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Sample size re-estimation for survival data
in clinical trials with an adaptive design

Kanae Togo,** and Manabu Iwasaki®

In clinical trials with survival data, investigators may wish to re-estimate the sample size based on the observed effect size
while the trial is ongoing. Besides the inflation of the type-l error rate due to sample size re-estimation, the method for
calculating the sample size in an interim analysis should be carefully considered because the data in each stage
are mutually dependent in trials with survival data. Although the interim hazard estimate is commonly used to re-estimate
the sample size, the estimate can sometimes be considerably higher or lower than the hypothesized hazard by chance.
We propose an interim hazard ratio estimate that can be used to re-estimate the sample size under those circumstances.
The proposed method was demonstrated through a simulation study and an actual clinical trial as an example. The effect of
the shape parameter for the Weibull survival distribution on the sample size re-estimation is presented. Copyright © 2010

John Wiley & Sons, Ltd.

Keywords: interim analysis; hazard ratio; sample size re-estimation; survival data
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1. INTRODUCTION

In clinical trials, adaptive designs have been widely used over
the past decade. Among the various adaptive designs, the
design used to re-estimate the sample size on the basis of the
observed treatment effect have been controversial form various
viewpoints such as complicated inferential decisions, the
possibility of resulting in clinically meaningless differences,
and efficiency [1-3]. Nevertheless, the sample size re-estimation
itself has attracted the attention of many investigators, as it is
common that uncertainties remain in the critical assumptions
about the effect size and extent of data variation during the
design of a trial before its start. In the case of continuous and
binary data, the methodology for sample size re-estimation has
been intensively discussed for two decades. Proschan and
Hunsberger [4] proposed a conditional power based on the
treatment effect in an interim analysis and proposed critical
values to preserve the type-l error rate for the test of a two-
sample mean. Cui et al. [5] proposed a test statistic for testing
the two-sample means that preserve the type-l error rate, using
the ordinary critical values of fixed group sequential designs.

Clinical trials to compare the time to events such as death or
heart failure tend to be large in size and very long in duration,
and they contain fields with a great need for the sample size
re-estimation based on interim analyses. As group sequential
designs to terminate a trial early because of futility or success
are frequently employed in trials with survival data, the design
for re-estimating the sample size should allow the early
termination of the trial.

There are various methods for using the survival data to
control the inflation of the type-l error rate when the sample size
is modified on the basis of the observed effect size, see, for
example, References [6-9]. These procedures are sometimes
complicated to be used in actual clinical trials. On the other

hand, the procedure of Cui et al. [5] for testing two-sample
means seems simple because it uses ordinary critical values in
fixed group sequential designs. It would therefore be beneficial
to use this procedure for the analysis of survival data. In this
article, we employ a log-rank test statistic to which the method
of Cui et al. [S] is applied, and investigate the performance of the
test statistic from simulation studies.

In addition to inflation of the type-l error rate, the method used
to calculate the sample size in an interim analysis should be
carefully considered because the data in each stage are mutually
dependent in trials with survival data. This article deals with
methods to calculate the sample size as well as methods to
calculate the target number of events, which is applicable in
various practical trials. The hazard ratio estimated from the
observed data is sometimes considerably higher than the
hypothesized hazard ratio, but is not above the criterion for
early termination. If the hypothesized hazard ratio is determined
based on some evidence, the interim data may give an incorrect
estimate. One solution for such cases is to balance the
hypothesized and observed estimations. We propose a method
to estimate hazards in order to re-estimate the sample size from
this viewpoint. The sample size re-estimation is applied not only
to internal pilot or seamless phase 2/3 studies but also pivotal
confirmatory studies. The latter is more suitable to the proposed
hazard estimation because the confirmatory studies are generally
planned based on evidence such as the historical data of clinical
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studies for the same population as the planning  study.
For example, the standard error of the hazard ratio in the
historical studies and interim results of the ongoing study can be
utilized to weight the hypothesized and observed estimation in
the proposed method. In addition to the hazard estimation,
the shape parameter of survival distribution also has an effect on
the sample size re-estimation when the survival distribution is the
Weibull distribution. In the planning stage, the exponential
distribution tends to be used as the survival distribution due to
the lack of information. However, given the interim data, it is
easier to estimate the shape parameter. We mention the effect of
the shape parameter for the Weibull distribution on the sample
size required to achieve the target number of events.

In Section 2, we provide an outline of the clinical trial that we
deal with in this study. One interim analysis is planned in order to
re-gstimate the sample size as well as to decide whether or not an
early termination for futility or success will be made. We present
the test statistic of Cui et al. [5] applied to the log-rank test and
other methods to preserve the type-| error rate using the log-rank
test. In Section 3, we describe a method to calculate the
minimum number of events required in the second stage. Then,
we present a method for calculating the sample size in order to
observe the target number of events within the anticipated
period. Furthermore, we propose a method to estimate hazards;
this method is used to calculate the number of events and
sample size in the interim analysis. Section 4 presents simulation
results, which demonstrate the property of the method proposed
in Section 3. The test statistics described in Section 2 is also
compared. In Section 5, we present an example using the results
of an actual trial in order to show how the proposed method is
applied. Finally, in Section 6, we briefly discuss some issues that
accompany the sample size re-estimation, including the upper/
lower bounds of the sample size modified in the interim analysis.

