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Abstract: Background: Early termination of a clinical trial is well accepted when there is enough evidence for a
significant effect based on an interim analysis; however, an interim analysis does have its risks. The main purpose
of this study is to examine whether efficacy can be estimated correctly in early termination stage through formula
derivation and simulation methods. Methods: We derived inequalities for the relationship between the estimated
effects and the actual effects for normal and binary endpoints. Several simulations were also provided to support
our findings. Results: The derived inequalities show that the difference between two statistical significant sample
means/rates is greater than that between two pre-defined population means/rates. The simulation results show
the ratios of the average of the estimated mean/rate differences in the statistical significant early termination
stage and the pre-defined effect size (6,/0) are always greater than 1 even if the type | error rate is controlled by
Peto, O'Brien-Fleming or Pocock method. Therefore, the actual population benefits may be smaller than the estima-
tion when a clinical trial early stopped for benefits because of significant interim analysis. Conclusions: The effect
estimations of both normal and binary endpoints are overestimated in the early termination period. This finding is
supported by formula derivation and simulations whose results are comsistent.
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Introduction

The drug development process has become a
highly competitive and costly enterprise. It is
an important option in a clinical trial, if neces-
sary, it can be early stopped. Several factors
can influence the decision to stop an ongoing
clinical trial including ethical issues, changes in
accepted clinical practice that make the con-
tinuation of a clinical trial unwise, or reaching a
positive or negative statistical endpoint earlier
than anticipated. There are a number of nega-
tive reasons for discontinuing a trial premature-
ly [1], such as serious adverse events, inability
to recruit or enroll an adequate number of
patients, financial considerations, protocol
found to be impractical or unworkable, etc. On
the contrary, some positive reasons are also
realized, for example, the unexpected benefit
prompted a recommendation for early termina-
tion in order to extend the benefit to a large
group of patients as soon as possible. The

Beta-blocker Heart Attack Trial (BHAT) in 1988
was the very famous successful early termina-
tion clinical trial which was terminated nine
months earlier than scheduled due to an
observed treatment benefit [2].

In clinical trials, interim analyses are often per-
formed before the completion of the trial, in
which the intention is to possibly terminate
the trial early. International Conference on
Harmonization (ICH) E9 guideline [3] provides
the definition of interim analysis, that is any
analysis intended to compare treatment arms
with respect to efficacy or safety at any time
prior to formal completion of a trial. From spon-
sor's point of view, the utilization of interim
analyses is to compare treatment arms, termi-
nate the development of ineffective or unsafe
drugs, or accelerate the regulatory approval
process in the pharmaceutical industry [4]. To
facilitate the application of the interim analysis
and early termination, E9Q guideline indicates
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that the goal of such an interim analysis is to
stop the trial early if the superiority of the treat-
ment under study is clearly established, if the
demonstration of a relevant treatment differ-
ence has become unlikely, if unacceptable
adverse effects are apparent, or if sample size
re-estimation is needed.

Therefore, early termination after interim an-
alysis for efficacy reason is acceptable from
both regulations and sponsors. However,
boundaries for monitoring efficacy require more
evidence to terminate a trial early than safety
monitoring. Armin Koch mentioned that practi-
cal consequences of spending tiny portions of
a in many interim analyses are too often not
appropriately acknowledged [5]. Although there
are many methods being applied to define early
termination type | error boundary, no data to
date is available about their actual impact on
the efficacy estimation in early termination
stage. It is widely accepted that any decision of
terminating a large scale multi-center clinical
trial early is a very complex process in which
various elements should be considered. Obvi-
ously, the actual treatment effect is the most
important element.

To the best of our knowledge, there was not
much published literature mentioned the effi-
cacy estimation in early terminated clinical trial.
Therefore, the main purpose of this study is to
examine whether efficacy can be estimated
correctly in early termination stage through for-
mula derivation and simulation methods.
Inequalities for the relationship between the
estimated effects and the actual effects are
derived for normal and binary endpoints.
Simulation results are also provided to support
the findings.

Methods

Normal and binary endpoints are considered in
this research. Formula derivation and simula-
tion methods were used to evaluate the treat-
ment effects estimated from early termination
clinical trial.

Normal endpoint

Consider the issue of comparing the means of
a continuous response to two randomized
treatment groups. Let y, and u, (@assume y, >
u,) be the population means of the two trea-
ment groups respectively, X1 and X2 be the
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sample means, n, and n, be the sample sizes,
o0 be the variance which is equal in two treat-
ment groups.

