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To establish noninferiority in QT/QTc prolongation of a test drug with respect to either
a placebo or an active control, a thorough QT/QTc study is recommended by ICH
(ICH E14, 2005) which concerns statistical inference on the maximal time-matched
drug effect. The existing statistical methods for assessing such effects suffer either
power loss or parameter restriction. In this paper, we propose a new asymptotic test
with small sample correction based on distribution of maximum of correlated random
variables under both a parallel-group design and a crossover design. Simulations
indicate that our proposed test has adequate powers.
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1. INTRODUCTION

In clinical practice, it is recognized that the prolongation of QT/QTc intervals
is related to an increased risk of cardiotoxicity such as a life-threatening arrhythmia
(Temple, 2003). Thus it is suggested that a careful evaluation of potential QT/QTc
prolongation be performed for potential drug-induced cardiotoxicity. As a result,
a draft guidance on the clinical evaluation of QT/QTc interval prolongation and
proarrythmic potential for non-antiarrythmic drugs has been prepared by the ICH
(ICH E14, 2005). This draft guidance calls for a placebo-controlled study in normal
healthy volunteers with a positive control to assess cardiotoxicity by examining
QT/QTc prolongation. Under a valid study design (e.g., a parallel-group design or
a crossover design), ECG readings will be collected at baseline and at several time
intervals posttreatment for each subject. And at each time interval, it is suggested
that 3 to 5 ECG recording replicates within a 2- to 5-minute period at each
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time interval be collected for a more accurate and reliable assessment of QT/QTc
prolongation (Malik and Camm, 2001). The ICH E14 guidance recommends a
thorough QT/QTc study to decide whether the drug induces QT/QTc prolongation
as is evidenced if the upper bound of the 95% confidence interval of the mean
drug effect on QTc exceeds 10ms. Statistical methods for thorough QT/QTc study
have been proposed by Patterson et al. (2005b) under linear mixed models and
by Eaton et al. (2006) using a confidence interval approach. Hosmane and Locke
(2005) examined the power in thorough QT/QTc studies via a simulation study. For
a review of statistical design and analysis in QT/QTc studies, see Patterson et al.
(2005a).

The testing method proposed in Patterson et al. (2005b) was essentially an
intersection-union method, which is typically conservative. To address this issue,
Eaton et al. (2006) constructed a confidence interval, via �-method, for a parameter
which sufficiently approximates the parameter of interest. However, this method
technically assumes that mean QT/QTc differences between drug and placebo are
positive at all time intervals, which is both restrictive and unverifiable. Furthermore,
when applying to a function (although smooth) that approximates a nonsmooth
function (i.e., maximum function), the �-method may yield a confidence interval
with an actual coverage considerably different from the nominal one, particularly
when the sample size is moderate. To address these limitations, we propose a new
testing method based on the maximum of correlated normal random variables.

The remainder of this article is organized as follows. In the next section,
the hypotheses associated with thorough QT/QTc study are formulated under a
parallel-group design. An asymptotic test for assessment of QT/QTc prolongation
is derived in Section 2.1. A small sample correction of this test is described in
Section 2.2. The extension of the results in Section 2 to the crossover design case
is briefly discussed in Section 3. In Section 4, simulation results are provided to
investigate the finite sample performance of the proposed method. An example
is also discussed as an illustration of the proposed method. Discussions and
conclusions are provided in Section 5.

2. TEST OF QT/QTc PROLONGATION UNDER
PARALLEL-GROUP DESIGN

As indicated in Patterson et al. (2005a), a typical study design for thorough
QT/QTc studies is either a parallel-group design or a crossover design. Under a
parallel-group design, qualified subjects will be randomly assigned to receive either
treatment A or treatment B. ECGs will be collected at baseline and at several
time intervals posttreatment. Subjects usually fast at least 3hours and rest at least
10minutes prior to scheduled ECG measurements. Identical lead-placement and the
same ECG machine will be used for all measurements. As recommended by Malik
and Camm (2001), 3 to 5 recording replicate ECGs at each time interval should be
obtained within a 2- to 5-minute period. In practice, the time intervals are about
2hours apart. For simplicity of exposition, in this paper we will model the averaged
QTc measures over the recording replicates at each time interval.