2. GROUP SEQUENTIAL TRIALS WITH SAMPLE
SIZE RE-ESTIMATION

2.1. Assumptions

We consider a two-arm clinical trial to compare an investiga-
tional treatment with a control, in which the endpoint is the
time to event occurred first. Let X denote an indicator variable,
ie. X=0 for the control and X=1 for the investigational
treatment. The hazard function can be expressed as

A(tlX) = Ao(t)exp (—0X) Q)]
where t>0, A(t) is the hazard for the control group, and the

hazard ratio is exp(0). The null hypothesis of no treatment effect
is thus expressed as

HO:0 =0vs. H1:0>0

Suppose that we plan an interim analysis to decide whether to
terminate the trial early for success or futility or to re-estimate
the sample size for the second stage and continue the trial. Let
zy be a certain test statistic to test the treatment effect on the
basis of n, observations in the interim analysis, and let p; be the
p-value corresponding to the z;. Then, for the prescribed
threshold values &, and «;, we set the decision rules for the
interim analysis as follows:

(A) if py <oy, then reject Hy (early termination for success),
(B) if py =ap, then accept Hy (early termination for futility),

Copyright © 2010 John Wiley & Sons, Ltd.

(©) If &< py <ap, continue the trial and enroll n, patients in the
second stage.

We assume that the interim analysis is performed after d,
events are observed. Let d, denote the preplanned numbers of
events to be observed in the second stage of the trial. The target
number of events, D (=d,+d,), will be estimated at the outset
so that the power of the test is over 1-f3;, under a pre-chosen
alternative hypothesis. In the interim analysis, the minimum
number of events required after the interim analysis is
re-estimated, and we denote it by d3. Thus, the final analysis
will be performed when D* (=d,+d3) events are observed.
Figure 1 shows a schema of the trial considered here.

Although many papers (e.g. [6,7]) do not require to plan d,
before the trial starts, most investigators and sponsors need to
preplan d,. The total number of patients is estimated on the
basis of the number of events, D=d, +d,, which determines the
budget and resources for the trial that need to be approved by
their organization, and is sometimes required by health
authorities and ethics committees. In this article, we assume
that the overall sample size is specified at the planning stage
prior to the trial.

Let 5; denote the survival function in each group (j=0, 1), and
Fi=1-5; be the corresponding distribution function. Suppose
that the survival function follows a Weibull distribution with a
distribution function exp[~(t4)"], where t is the time from the
start of the study, and A and y are the parameters of the
distribution. The time of the interim analysis is denoted by t;.
The final analysis will be performed at time t,, and the accrual
period in the second stage is t; <t<t,. Let r; denote the duration
from the start of the trial to the time of the enrollment of the ith
subject.

2.2. Methods to preserve type-l error rate

We deal with the log-rank test, or the Fleming-Harrington G,
family with p =0, under the assumption of proportional hazard
for the simplicity and practicality. Lawrence [10] showed that
changing the value of p on the basis of interim results has more
power than the log-rank test for non-proportional hazard.

Cui et al. [5] proposed a test statistic, called ‘CHW statistic’
hereafter, as a repeated test statistic for two-sample means or a
test statistic following the Brownian motion process, which
preserves the type-l error rate when the sample size is re-
estimated at an interim analysis. The significance level of each
test is determined in the same way as a fixed group sequential
design by using an a-spending function [11]. Let Z(t) be the test
statistic at the information fraction of t (0<t<1). The

standardized version of the test statistic is given by
e Fallura
—_ *— Cansoring
—_—
[R—
ma —_ 1
i
Start of Interim End of Final
the trial analysis accrual analysis
— e 4 3 &
No. of obsarved avents:
Preplaned 0 4 D=dytd,
Actual ] d D*=dy+d*

Figure 1. Schema of the supposed trial.
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B(t) = Z(t) - t'/2, which follows a Brownian motion process [12].
The CHW statistic applied to the log-rank test, and the statistic at
the final analysis is

HO)+ B(t2(D)) — B(t:(D)) NaET)
(D) — t,(D) )

=Z;\/t(D)+Z3/1 — (D)

where Z; = {B(t;(D)) — B(t1(D))}//t2(D) — t:(D), t,(D)=d,/D
and t,(D)=D*/D.

Here, t;(D) is the information fraction in the interim analysis,
which is defined as the ratio between the variance of the log-
rank statistics in the interim analysis and the one in the final
analysis. The statistic Z; indicates the interim test statistic of the
log-rank test. Compared with the expression (2), the unmodified
log-rank test statistic in the final analysis can be expressed as

L= Z11/T1(D.)+Zz\/ 1-= t](D.)

where Z, = {B(t2(D")) — B(t: (D))} / /&2(D") = ;(D"), t; (D*)=
d,/D*, and t,(D*)=D*/D*.

The mathematical properties of the log-rank test show that it
follows a Brownian motion process and has independent
increments in repeated test; see References [6) and [13].

Li et al. [8] applies the critical values of Li et al. [14] for
continuous data to the survival data. This method adjusts the
critical value for the final test to maintain the overall type-l error
rate of ¢, given the pre-specified o and ;. The final critical
value, ¢, is calculated by

213y
o —o:=f D
Zy

o

Zenw =24

N3

where ®(-) and ¢(-) are the distribution function and the
density function of the standard normal distribution, respec-
tively.

Desseaux and Porcher [9] applies the sample size re-
estimation based on Fisher's criterion proposed by Bauer and
Kéhne [15] to survival data. Let p, and p, denote the p-values
obtained from the interim and final log-rank test, respectively. If
P1 X P2 <Cq, in the final analysis, the null hypothesis is rejected,
where is calculated on the basis of the Fisher's criterion [16] as

1.,
Co = EXP| — PR

where 73, , denotes the (1-ay)-quantile of the chi-square
distribution with degrees of freedom of 4.

[C’___*Vd”'d?_z'd’} pz)dn (3)

3. NUMBER OF EVENTS AND SAMPLE SIZE
REQUIRED IN THE SECOND STAGE

3.1. Target number of events and sample size
in the second stage

The target number of events for the second stage d; is re-estimated
in the interim analysis so that the conditional power becomes
greater than 1-f1; under the prescribed alternative hypothesis. This
can be expressed as Prob(Z>zy |2y = 21,0021 - f,, ie.