When o is unknown, it is known that

(71')(_2>'(/11'/l2)
Y
N1 N2

~t(n1 + no - 2)

S, is the pooled variance. The expectation
regarding the difference between two pre-
defined population means and two statistical
significant sample means (i.e. satisfy the condi-
tion t>t, t is the o percentile of the t distribu-
tion and t is the statistic of the two sample
means comparison), which can be derived as
follows:

E[((x-X2) _(/11_/12» |t > to]

~ 1.1
=Su )t E(t|t>t,)
>sy /= +LE(t]t>0)
N1 N2
1.1
>Su\ /ot E(t),

1.1

- E(t)=0,..S P E(t)=o0.

E[(%-%)-(u1-m)) [t =1t] > 0, so we get
the relationship inequality E[%-%|t>t] > (- 1).
It indicates that the difference between two
sample means is greater than 2 pre-defined
population means under the condition t>t .
That means the actual population benefit may
be smaller than that in the estimation when a
clinical trial early stopped for benefit because
of significant interim analysis.

Next, let we discuss this issue in another way.
At the clinical trial design stage, when the sam-
ple allocation ratio is 1, the per-group sample
size, N, is initially planned to detect 0 at a level
of significance o (two-sided test) and with
power 1-B3, where 0 is the postulated effect size
that is thought to be sufficiently conservative.
Thus the sample size for each group can be
estimated according to the following formula,
where Z, _is the (1-€) x 100 percentile of the
standard normal distribution.
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It is assumed that the clinical trial could be
early terminated at the time point when the per-
group sample size is kN (k is the proportion of
sample size, which ranges from 0% to 100%).
Suppose that the power (90%) and the variance
(0?) are consistence with the original study
design. Then we can get the following
equation:
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0
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Where & is the postulated effect size at the
design stage, 0 is the estimated effect size at
the early termination stage, and the two-sided
test significance level is 0.05 designed for the
original study.

Binary endpoint

For a binary endpoint, let p, and p, be the sam-
ple rates, n, and n, be the sample sizes, and p,
be the combined sample rate. It is known that
the following u asymptotically obey the stan-
dard normal distribution.

- PPz ~N(0,1)

QNCTSERE

Let m, and m, be the population rates, and
assume 1, > m,. Then the relationship of the dif-
ference between 2 pre-defined population
rates and 2 statistical significant sample rates
(i.e. satisfy the condition p2u , so y_is the o
percentile of the u distribution and u is the sta-
tistic of the two sample rates comparison)
which can be derived as follows:

El((ps~p2) = (72~ 7)) | 1 > g1

~ \/Pc(l-Pc)(n%+n%)E(u = pa)
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Where E(1)=0, u, > 0.
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Therefore, E[((pr-p2)- (1~ 72)) | 1t = 1] > O,
we get the relationship inequality
El(pr-p2)| 1t = pta] > (w1~ 72).

Base on the binary endpoint sample size esti-
mation formula, N = (@« * 2:9/0)* (1~ m) + 72(1- 1),
we can get the following equation according to
the same method of the normal endpoint
above.

2

(102 ¥ 2,)
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0
)
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Therefore, the relationship of the difference
between two pre-defined population rates and
two estimated sample rates is the same as the
normal endpoint.

Simulations

A computer simulation is a computer program
that attempts to simulate an abstract model of
a particular system, which is used in this
research to evaluate the performance of effi-
cacy estimation in the early termination period.
The main advantage of simulation is that we
can specify the “true” treatment effect in a sim-
ulation, a value that is usually unknown within
real clinical data.

For the simulation, we also considered both
normal and binary endpoints. It was set o=
0.05, power =90% for original designed study,
and assumed that the sample allocation ratio
is 1. For the normal endpoint part, 3 mean dif-
ferences between two groups were considered:
0.5, 1 and 2, and the standard deviation was
always set as 5. For binary endpoint part, rate
differences were set as 0.05, 0.1 and 0.2,
respectively.