Let yijk be the average QTc response (possibly adjusted for baseline) over the
recording replicates at the kth time interval of the jth subject receiving the ith
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treatment, where i = 1 indicates test drug and i = 2 indicates placebo (or active
control); j = 1� � � � � n; and k = 1� � � � � m. Under a parallel-group design, yijk can be
described by the following model:

yijk = �ik + eij + �ijk� (1)

where �ik is the mean of the ith treatment at the kth time interval, eij’s are
independent and normally distributed subject random effects with mean 0 and
variance �2

1, and �ijk’s are independent and identically distributed normal random
errors with mean 0 and variance �2. Define �k = �1k − �2k, and � = max1≤k≤m �k;
then, a thorough QT/QTc study is equivalent to test the following hypotheses:

H0 � � ≥ 10� versus H1 � � < 10� (2)

In fact, suppose the noninferiority in QTc prolongation is claimed via a 95%
confidence upper bound based on a statistic U ; then, according to the ICH E14
guidance, this means that U + z0�05 SE	U
 < 10, or equivalently, U−10

SE	U
 < −z0�05,
which rejects H0 in (2) at level 0.05. Here, SE	U
 denotes the estimated standard
error of U .

2.1. Asymptotic Testing Procedure

Define Wk = ȳ1�k − ȳ2�k, where ȳi�k is the sample mean for the ith treatment at
the kth time interval. We first establish the following asymptotic result.

Theorem 1. Let T = max1≤k≤m Wk, and � be defined in (2); then

√
n	T − �
 →d N

(
0� 2	�2

1 + �2

)
�

where →d means convergence in distribution.

Proof. The random vector W = 	W1� � � � �Wm

′ is normally distributed with mean

� = 	�1� � � � � �m

′ and variance � = 2�21

n
Um + 2�2

n
Im, where U is the m×m matrix of

one’s and Im is the m×m identity matrix. By Afonja (1972), the moment-generating
function of T is

MT	t
 =
m∑

k=1

e�kt+	�21+�2
 t
2
n �m−1	dk�R−k
�

where

dk = dkl�l �=k� dkl =
	�l − �k


2�

√
n− �t√

n
�

and �m−1	dk�R−k
 =
∫ �
dk
�m−1	z�R−k
 is the survival function of an 	m− 1


dimensional, mean 0, normal random vector whose variance is the correlation
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matrix of the 	m− 1
 dimensional random vector W−k = Wk −Wl�� l �= k. Then,
the moment-generating function of

√
n	T − �
 is

M√
n	T−�
	t
 = e−t

√
n

m∑
k=1

e�kt
√
n+	�21+�2
t2�m−1	dk�R−k


= e−t
√
n

m∑
k=1

e�kt
√
n+	�21+�2
t2 I	�k = �
	1+ o	1



= e	�
2
1+�2
t2	1+ o	1

�

which implies the claim.
By Theorem 1, an asymptotic � level test rejects H0 in (2) if and only if

T − 10√
2	�̂2

1 + �̂2
/n
< −z�� (3)

where

�̂2
1 + �̂2 =

2∑
i=1

m∑
k=1

n∑
j=1

(
yijk − ȳi�k


2/	2m	n− 1

)
�

2.2. Small Sample Correction

When the number of patients n per treatment group is small, the normal
approximation of distribution of T as suggested in Theorem 1 may not work well.
In this section, we propose a small sample correction of the distribution of T and
illustrate how to modify the test described in the previous section.