21—/t +d; — 20/d; — d30/2

;

1-0

=1-f @
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({4)). The statistic z, is an ordinary log-rank test statistic without any
modification as mentioned in Section 2.2; it is obtained from the
observed data in the interim analysis. Since 0 in inequality (4) is
unknown, the estimated ¢ from the observed data can be used. In
the interim analysis, 0* can be estimated based on the proportional
hazard model of Equation (1) using the method of partial likelihood
[17]). This method of estimating 0* in the interim analysis is the
same as that in the final analysis. Although the estimate from the
interim data 6™ is commonly used for 0, we propose another
approach in Section 3.2. The number of events d in inequality (4),
which we want to re-estimate, cannot be expressed in a closed
form and is solved by a numerical calculation. The target number of
events based on the unconditional power is given by

_Mamtzy)
= —__0;2

Li et al. [8] proposed an equation modified from inequality (4),
which is consequently the same as Equation (5). In Section 4, we
present the effect on the sample size based on the uncondi-
tional power instead of the conditional power.

The number of events observed in the second stage consists
of the events in subjects enrolled in the first stage and those at
risk in the interim analysis, denoted by S{R}, along with the
events in subjects enrolled in the second stage. Under the
assumption of a constant accrual rate, we have

. Fita —r) = Fi(ty — ;) ny /'"
= + Filt2 — y)d
2 i;'.l ieS%} 1= Filts —n) 2ta — 1) Jy, it =)y
(6)

d a 5)

which is used to calculate n,.

When the survival function is Weibull, the number of events
from S{R} on the right-hand side of Equation (6), which is denoted
by dyp, is given by
Filta—r) = Fi(ti =)

1-Fti—n)
1=exp(—(t— ) ) - {1 - exp(~(t, — 1) )}
oS exp(—(t — i)' )

=) > t—exp(—(a —r) — — A}

J=0,1ie5{R}

=% >
J=0ESTRY

When y=1 (i.e. an exponential distribution),

dn =3 > {1-exp(=(t— )i}

J=0,17eS{R}

=3 Y Fla—t)

j=0,1ieS{R}

7)

Equation (7) does not include r; Although y=1 is used in
general when designing a trial as well as the sample size, the
actual hazard may increase (y> 1) or decrease (y <1) over time in
the clinical field. If y=1 is supposed against the true survival
distribution of the Weibull distribution with y=2, do;y will be
underestimated by the following difference:

SN 1 —exp(—(ta — )i}

J=0.1ieS{R}
=32 e 0 — (& - )
j=0,1ie5(R}
== > {Smilta - t)Fm((t = )+ (6 - 1)} <O
j=0,1ieS{R}
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Consequently, superfluous subjects are enrolled in the second
stage of the trial. To mitigate this risk, the interim estimate of y
can be used for calculating dj, although it should be considered
carefully if the interim estimate of y<1 (or>1) against the
anticipation of y>1 (or<1).

3.2. Method to estimate hazards

When the conditional power is calculated at the interim analysis,
the hazard ratio estimated from the observed data is commonly
used. However, if the estimated hazard ratio is considerably
higher than the hypothesized hazard ratio but is not above the
criterion for early termination, the observed data in the first
stage may not represent the population well. In that case, the
required number of events will probably exceed the pre-
specified upper bound. If the hypothesized hazard ratio is
determined based on some evidence, one remedial solution is
to balance both sources of information. We propose a method
to estimate the hazard ratio using such a view.

Let S,(t) denote the survival function anticipated before the
trial starts and S,,(t) denote the survival function estimated from
the observed data in each treatment group (j=0, 1). Suppose
that the survival function follows a Weibull distribution
exp[-(tA)"], and also suppose that S,(t) and S,(t) have the same
parameter y;. The difference between them in a log-log scale, ¢,
following the notation of Whitehead et al. [18], is given by

¢;=—log (—log Sy(T))+ log (— log 54(T))
= —log (—log exp [~(T/)"])+ log (- log exp[—(T44)"])
=—7;log T —v;109 inj+7;log T+y;log g
=7 log }.gj/),nj
We propose an interim estimation of the survival function
S; () = exp [—(ti.; /] as

—log(~log 5/ (1)) = —log (~ log (1)) +cd; ®)

where c is a constant within (0, 1). The survival function S,-'(t) is
consistent with Snilt) if c=1; consistent with Saiit) if €¢=0; and
intermediate between them if ¢=1/2. The interim estimate of
the hazard is given by i = 1) A¢; from Equation (8), The
hazard 4, from the observed data can be estimated using the
method of maximum likelihood. In the example presented in
Section 5, we estimated the hazard using the statistical package
of the SAS LIFEREG procedure. Once 4; is estimated, 0" =
~log (4;/4) can be used for § in inequality (4) on which the
target number of events for the second stage was re-estimated.

The different parameter y can be assumed for S,(t) and S,t)
as ¢ is replaced with ¢(t) = (yayn) log t+7,; 10g Aoy, log Ay in
Equation (8), where y4 and y, are y; for S,(t) and S,(1),
respectively.

4. SIMULATION

A simulation study was performed to demonstrate the property
of the method proposed in Section 3. Before that, comparisons
for the test statistics described in Section 2.2 and the approach
to d; based on conditional and unconditional power are
presented.

In the simulation study, random events were generated under
the assumptions that the hypothesized hazard ratio was 0.8, the
1-year event rate for the control group was 0.2, and the survival
function was a Weibull distribution with y = 1. The accrual period

Copyright © 2010 John Wiley & Sons, Ltd.

and the minimum period of follow-up were both 2 years, and
the additional accrual period after the interim analysis was
1 year. The accrual was performed uniformly in this period. The
power to be achieved was 0.9, which did not take into account
of the inflation in the type-Il error rate caused by an early
termination for futility because of its negligible effect. The
overall significance level of o was 0.025 (one-sided). The
constants «o and o, were determined by the O'Brian-Fleming
type of a-spending function, and d, was calculated using the
equation presented in Section 3.1 as Equation (6) to compare
the overall power among the methods. Here, we set the upper
bound for D* as four times of D, where D was 849. It was not
allowed to be decreased from the preplanned sample size in the
modification of the sample size.