Based on the above assumptions, the overall
sample sizes per group can be derived based
on the pre-defined different population mean
or rate. With sample size N, individual patients’
data were simulated by using normal and bina-
ry distribution. Besides that, we assumed that
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Table 1. 6,/0 under different k and o values

ues in detail according to for-

k values

mula (1) and (2). For given «

o values

01 02 03 04 05 06 07 08 09 10

values, it shows that 61 isto-

0.029 338 239 195 1.69 151 1.38 1.28 1.20 1.13 1.07
0.005 398 2.82 230 199 1.78 1.63 1.51 141 1.33 1.26
0.001 446 3.15 257 223 199 182 1.69 158 149 1.41

tally larger than J, even when
kis equalto 1. As k increases,
the difference between o and
0, decreases. It also shows

as {  @=0.005

as | @=0029 S
~B-k=0.2

——k=0.3

——k=0.7
~—k=0.8
k=09

——k=1

there only one time planned interim analysis
was carried out at the time point when the per-
group sample size is kN (k is valued as 10%,
20%, 40%, 60% and 80%).

It is known that there are many methods being
applied to define early termination type | error
boundary, such as Pocock method [6], O’'Brien
& Fleming method [7], Peto method [8] and
Lan-Demets «a spending function method [9].
Assuming a total of 2 times analysis, including
1 time interim analysis, then the interim analy-
sis type | error boundary a can be defined as
0.029, 0.005 and 0.001 according to Pocock,
O’Brien-Fleming and Peto method, respectively.
Therefore, three types of early termination
boundaries were considered and they were
0.001, 0.005 and 0.029 according to Peto,
O’Brien-Fleming and Pocock method.

All simulations were conducted by using the
SAS 9.2.

Results

Table 1 displays the corresponding relationship
between 6 and 0, under different k and o val-
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——w=0s Figure 1. The relationship
——wos  between 0, and 0 with dif-
ke ferent k values.

that with a k value, the small-
er o value is, the greater gap
between 6 and o, will be.
Figure 1 also presents the
same relationship, i.e. the
estimated effect at the early
termination stage is overesti-
mated than the real effect.

Simulation results for normal
endpoint are presented in
Table 2, and binary endpoint’s
results are in Table 3. “Ter-
mination proportion (%)” in
Tables 2 and 3 refers to the
proportion of early termina-
tion times among the simulat-
ed 2 treatments parallel trials
on 10000 runs which are sat-
isfied the pre-defined early
termination boundary (@), it is
calculated as 100 x (trial
numbers satisfied P<a)/10000. 6,/0 in Tables
2 and 3 is interpreted as the ratio of the aver-
age of the estimated mean/rate differences in
the statistical significant early termination
stage and the postulated effect size at the
design stage.

Despite the different size of postulated popula-
tion means/rates and the early termination
boundary, the values of “Termination propor-
tion (%)” in both Tables 2 and 3 increase with
increasing proportion of sample size. Mean-
while, the 0,/0 decreases with increasing pro-
portion of sample size, but is always greater
than 1, i.e. the actual effect size is overestimat-
ed in the early termination period, even after
the optimal time of one interim analysis for the
early term ination which was suggested as
approximately two-thirds of the planned obser-
vations [10] (n/N=60%, 80%). Besides that, the
precision of the 95% confidence intervals for
0,/0 improves with the increasing proportion of
sample size, ratio 1 which means §,=0 is not
included in all confidence intervals. About 3 dif-
ferent early termination boundaries, for a given
proportion of sample size, efficacy estimation
is closest to the population parameters under
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Table 2. Simulation results for normal endpoint on 10000 runs (&=0.05, STD=5, power =90%)

P<0.001 (Peto) P<0.005 (O’Brien-Fleming) P<0.029 (Pocock)

Parameters nﬁ/N, Terminaltion 5./0 TerminaFion 5./6 TerminaFion 5./6
o proportion v 0,/695% Cl  proportion v 6,/6 95% Cl proportion v 6,/695% Cl