Define ak = akl�� akl = 	�l−�k


2�

√
n for k �= l and akk = −�, and define

Rk = rk�ll′�
m
l�l′=1, rk�ll′ = �2/	�2

1 + �2
 for l �= l′ and rk�ll = 1. Let k0 be such that
�k0 = max1≤k≤m �k = �; then, by Afonja (1972),

E	T
 =
m∑

k=1

�k

∫ �

ak
�m	z�Rk
+

√
2	�2

1 + �2


n

m∑
k=1

∫ �

ak
zk�m	z�Rk


= �
∫ �

ak0

�m	z�Rk0

+ o

(
1√
n

)

= ��+ o
(

1√
n

)
�

thus,

E	T
 ≈ ��� � =
∫ �

ak0

�m	z�Rk0

� (4)
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Similarly, because

E	T 2
 =
m∑

k=1

�2k

∫ �

ak
�m	z�Rk
+

√
2	�2

1 + �2


n

m∑
k=1

∫ �

ak
zk�m	z�Rk


+ 2	�2
1 + �2


n

m∑
k=1

∫ �

ak
z2k�m	z�Rk


= �2
∫ �

ak0

�m	z�Rk0

+ 2	�2

1 + �2


n

∫ �

ak0

z2k0�m	z�Rk0

+ o

(
1√
n

)
�

we have

Var	T
 ≈ �2�	1− �
+ 2	�2
1 + �2


n
�� � =

∫ �

ak0

z2k0�m	z�Rk0

� (5)

Now, by replacing in (4) and (5) k0� ak0� �
2
1, and �2 with their obvious

estimators, we get �̂ and �̂. Then, a small sample corrected level � test rejects H0 in
(2) if and only if

T − 10�̂√
100�̂	1− �̂
+ 2	�̂2

1 + �̂2
�̂/n
< −z�� (6)

3. TEST OF QT/QTc PROLONGATION UNDER
CROSSOVER DESIGN

Let A and B be the two treatments under investigation. Under a crossover
design, qualified subjects will be randomly assigned to either sequence AB (sequence
1) or Sequence BA (sequence 2) and a sufficient length of washout period will be
impossed between the two periods. As in the parallel-group design, for each treating
period, ECGs will be collected at baseline and posttreatment at several 2-hour time
intervals. Subjects usually fast at least 3 hours and rest at least 10minutes prior to
scheduled ECG measurements, and 3 to 5 recording replicate ECGs at each time
interval will be obtained within a 2- to 5-minute period.

For simplicity, let yijkl be the average QTc responses (possibly adjusted for
baseline) over the recording replicates at the lth time interval of the kth treating
period for the jth subjects in ith sequence, where i = 1� 2� j = 1� � � � � n; k = 1� 2; and
l = 1� � � � � m. Under a crossover design, treatment index u is a function of 	i� k
,
denoted as u = d	i� k
 with u = 1 denoting test drug and u = 2 placebo or active
control. We consider the following model:

yijkl = � + �k + �ul + aij + bijk + �ijkl� (7)

where � is the overall mean, �k is the period effect, �ul is the treatment effect at
the lth time interval, aij is the subject random effect, bijk is the period random
effect nested in the jth subject in the ith sequence, and �ijkl is the random error.
We assume that aij ∼ N	0� �2

2
, bijk ∼ N	0� �2
1
, �ijkl ∼ N	0� �2
, aij� bijk, and �ijkl’s are

independent.
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Under model (7), the treatment effect at the lth time interval is �l = �1l − �2l.
Let � = max1≤l≤m �l; then, the hypotheses of QTc prolongation in a thorough
QT/QTc study under the crossover design are formulated the same as in (2). Define
Wl = 	ȳ1�1l − ȳ1�2l + ȳ2�2l − ȳ2�1l
/2, l = 1� � � � � m; then, Wl is an estimator of �l, and it
is straightforward to show that the random vector W = 	W1� � � � �Wm


′ has the same
distribution as described in Section 2.1. Therefore, a test similar to the one derived
in the previous section can be constructed.