First, we compare the overall power of the CHW statistic with
the methods of Li et al. [8] and one of Desseaux and Porcher [9]
in the simulation study. The overall power is the probability of
accepting the alternative hypothesis in the interim analysis or in
the final analysis. All the three methods showed some elasticity
in the overall power, while the overall power in the fixed design
without sample size re-estimations fell off as the expected
hazard ratio differed from the true one (Figure 2). The overall
power under the null hypothesis (i.e. true hazard ratio =0) was
2.5% for the CHW method and 2.6% for the method of Li et al.
[8]. In the method of Desseaux and Porcher, the overall power
was slightly higher than that in the CHW method. As the results
of our simulation, the observed overall power of 3.5% under the
null hypothesis was over the target type-l error rate of 2.5%,
which was consistent with the simulation results of Desseaux
and Porcher [9], since they did not intend for the type-l error
rate to always be below the nominal level. In conclusion, the
CHW method is comparable to the other methods in terms of its
overall power and ability to control the type-| error rate.

Second, we compare the approach to d, based on the
conditional power of the Equation (4) with the unconditional
power of Equation (5). Figure 3(a) shows the overall power of
each approach. The type-l error rate was controlled by the CHW
method. Although the mean number of events required in the
second stage (d5) based on the conditional power was less than
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Figure 2. Overall power against the difference between the hypothesized hazard
ratic and the true hazard ratio at the hypothesized hazard ratio of 0.8. CHW:
Method applied from Cui et al. [5], LSW: Method of Li et al. [8], DP: Method of
Desseaux and Porcher [9], Fixed Design: Overall power based on a study design
with an interim analysis for the early termination but without sample size re-
estimation.
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Figure 3. Comparison of simulation results between conditional power and unconditional power at the hypothesized hazard ratio of 0.8. (a) Overall powers for the sample
size modified in interim analysis based on conditional power and unconditional power, and the overall power for the fixed design (without sample size modification),
(b) Solid line: Differences between the mean number of events required in the second stage (d3) based on the conditional power and that based on the unconditional
power (i.e. d; based on unconditional power - dy based on conditional power); Dotted line: Differences between the mean number of subjects required in the second

stage (n) based on conditional power and that based on unconditional power.
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Figure 4. Comparison of simulation results in sample size re-estimation based on the hazard estimated by Equation (8) with ¢ = 1, 3/4, 1/2, and 1/4 at the hypothesized
hazard ratio = 0.8, (a) Overall powers for the sample size modified in the interim analysis. (b) Mean sample sizes modified in the interim analysis.

that based on the unconditional power (see Figure 3(b)), the
overall power was almost the same in the two methods. As a
natural result, the difference in the sample size for the second
stage between the conditional power and unconditional power
was further increased. Since the enrollment number of subjects
is never trivial, it can be concluded that the conditional power is
more effective in the calculation of the number of events.
Finally, we applied the hazard estimation based on Equation
(8) to re-estimate the sample size in the simulation study. The
sample size was re-estimated based on the conditional power.
The overall power and mean sample size were compared using
Equation (8) with c=1 (i.e. the hazard estimated from the
observed data in the first stage), 3/4, 1/2 (i.e. the intermediate
between the hypothesized and the observed hazards), and 1/4
(Figure 4). As ¢ was larger, the overall power and mean sample
size were larger. However, the increase in mean sample size was
remarkably large compared with the increase in overall power.
For example, when the difference between the hypothesized
and true hazard ratios was 0.1, the overall power with ¢=1
increased by 12% compared to that with c=1/2, but the mean
sample size with ¢=1 increased by 1658. When there was no
difference between the hypothesized and true hazard ratios, the
overall power with c=1 increased by 1% compared to that with
¢=1/2, but the mean sample size with c=1 increased by 870. In
addition, the percentage of cases where the re-estimated

Pharmaceut. Statist. 2010

sample size was greater than the upper bound was 10-33%
when c=1, while the percentage was zero when c=1/2.
Investigators and sponsors could choose ¢ to be less than 1 to
avoid the considerable increase in the sample size, in exchange
for some loss in the overall power. We provide an example of
setting ¢ to less than 1 in the next section.

5. EXAMPLE

The Eplerenone Post-Acute Myocardial Infarction Heart Failure
Efficacy and Survival Study (EPHESUS) was a double-blind,
placebo-controlled clinical study evaluating the effect of
eplerenone, a selective aldosterone blocker, on morbidity and
mortality among patients with acute myocardial infarction
complicated by left ventricular dysfunction and heart failure
[19]. The co-primary endpoints were the time to death from any
cause and the time to death from cardiovascular causes or the
first hospitalization for a cardiovascular event. The trial was
designed to enroll 6200 patients and to continue until 1012
deaths occurred. The target number of deaths was determined
to have an 88% power to detect an 18.5% reduction from the
placebo in the hazard of death using a log-rank test at a
significance level of 0.04. As the results, 478 of the 3319 patients
in the eplerenone group and 554 of the 3313 patients in the
placebo group died. The hazard ratio for death was 0.85 (95%

Copyright © 2010 John Wiley & Sons, Ltd.
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confidence interval, 0.75-0.96). The difference in the hazard ratio
between the anticipation and result was 0.035. Although the
power to detect the reduction in the hazard ratio was
overestimated, the reduction was statistically significant be-
cause of the original high power of 88%.