%) Mean (%) Mean %) Mean
p,4,=0.5 10 131 3.475 (3.416,3.533) 3.89 3.053 (2.998,3.108) 12.98 2523 (2.492, 2.554
N=2200 20 3.57 2475 (2.452, 2.499) 9.53 2.203 (2.186, 2.220) 24.01 1.875 (1.861, 1.888)
40 11.32 1.801 (1.789, 1.812) 23.30 1.619 (1.610, 1.629) 46.14 1.405 (1.397, 1.413
60 22.91 1.504 (1.496, 1.512) 39.98 1.367 (1.360, 1.374) 64.53 1.217 (1.211, 1.224)
80 37.00 1.337 (1.331, 1.343) 55.9 1.233 (1.227, 1.238) 78.23 1424 (1118, 1.129)
pu,=1 10 1.35 3.348 (3.288,3.409) 4.03 2,951 (2.912,2.989) 13.39 2440 (2.413,2.467)
N=600 20 3.91 2.373 (2.346, 2.399) 10.19 2117 (2.100, 2.134) 25.34 1.805 (1.792,1.818
40 12.88 1.737 (1.726, 1.748) 26.38 1557 (1.548, 1.566) 50.07 1.357 (1.349, 1.365)
60 26.75 1.455 (1.448, 1.462) 44.67 1.328 (1.322,1.335) 68.98 1190 (1.184, 1.196)
80 41.44 1.302 (1.296, 1.307) 60.77 1.201 (1.196, 1.207) 81.68 1102 (1.097,1.108
H,=2 10 1.09 3.155 (3.068,3.242) 3.81 2.848 (2.802, 2.894) 12.82 2371 (2.336,2.407)
N=150 20 3.40 2.351 (2.321,2.382) 9.34 2108 (2.089, 2.127) 25.14 1.794 (1.781, 1.807)
40 1217 1.739 (1.727,1.752) 25.56 1561 (1.552, 1.570) 48.98 1.364 (1.356, 1.372)
60 25.30 1.462 (1.455, 1.470) 43.96 1.328 (1.322,1.335) 68.93 1189 (1.183,1.196)
80 39.98 1.304 (1.298, 1.310) 60.47 1199 (1.193, 1.204) 81.59 1102 (1.096, 1.107)

STD is standard deviation, Cl is confidence interval.

Table 3. Simulation results for binary endpoint on 10000 runs (a=0.05, power =90%)

P<0.001 (Peto) P<0.005 (O’Brien-Fleming) P<0.029 (Pocock)
Parameters nﬁ/N, TerminaFion 5.5 Termina'Fion 5./5 Termina_tion 5.6
0 proportion v 6,/695% Cl proportion v 0,/695% Cl proportion v 0,/0695% Cl

%) Mean %) Mean %) Mean
m,=0.3 10 1.30 3.388 (3.339, 3.438) 4.17 2.981 (2.939, 3.022) 13.32 2.491  (2.463,2.519)
m,=0.35 20 3.26 2.419 (2.396, 2.443) 9.79 2138 (2.121, 2.155) 25.50 1.821  (1.808, 1.834)
N=2000 40 12.41 1.757 (1.747, 1.767) 25.56 1.582 (1.574,1.591) 48.36 1.383  (1.375,1.391)
60 25.40 1.477 (1.470, 1.484) 42.46 1.350 (1.344, 1.357) 66.90 1.207  (1.201, 1.213)
80 39.18 1.322 (1.317,1.328) 58.82 1.219 (1.213,1.224) 80.61 1.113 (1.108, 1.119)
m,=0.3 10 1.21 3.418 (3.366, 3.470) 4.04 2.991 (2.939, 3.042) 12.84 2.521  (2.491, 2.550)
m,=0.4 20 3.42 2.477 (2.452,2.501) 9.24 2197 (2.180, 2.214) 24.44 1.858  (1.844,1.871)
N=800 40 11.48 1.799 (1.788,1.811) 24.02 1.613 (1.604, 1.623) 46.95 1.402  (1.394, 1.410)
60 23.60 1.505 (1.498, 1.513) 40.73 1.369 (1.363, 1.376) 65.25 1.220  (1.213,1.226)
80 37.02 1.340 (1.334, 1.345) 57.31 1.229 (1.224,1.235) 79.02 1123  (1.117,1.128)
m,=0.3 10 0.57 3.374 (3.312, 3.437) 1.69 3.103 (3.064, 3.141) 9.03 2.552  (2.526,2.578)
m,=0.5 20 4.02 2.308 (2.287,2.328) 11.62 2.032 (2.018, 2.046) 27.06 1.752  (1.740, 1.763)
N=150 40 14.78 1.680 (1.671, 1.690) 27.58 1.528 (1.520, 1.536) 54.11 1.322  (1.315,1.329)
60 29.55 1.417 (1.411, 1.424) 47.63 1.299 (1.293, 1.305) 71.36 1.171 (1.166, 1.177)
80 44,95 1.272 (1.267,1.277) 64.10 1.181 (1.176, 1.186) 84.50 1.088  (1.083, 1.093)

Cl is confidence interval.

Pocock boundary which is the biggest one.
Simulation results also show that the estimat-
ed effect is overestimated in early terminated
stage even the type | error has been controlled
by Pocock, O'Brien-Fleming or Peto method.