4. NUMERICAL STUDY

4.1. Simulation

We conduct a simulation to check the performance of the asymptotic test
proposed in Section 2.1. For ease of comparison, we adopt a similar setup as
in Eaton et al. (2006), although we acknowledge that the confidence intervals
constructed in their paper were around � = 5; therefore, the estimated coverage
probabilities reported in their simulations were not related to the power for testing
our hypothesis (2).

Specifically, we consider 6 time intervals (m = 6) and consider �2
1 + �2 = 100;

� = �2
1/	�

2
1 + �2
 = 0�2� 0�4� 0�6� 0�8; and n = 40� 60� 80� 100. The estimated size for

	�1� �2� �3� �4� �5� �6
 = 	1� 1� 10� 1� 1� 1
 is given in Table 1. The estimated power for
	�1� �2� �3� �4� �5� �6
 = 	1� 2� 5� 2� 1� 1
 is given in Table 2. All estimations are based
on 5,000 simulation runs. From Table 1, we can seen that our proposed test has
sizes very close to the 5% nominal level. Table 2 indicates that for a sample size as
small as 40 to 60 subjects per group, the test has enough powers.

4.2. Example

To illustrate the proposed test procedure, we consider an example concerning
a thorough QTc study with time-dependent recording replicates. Under the
parallel-group design, 380 qualified subjects were randomly assigned to either a test
treatment or an active control agent (n = 190). Subjects were at rest prior to the
scheduled ECG. QT measurements were taken in recordings of 5 replicates within
2minutes of one another. Five time intervals (m = 5) were considered 2hours apart.
The vector W defined in Section 2.1 was calculated as

W = 	8�98� 8�47� 7�96� 8�78� 10�05
′� T = 10�05�

Table 1 Estimated size under 	�1� �2� �3� �4� �5� �6
 =
	1� 1� 10� 1� 1� 1


n � = 0�2 � = 0�4 � = 0�6 � = 0�8

40 0.0452 0.0494 0.0482 0.0516
60 0.0524 0.0548 0.0520 0.0528
80 0.0486 0.0502 0.0496 0.0594
100 0.0478 0.0524 0.0514 0.0484
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Table 2 Estimated power under 	�1� �2� �3� �4� �5� �6
 = 	1� 2� 5� 2� 1� 1


n � = 0�2 � = 0�4 � = 0�6 � = 0�8

40 0.6794 0.7054 0.7202 0.7286
60 0.8562 0.8570 0.8574 0.8650
80 0.9396 0.9370 0.9344 0.9350
100 0.9714 0.9714 0.9740 0.9684

And because �̂2
1 + �̂2 = 229�78, we have

T − 10√
2	�̂2

1 + �̂2
/n
= 10�05− 10√

2× 229�78/190
= 0�03 > −1�64 = −z0�05�

hence we do not reject H0, implying there was no statistical evidence to claim the
test drug’s noninferiority to placebo in QTc prolongation.

5. DISCUSSION

In this paper, we have proposed a new test procedure based on maximum
of correlated normal random variables. Although the proposed test was derived
under a balanced design without covariates, the method we used can be generalized
to allow for not only unbalancedness between the two treatment groups but also
adjustment of important covariates such as baseline QTc measures and/or heart
rates.

Note that in justifying our method, we essentially do not need to assume any
specific form for the variance structure of the random vectorW. This implies that our
proposed method will still be valid when covariance structures other than the model
implied compound symmetric structure such as an AR(1) structure or heterogenous
covariance (e.g., unequal variance at different time intervals) are assumed.

It should be noted that our formulation of hypotheses in (2) represents only one
of the interpretations of QTc prolongation evidence assessment. Other definitions are
worthy of consideration. For example, under a parallel-group design, we could define
� = max1≤k≤m �1k −max1≤k≤m �2k and consider testing the following hypotheses:

H0 � � ≥ 10� versus H1 � � < 10�

The above hypotheses are relevant in an active-controlled QT/QTc study where
the maximal prolongation of the two drugs occurs at different time intervals and
where a global comparison rather than a time-matched comparison is desirable. Our
proposed method can be easily modified to test these hypotheses.
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