Here, we suppose that the hazard ratio of 0.8 was anticipated
against the true hazard ratio of 0.85. The target number of
deaths D is 897 to achieve a power of 90% under the
hypothesized hazard ratio, where an interim analysis for early
termination for futility or success is planned after 50% of the
preplanned number of deaths has occurred. With 897 deaths,
the probability of failing to detect a significant reduction in the
hazard ratio is 36% (i.e. 64% power) under the true hazard ratio
if no sample size modification is performed. We suppose that
sample size re-estimation is planned in the interim analysis in
addition to the early termination. ]

We conducted a simulation study based on the above
conditions. In order to determine c in Equation (8), the
standard error of the hazard ratio in a historical study and
the interim results of the ongoing study were used. The
historical study used was the TRACE study [20], which
evaluated the effect of an ACE inhibitor against a placebo in
patients with left ventricular dysfunction after myocardial
infarction, resulted in a hazard ratio of 0.78 (95% confidence
interval, 0.67-0.91) in the event of death. The hazard and its
standard error based on the observed data in the first stage
were estimated by the SAS LIFEREG procedure. When ¢ was
based on the inverse standard error of the hazard ratio in the
interim analysis and TRACE study, it was approximately 1/2 in
the simulation study. Table | shows the estimates from the
observed data and pre-specified values in the simulation study,
which were used to calculate the weighted hazard ratio with ¢
in Equation (8). This weighted hazard was used for 0 in
inequality (4), on which the target number of events for the
second stage d;, was re-estimated. The log-rank test statistic z;
in inequality (4) was calculated by the SAS LIFETEST procedure
from the observed data in the first stage. The minimum dj that
satisfied inequality (4) with 0.9 of 1-, was obtained through a
numerical calculation. The number of subjects enrolled in the
second stage was then calculated by Equation (6) with an
upper bound equal to four times D.

In the results of the simulation study, the overall power was
80%, and the mean D* was 1279. When the sample size re-
estimation was performed with ¢=1, the overall power under

I»‘Fj‘l'nh,
ecified value

S reidt

Estimated or pre-sp

Mean™ (min, max)

Standard error of hazard ratio from 1.099 (1.098, 1.102)
observed data
Standard error of hazard ratio in
the historical study
(4 0.495 (0.495, 0.496)
Hazard ratio from observed data 0.853 (0.592, 1.200)
Hypothesized hazard ratio 0.80"

Weighted hazard ratio with ¢ 0.825 (0.689, 0.978)

1.08'

*Mean of estimates of 10000 simulated studies, except for
pre-specified values.
"Pre-specified value.

Copyright © 2010 John Wiley & Sons, Ltd.

the true hazard ratio was 86%, and the mean D* was 1800, This
means that the value of D* when ¢=1/2 was lower than when
c=1; this was despite the overall power being greater than 80%,
and it is even lower than the D of 1692 when the hypothesized
hazard ratio was equal to the true one of 0.85.

6. DISCUSSION

In the proposed method to estimate interim hazards, constant ¢
is set in proportion to the degree of confidence in the
hypothesized hazard and the observed data. We would
recommend specifying the decision rule of the ¢ at the planning
stage, while it may be difficult to pre-specify the value of ¢ itself.
The information fraction of the interim analysis can be one
possible factor to determine the value of ¢. The proposed
method with ¢=1/2 could control excessive increase in sample
size modified at the interim analysis, while a little reduction in
the overall power was observed. However, if investigators are
highly confident in the hypothesized hazard ratio, there is no
need for the sample size re-estimation, and the fixed design
should be employed.

The CHW method applied to the log-rank test was compar-
able to other methods in terms of the overall power and control
of the type-l error rate. Since the CHW method uses « for the
fixed design, it can easily be applied in actual clinical trials.
However, this may cause critical problems from a regulatory
view point if the sample size re-estimation allows the sample
size to be reduced from the preplanned sample size. If the
interim analysis does not result in an early termination for
success but results in a modified number of events equal to zero
or a very few, there may be serious doubt about leaving the final
significance level as the preplanned «, in the CHW method. Cui
et al. [5] does not suppose a decrease in the sample size at the
interim analysis. If the CHW method is used, the sample size may
not be reduced from the preplanned one at the interim analysis.

In the simulation discussed in this article, we set an upper
bound on the additional number of events, d;, in the second
stage of the trial, and did not allowed a decrease in the sample
size when modifying it. The upper bounds for d; and n, are
mandatory, because n, can be ten times as large as the
preplanned size, even if the study does not terminate for futility.
The upper bound should be determined so that it is at least less
than the size needed to detect a clinical meaningful difference.
The budget of the study and feasibility may further decrease this
upper bound.

The lower bounds for d; and n, are more complicated. When
the sample size can be reduced at the interim analysis, the time
of the interim analysis or the accrual duration should be planned
so that the interim analysis is performed before the end of
enrollment. In the results of a simulation, the percentage of such
cases was low when the interim analysis was conducted at the
information fraction of 1/2. As the information fraction became
smaller than 1/2, the percentage of the completion of the
enrollment was getting lower. However, the percentage of
the early termination for success was also low, which made the
mean sample size larger. Furthermore, as mentioned above, if
the interim analysis results in a modified number of events equal
to zero or a very few, the final significance level of «, reaches an
impasse in the CHW method. Therefore, we think that it is
practical for any decrease in sample size at the interim analysis
to be caused only by an early termination for futility or success,
while any modification involves an increase.
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HCV-JFH1 yields subclones that develop cytopathic plaques (Sekine-Osajima Y, et al., Virology 2008; 371:71).
Here, we investigated viral amino acid substitutions in cytopathic mutant HCV-JFH1 clones and their
characteristics in vitro and in vivo. The mutant viruses with individual C2441S, P2938S or R2985P signature
substitutions, and with all three substitutions, showed significantly higher intracellular replication
efficiencies and greater cytopathic effects than the parental JFH1 in vitro. The mutant HCV-inoculated mice
showed significantly higher serum HCV RNA and higher level of expression of ER stress-related proteins in

Keywords: ¢ = . N N N N )
HOV-JFH1 cell culture early period of infection. At 8 weeks post inoculation, these signature mutations had reverted to the wild
Plaque assay type sequences, HCV-induced cytopathogenicity is associated with the level of intracellular viral replication

Cytopathic effect
Adaptive mutations

and is determined by certain amino acid substitutions in HCV-NS5A and NS5B regions. The cytopathic HCV
clones exhibit high replication competence in vivo but may be eliminated during the early stages of infection.

n -6

Human hepatocyte chimeric mice

© 2010 Elsevier Inc. All rights reserved.

