6, ψ3 = 0.8, ψ4 = 0.6
H1 71.2 73.1 74.4 72.6 73.6 74.5 72.6 72.9
H2 48.6 52.5 55.4 51.6 53.7 55.5 51.6 53.9
H3 58.8 56.5 52.0 58.8 56.5 52.0 58.8 54.9
H4 42.8 40.6 36.9 42.8 40.6 36.9 42.8 40.6
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Table 2. Probability of rejecting individual null hypotheses for the parallel gatekeep-
ing procedures based on Methods 1, 1R, 2 and 3 in a clinical trial with two primary
and two secondary null hypotheses in the case of moderately correlated hypothesis
test statistics (ρ1 = ρ2 = 0.5). The truncation parameter γ is used in the primary
component of the gatekeeping procedures defined using Methods 1 and 1R.

Null Probability (%)
hyp Method 1 Method 1R Method 2 Method 3

Parameter γ Parameter γ
0.0 0.4 0.8 0.0 0.4 0.8

Scenario 1: ψ1 = 0.8, ψ2 = 0.8, ψ3 = 0.8, ψ4 = 0.8
H1 71.2 73.9 75.7 73.8 74.9 75.9 73.8 74.5
H2 71.3 74.0 75.9 73.9 75.0 76.0 73.9 74.6
H3 65.7 64.4 62.2 65.7 64.4 62.2 65.7 65.6
H4 65.7 64.4 62.2 65.7 64.4 62.2 65.7 65.6

Scenario 2: ψ1 = 0.8, ψ2 = 0.8, ψ3 = 0.6, ψ4 = 0.6
H1 71.2 73.9 75.8 72.4 74.4 75.9 72.4 74.6
H2 71.2 74.0 75.8 72.5 74.5 75.9 72.5 74.6
H3 47.2 46.3 45.1 47.2 46.3 45.1 47.2 48.2
H4 47.2 46.4 45.1 47.2 46.4 45.1 47.2 48.3

Scenario 3: ψ1 = 0.8, ψ2 = 0.6, ψ3 = 0.8, ψ4 = 0.6
H1 71.4 72.9 73.9 72.6 73.3 74.0 72.6 72.0
H2 48.8 52.8 55.7 52.1 54.1 55.9 52.1 54.4
H3 59.4 57.5 54.2 59.4 57.5 54.2 59.4 57.3
H4 44.8 43.1 40.8 44.8 43.1 40.8 44.8 44.6
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Table 3. Probability of rejecting individual null hypotheses for the parallel gate-
keeping procedures based on Methods 1, 1R, 2 and 3 in a clinical trial with three
primary and three secondary null hypotheses in the case of weakly correlated hypoth-
esis test statistics (ρ1 = ρ2 = 0.2). The truncation parameter γ is used in the primary
component of the gatekeeping procedures defined using Methods 1 and 1R.

Null Probability (%)
hyp Method 1 Method 1R Method 2 Method 3

Parameter γ Parameter γ
0.0 0.4 0.8 0.0 0.4 0.8

Scenario 1: ψ1 = . . . = ψ6 = 0.8
H1 66.2 70.9 74.5 70.0 72.4 74.7 69.6 72.5
H2 66.1 70.9 74.5 69.9 72.3 74.7 69.4 72.6
H3 65.9 70.7 74.4 69.8 72.2 74.6 69.3 72.5
H4 65.0 62.4 57.4 65.0 62.4 57.4 63.7 54.2
H5 65.0 62.4 57.5 65.0 62.4 57.5 63.7 54.0
H6 65.1 62.4 57.4 65.1 62.4 57.4 63.8 54.2