Discussion
The execution of an interim analysis has been

widely accepted in the clinical trial. Sometimes
the interim analysis results can determine to
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early stop a clinical trial for the significantly
treatment superiority [11-15]. It seems that
patients could get better treatment earlier if
the clinical trial was early terminated. But it was
recognized that early termination for efficacy
purpose does have its risks [16, 17] and early
termination should be treated more careful
because more evidence is required.

Grothey A reported an early termination trial in
2011 regarding intravenous calcium and mag-
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nesium for oxaliplatin-induced sensory neuro-
toxicity in adjuvant colon cancer [18]. Although
the interim analysis results were significant, the
researchers still had no confidence in the pro-
motion of their research results since only 102
subjects were enrolled which was less than the
target sample size. After that, Loprinzi CL
designed another similar large sample clinical
trial which was reported in 2013 [19] and the
trial verified that calcium and magnesium can-
not reduce the oxaliplatin-induced sensory neu-
rotoxicity. From this example, we learned that
the interim analysis results are often uncertain
and may make the problem complicated.

Besides thereal example above, several Meta
analyses focused on the treatment effects of
the early terminated clinical trials in the past
years. Montori VM published a systematic
review regarding trials stopped early for benefit
on JAMA in 2005, which indicated that RCTs
(randomized clinical trials) stopped early for
benefit often failed to adequately report rele-
vant information about the decision to stop
early and showed implausibly large treatment
effects, particularly when the number of events
is small [20]. As for another similar systematic
review written by Bassler D published on JAMA
in 2010, the author also indicated that truncat-
ed RCTs were associated with greater effect
sizes than RCTs not stopped early and this dif-
ference was independent of the presence of
statistical termination rules and was greatest
in smaller studies [21].

However, there has not been a widely consis-
tent conclusion so far for efficacy estimation in
an early termination clinical trial based on theo-
retical analysis. Besides Meta analyses, the
final conclusion needs more powerful evidence.
In this article, we have found that the efficacy of
both normal and binary endpoints are overesti-
mated in the early termination period. This find-
ing is supported by formula derivation and sim-
ulation methods whose results are consistent.
It is obvious that overestimating the effect size
can be destructive to the success of the clinical
trial. It is also important to note that controlling
the type | error rate does not address this
potential bias of overestimation. In simulation
part, three types of early termination boundar-
ies were considered, they were 0.001, 0.005
and 0.029 according to Peto, O'Brien-Fleming
and Pocock method, but none of them could
control the overestimation tendency.
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So it is true that a trial terminated early for
benefits will tend to overestimate true effects,
which happen because there is always variabil-
ity in estimation of true effects [22, 23]
Overestimation of treatment effects may occur
if the decision to stop a trial coincides with a
“random high” in the treatment effect. Such
random fluctuations of the estimated treat-
ment effect are often large and typically hap-
pen early in a trial’s progress, and when assess-
ing data over time, evidence of extreme benefit
is more likely to be obtained at times.

We propose the following recommendations. 1)
For confirmatory trial, it is inadvisable to early
terminate even the effect of treatment group
was significantly superior to the control group in
an interim analysis, because this efficacy may
be overestimated. It is recommended to con-
tinue the confirmatory trial after an interim
analysis in order to get more safety and efficacy
evidence. But adjusting the group proportion is
acceptable in order that more subjects can be
enrolled in superior treatment group. 2) For
exploratory trial, as we all know, the rationale
and design of confirmatory trials nearly always
rest on a series of exploratory studies. But it is
also not suggested to early terminate an explor-
atory trial because of the aforementioned rea-
sons. It is better to continue the exploratory
trial after the interim analysis to get more evi-
dence for the stable parameters estimation
which is needed for confirmatory trial design. 3)
When to early terminate the trial? If the drug’s
efficacy and safety effects have been verified
by the previous approved clinical trial, it is cer-
tain to terminate the trial early when the same
results have been found in the interim
analysis.

Conclusions

In this research, formula derivation and simula-
tion methods were used to evaluate the treat-
ment effects estimated from early termination
clinical trial for normal and binary endpoints.
The outputs show that the effect estimation of
both normal and binary endpoints is overesti-
mated in the early termination period and con-
trolling the type | error rate does not address
this potential bias of overestimation. The works
are from the basic theoretical angle, which are
powerful supplementary evidence to the previ-
ous published Meta analyses.
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