Introduction

Hepatitis C virus (HCV) is one of the most important pathogens
causing liver-related morbidity and mortality (Alter, 1997). Antiviral
therapeutic options against HCV have been limited to type I
interferons and ribavirin and have yielded unsatisfactory responses
(Fried et al., 2002). Given this situation, a precise understanding of the
molecular mechanisms of interferon resistance has been a high
priority of research in academia and industry.

Molecular analyses of the HCV life cycle, virus-host interactions,
and mechanisms of liver cell damage by the virus are not understood

Abbreviations: HCV, hepatitis C virus; CPE, cytopathic effect; ER, el
reticulum; RARp, RNA dependent RNA polymerase.
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completely, mainly because of the lack of cell culture systems. These
problems have been overcome to some extent by the development of
the HCV subgenomic replicon (Lohmann et al., 1999) and HCV cell
culture systems (Lindenbach et al.,, 2005; Wakita et al., 2005; Zhong et
al., 2005). The HCV-JFH1 strain, which is a genotype 2a clone derived
from a Japanese fulminant hepatitis patient and can replicate
efficiently in Huh7 cells (Kato, 2001; Kato et al, 2003), has
contributed to the establishment of the HCV cell culture system.
Furthermore, the Huh7-derived cell lines, Huh-7.5 and Huh-7.5.1
cells, allow production of higher viral titers and have a greater
permissivity for HCV (Koutsoudakis et al., 2007; Lindenbach et al.,
2005; Zhong et al., 2005). The HCV-JFH1 cell culture system now
allows us to study the complete HCV life cycle: virus-cell entry,
translation, protein processing, RNA replication, virion assembly and
virus release.

HCV belongs to the family Flaviviridae. One of the characteristics of
the Flaviviridae is that they cause cytopathic effects (CPE). The viruses
have positive strand RNA genomes of ~10 kilo-bases that encode
polyproteins of ~3000 amino acids. These proteins are processed
post-translationally by cellular and viral proteases into at least 10
mature proteins (Sakamoto and Watanabe, 2009). The viral non-
structural proteins accumulate in the ER and direct genomic
replication and viral protein synthesis (Bartenschlager and Lohmann,
2000; Jordan et al., 2002; Mottola et al., 2002). It has been recently
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reported that HCV-JFH1 transfected Huh-7.5.1 cells die when all of the
cells are infected and intracellular HCV RNA reaches maximum levels
(Zhong et al., 2006). These findings suggest HCV-induced cytopath-
ogenicity. However, the mechanisms have not been well documented.

In a previous study, we investigated the cellular effects of HCV
infection and replication using the HCV-JFH1 cell culture system and
we reported that HCV-JFH1 transfected and infected cells show
substantial CPE that are characterized by massive apoptotic cell death
with expression of several ER stress-induced proteins. Taking
advantage of the CPE, we developed a plaque assay for HCV in cell
culture and isolated subclones of HCV that showed enhanced
replication and cytopathogenicity (Sekine-Osajima et al., 2008). We
have demonstrated that these viral characters were determined by
mutations at certain positions in the structural and nonstructural
regions of the HCV genome, especially the NS5A and NS5B regions.

In this study, we investigated the mechanisms and viral nucleotide
sequences involved in HCV-induced cytopathic effects using HCV-JFH1
cell culture and a newly developed cytopathic plaque-forming assay. We
demonstrated that introduction of NS5A and NS5B mutations into the
JFH1 clone resulted in a higher replication efficiency, although
introduction of these mutations into the JFH1 subgenomic replicon
has no effect on viral replication. These mutations do not affect virion
entry or release of viral particles but regulate virus replication, and high
levels of virus replication result in cytopathogenicity.

A

Dilutions x3

x3*

B

Dilutions

Results
Development of cytopathic plaques by HCV infection of Huh-7.5.1 cells

A plaque assay was performed to investigate the morphological CPE
following HCV-JFH1 infection (see Materials and methods). Culture
supernatants from JFH1-transfected cells were diluted serially and
inoculated onto uninfected Huh-7.5.1 cells. The cells were subsequently
cultured in medium containing agarose. On 9 days after the inoculation,
viable cells were stained and plaques were visualized (Fig. 1A). HCV-
inoculated cell cultures developed plaques as unstained areas, accom-
panied by rounded cells in the periphery (Fig. 1B). The formation of
cytopathic plaques was not observed in a parental Huh7 cell line (data
not shown). Those results were consistent with our previous study
(Sekine-Osajima et al., 2008).