Scenario 2: ψ1 = ψ2 = ψ3 = 0.8 and ψ4 = ψ5 = ψ6 = 0.6
H1 65.7 70.5 74.4 67.3 71.0 74.4 67.1 72.6
H2 65.9 70.7 74.5 67.5 71.2 74.5 67.3 72.7
H3 65.8 70.6 74.2 67.3 71.1 74.3 67.1 72.5
H4 42.2 39.8 36.5 42.2 39.8 36.5 40.8 34.8
H5 41.9 39.7 36.4 41.9 39.7 36.4 40.5 34.8
H6 42.1 39.8 36.5 42.1 39.8 36.5 40.7 34.7
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Table 4. Probability of rejecting individual null hypotheses for the parallel gatekeep-
ing procedures based on Methods 1, 1R, 2 and 3 in a clinical trial with three primary
and three secondary null hypotheses in the case of moderately correlated hypothesis
test statistics (ρ1 = ρ2 = 0.5). The truncation parameter γ is used in the primary
component of the gatekeeping procedures defined using Methods 1 and 1R.

Null Probability (%)
hyp Method 1 Method 1R Method 2 Method 3

Parameter γ Parameter γ
0.0 0.4 0.8 0.0 0.4 0.8

Scenario 1: ψ1 = . . . = ψ6 = 0.8
H1 65.6 70.2 73.6 69.6 71.7 73.9 69.2 72.0
H2 65.7 70.3 73.7 69.7 71.7 74.0 69.2 72.1
H3 66.0 70.5 73.9 69.8 71.9 74.1 69.3 72.1
H4 63.5 61.8 58.8 63.5 61.8 58.8 62.2 57.6
H5 63.5 61.8 58.7 63.5 61.8 58.7 62.2 57.8
H6 63.6 61.9 58.9 63.6 61.9 58.9 62.4 57.7

Scenario 2: ψ1 = ψ2 = ψ3 = 0.8 and ψ4 = ψ5 = ψ6 = 0.6
H1 65.8 70.4 73.9 67.6 70.9 73.9 67.3 72.0
H2 66.2 70.7 74.1 67.9 71.2 74.1 67.7 72.1
H3 66.0 70.5 73.9 67.7 71.0 73.9 67.5 72.2
H4 43.9 42.6 40.9 43.9 42.6 40.9 42.3 40.4
H5 43.7 42.6 40.9 43.7 42.6 40.9 42.2 40.5
H6 43.9 42.6 41.0 43.9 42.6 41.0 42.4 40.4
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Figure 1. Decision rules in Examples 1 and 2. Family 1 is a parallel gatekeeper for
Family 2 and the secondary null hypotheses (H3 and H4) are tested if and only if at
least one primary null hypothesis (H1 or H2) is rejected.

Family 1

Family 2

H1 H2

H3 H4
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Figure 2. Two-stage algorithm used in Method 1.

Stage 1

Stage 2

Procedure P1 in Family 1 at α1 = α

If at least one null hypothesis

is rejected in Family 1

Procedure P2 in Family 2 at α2 ≤ α
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Figure 3. Three-stage algorithm used in Method 2.

Stage 1

Stage 2

Stage 3

Bonferroni procedure in Family 1 at α1 = α

If at least one null hypothesis

is rejected in Family 1

Holm procedure in Family 2 at α2 ≤ α

If all null hypotheses

are rejected in Family 2

Holm procedure in Family 1 at α3 = α



For more information, see http://www.multxpert.com/wiki/Gatekeeping Papers 28

Figure 4. Two-stage algorithm used in Method 3.

Stage 1

Stage 2

Hochberg procedure in Family 1 at α1 < α

If at least one null hypothesis

is rejected in Family 1

Hochberg procedure in Family 2 at α2 ≤ α
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Figure 5. Three-stage algorithm used in Method 1R.

Stage 1

Stage 2

Stage 3

Procedure P1 in Family 1 at α1 = α

If at least one null hypothesis

is rejected in Family 1

Procedure P2 in Family 2 at α2 ≤ α

If all null hypotheses

are rejected in Family 2

Procedure P∗

1 in Family 1 at α3 = α