Introduction of mutations in the NS5A and NS5B regions of the JFH1
clone augmented its cytopathic effects

Among the amino acid substitutions that developed in the plaque-
derived HCV-JFH1 strains, 6 of the 9 amino acid changes appeared
redundantly among 5 independently isolated plaques, and clustered in
the C terminal part of the NS5A and NS5B regions. To investigate the
phenotype of each amino acid substitution, we constructed mutant JFH1

JFH1()

Fig. 1. The cytopathic effects of HCV-JFH1 in vitro. A. Plaque assay. Huh-7.5.1 cells were seeded in collagen-coated 60mm-diameter plates at density of 4 10° cells per plates and
were incubated at 37 °Cunder 5.0% CO; (as described above). After overnight incubation, HCV-infected culture supernatants were serially diluted in a final volume of 2 ml per plates
and transferred onto the cell monolayers. After ~5 h of incubation, the inocula were removed and the infected cells were overlaid with 8 ml of culture medium containing 0.8%
methyl-cellulose and incubated under normal conditions, After 7 days culture, formation of cytopathic plaque was visualized by staining with 0.08% crystal violet solution. B. The
cytopathic plaques were observed by phase-contrast microscopy at day 7 after HCV-JFH1 infection.
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clones in which we introduced separately one amino acid substitution in
NS5A and five substitutions in NS5B (Fig. 2A) and transfected the
mutant HCV RNAs into Huh-7.5.1 cells. To compare the electroporation
efficiencies of viral RNAs, Huh-7.5.1 cells were harvested 8 h after
transfection and the levels of intracellular core antigen were measured.
There was no difference in the efficiencies of electroporation (Fig. 2D).
The substitutions G2964D, H3004Q, and S3005N did not lead to
cytopathic effects but three mutant subclones (€2441S, P2938S and

A

R2985P) produced much more cell death compared to the wild type
JFH1 (Fig. 2B). To assess the quantitative cytopathic effect seen in host
cells for each of the mutants, we also performed MTS assay at 6 days post
transfection. It showed that Huh-7.5.1 cells transfected with the triple
mutants (C2441S, R2938S, or R2985P) induced apparently much more
cytopathic effect compared to the parental JFH1 and other mutant
clones, although the three mutant clones encoding the substitutions
(24415, P2938S, or R2985P did not show significant difference but
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Fig. 2. Introduction of mutations into the NS5A and NS5B regions of JFH1. A. The mutations identified in the cytopathic plaque were introduced individually into the parental JFH1.
Each JFH1 mutant was transfected into Huh-7.5.1 cells by electroporation. B. Huh-7.5.1 cells transfected with JFH1-mutants were observed by phase-contrast microscopy at day10
after transfection. C. MTS assay was performed to assess the quantitative cytopathic effect seen in Huh-7.5.1 cells for each of the mutants 6 days post transfection. Asterisks indicate
p-values of less than 0.05 as compared with JFH1. D. Huh-75.1 cells were harvested at 8 h after transfection and the levels of intracellular core antigen were measured.
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showed tendency to introduce more cytopathic effect than the parental
JFH1 and the mutant clones encoding the substitutions G2964D,
H3004Q, and S3005N (Fig. 2C).

Introduction of NS5A and NS5B mutations into the JFH1 clone led to a
greater replication efficiency

To compare the expression levels of each mutant subclone, each
HCV RNA was transfected and core antigen was detected subsequent-
ly in the culture medium. Similar to Fig. 2B, HCV clones with
individual substitutions G2964D, H3004Q and S3005N produced
significantly less core antigen or did not replicate at all. In contrast,
the C2441S, P2938S and R2985P mutants produced significantly more
core antigen than the wild type JFH1. In addition, an HCV clone with
all 3 adaptive substitutions (€2441S, P2938S and R2985P) produced
more core antigen than any other clone (Fig. 3A).

Next, we harvested the infected cells at 5 days after electropora-
tion and performed western blotting. As shown in Fig. 3B, the three
clones encoding the substitutions C2441S, P2938S, or R2985P, and the
clone with all three mutations, expressed far more core protein than
the parental JFH1, although the clones encoding the substitutions
G2964D, H3004Q and S3005N did not express core protein. We also
transferred culture media from the mutant clones onto uninfected
Huh-7.5.1 cells and performed western blotting and the cells infected
with the same mutant subclones as Fig. 3B expressed more core
protein (Fig. 3C).

Introduction of NS5A and NS5B mutations into the JFH1 subgenomic
replicon

To investigate the primary phase of replication of [FH1 mutants,
we constructed JFH1 subgenomic replicons by introducing individu-
ally the six mutations in NS5A and NS5B. We transfected each replicon
RNA into Huh7 cells and compared their replication levels according
to the luciferase activities. Consistently with the mutant viruses, the
subgenomic replicon encoding the changes C2441S, P2938S or
R2985P, which produced higher amounts of core antigen, did replicate
at higher levels than the other subgenomic replicons with single
mutation, G2964D, H3004Q and S3005N. However, none of these
mutants replicated at higher than the parental JFH1 subgenomic replicon.
Furthermore, replicon with triple mutations of C2241S, P2938S and
R2985P did not replicate (Fig. 4).

Introduction of NS5A and NS5B mutations into the JFH1 clone had no
effect on the production of infectious virions

We sought to investigate the effects of the NS5A and NS5B
mutations on virus replication and virion secretion independent of re-
infection and spread of the viruses produced. Therefore, we used the
S29-subclone of Huh7 cells, which cannot be infected by HCV because
of a defect in CD81 expression but does support viral genomic
replication and releases infectious HCV particles after transfection
(Russell et al., 2008). The Huh7-S29 cells enabled us to evaluate a
single cycle of infection and production of virions. Those cell lines did
not show apparent cytopathic effects after transfection with HCV
RNAs (data not shown). To analyze HCV particle production from cells
transfected with the viral genomic RNAs transcribed in vitro, we
harvested culture media and cells at 72 h post transfection and
measured the core antigen levels in culture media and intracellular
HCV RNA by real-time RT-PCR. The C2441S, P2938S, and R2985P
mutants produced significantly greater amounts of core antigen in the
culture medium than the wild type JFH1. The HCV clone carrying all
three mutations produced the greatest amount of core antigen
(Fig. 5A, top). Consistent with the core antigen levels in the culture
media, intracellular HCV RNA levels were also higher in the cells
transfected with the mutated genomes encoding separately €2441S,
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Fig. 3. Replication competences of HCV subclones with NS5A and NS5B mutations.
A. Levels of core antigen in the culture medium. The culture media from transfected
cells were collected on the days indicated and the levels of core antigen were measured.
Asterisks indicate p-values of less than 0.05 as compared with JFH1. B. Huh-7.5.1 cells
transfected with JFH1 mutants were harvested at 5 days after transfection and western
blotting was performed. C. The culture media from Huh-7.5.1 cells transfected with
JFH1 mutants were transferred onto uninfected Huh-7.5.1 cells. The cells were
harvested at 3 days after infection. Western blotting was performed using anti-core
and anti-beta-actin. kDa: kilo dalton.

P2938S, and R2985P, and that with all three mutations (Fig. 5A, middle),
indicating that these mutations affected virus replication. Fig. 5A bottom
shows the efficiency of infectious viral particle release from each
transfectant, this being expressed as the core antigen level in the culture
medium adjusted by dividing by the levels of intracellular HCV RNA.
There was no difference in the efficiency of release of virions by the wild
type JFH1 and the genomes carrying the C2441S, P2938S or R2985P
changes. These results indicated that these three mutations in NS5A and
NS5B did not affect virion entry or viral particle release but did regulate
virus replication, and a high level of viral replication induces
cytopathogenicity. Similarly, as shown in Fig. 3B, the three clones with
(24418, P2938S or R2985P, or all three mutations expressed much
higher levels of core protein than the parental JFH1, while clones with
G2964D, H3004Q or S3005N mutations did not express detectable
amounts of core protein (Fig. 5B).
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Fig. 4. Luciferase assay of the cytopathic JFH1-subgenomic replicon. Mutations were
introduced into 2a-Feo subgenomic replicon and transcribed RNA for each replicon was
transfected into Huh7 cells by electroporation. The cells were harvested at 24 h, 48 h
and 72 h after electroporation and were used for Luciferase assay. Values are relative
values to those of 8 h.

Mutations of NS5A and NS5B are associated with replication competence
at earlier stages in vivo

We next used human hepatocyte chimeric mice to investigate the
infectivity of the triple mutant of NS5A and NS5B. We confirmed the
mouse liver chimerism greater than 70% by immunohistochemical
analysis (data not shown). Culture media of the parental JFH1 and the
mutant subclone with three mutations (C2441S, P2938S, and
R2985P), were collected following transfection of Huh-7.5.1 cells,
concentrated, and inoculated intravenously into human hepatocyte
chimeric mice. We confirmed that the three mutations in NS5A and
NS5B were conserved in the virus genome sequence of cell culture
supernatants that were used for inoculation (data not shown). Two
mice were inoculated with JFH1 and three were inoculated with the
mutant virus. HCV RNA and human albumin in the sera of the mice
were detected sequentially.

We repeated the same exam twice and confirmed consistency of the
results. In the early phase post inoculation, the concentration of HCV RNA
in serum was significantly higher in mice inoculated with the culture
medium from the mutant subclone (Fig. 6A), suggesting that the muta-
tions in NS5A and NS5B (C2441S, P2938S, and R2985P) are associated
with virus replication in vivo, However, there was no difference in the
level of HCV RNA in later period. The disparity of viral production at early
time point could be influenced by the disparate numbers of infectious
virus between the 2 initial inoculums. However, the sharp elevation of
serum HCV RNA at day 5 after dropping at day 3 indicates that the
mutants (C2441S, P2938S plus R2985P) are more replication competent
at early stages in vivo. Serum levels of human albumin remained constant
throughout the observed periods and showed no significant differences
between wild and mutant-infected mice (Fig. 6B).

We also investigated expression of ER stress-related proteins, the
glucose regulated protein 78 (GRP78) and C/EBP homologous protein
(CHOP), in liver of chimeric mice infected with JFH1 or the mutant in
the early phase post inoculation. Human hepatocyte chimeric mice
were inoculated in the same way as described above, and we verified
that the level of virus titer in serum of each mouse was same as
presented in Fig. 6A (data not shown). We sacrificed one each mouse
that was infected with wild type or mutant [FH1 at 5 day of infection
and investigated hepatic expression of GRP78 and CHOP. Liver
histology showed no sign of inflammation or cytopathic cell death.
However, as shown in Fig. 7, the expression level of both GRP78 and
CHOP was higher in mice inoculated with the mutant viruses than the
parental JFH1. There was no apparent difference in percents of hepatic
chimerism between each mouse. These finding suggested that ER
stress-related proteins were upregulated in the liver of HCV-infected
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Fig. 5. Analysis of viral replication and production of viral particles using a single-cyce assay.
A. Levels of core antigen in the culture media 3 days after transfection of JFH1 mutants into
CD81-deficient Huh7-529 cells (top). Levels of intracellular HCV RNA were quantified by
real-time RT-PCR 3 days after transfection of JFH1 mutants into Huh7-529 cells (middle). To
determine the efficiency of infectious viral particle release from Huh7-529 cells transfected
with JFH1 mutants, the levels of core antigen in the culture media were adjusted by dividing
by the levels of intracellular HCV RNA (bottom), Core Ag: Core antigen, N/D: not detectable.
B. Huh7-529 cells were harvested at 3 days after transfection of JFH1 mutants and western
blotting was performed using anti-core and anti-beta-actin. kDa: kilo dalton.

mouse and that these responses were more strongly induced in the
liver of mutant-infected mouse.

Highly adapred cytopathic mutations reverted to wild type in vivo

Finally, we analyzed the serum viral sequence at the specified time
points. On days 1 and 5, the HCV genomic sequences of the mice



