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Similarly as in the power (1), the power (2) can be calculated by using multivariate normal integrals. For
the details, please refer to Appendix A.1.

For simplicity, consider a two-stage group-sequential design with one interim and one final analysis.
The probability of rejecting the null hypothesis at the interim analysis is the same for DF-1 and DF-2.
The difference in power between DF-1 and DF-2 is due to whether or not the null hypothesis is rejected
at the final analysis. The difference in decision making for DF-1 and DF-2 comes from the following
two situations where the interim analysis result is inconsistent with the final analysis result even the
alternative hypothesis is true, that is, (i) endpoint 1 is statistically significant at the interim, but not at the
final analysis and similarly, and (ii) endpoint 2 is statistically significant at the interim, but not at the final
analysis. Thus, DF-1 fails to reject the null hypothesis in both situations even if the alternative hypoth-
esis is true, but DF-2 is able to reject the null hypothesis in both situations. However, the likelihood of
this scenario occurring is quite low. Thus, there is little practical difference in the power and sample
size determinations for DF-1 and DF-2. However, DF-2 offers the option of stopping measurement of an
endpoint for which superiority has been demonstrated. Stopping measurement may be desirable if the
endpoint is very invasive or expensive although stopping measurement may also introduce an operational
difficulty into the trial. This will be illustrated in Section 3.

2.3. Maximum sample size and average sample number

We discuss two sample size concepts, that is, the maximum sample size (MSS) and the average sample
number (ASN) based on DF-1 and DF-2, and the corresponding powers (1) and (2) discussed in the
previous section.

The MSS is the sample size required for the final analysis to achieve the desired power 1—f. The MSS
is given by the smallest integer not less than ny, satisfying the power (1) or (2) for a group-sequential
design at the prespecified 81, 82, pr and pc, with Fisher’s information time for the interim analyses,
ny/ng, I =1,..., L. To find a value of n, an iterative procedure is required to numerically solve for
the power (1) or (2). This can be accomplished by using a grid search to gradually increase nz, until
the power under nj, exceeds the desired power, although this often requires considerable computing
resources. To reduce the computational resources, the Newton—Raphson algorithm in [14] or the basic
linear interpolation algorithm in [15] may be utilized.

The ASN is the expected sample size under a specific hypothetical reference. Given these prespecifi-
cations, the ASN per intervention group for DF-1 is given by

ASN = nL(l + Z:}l Pr[{A1 Udn}n---n{dy U A‘zl}])/L, 3)

and for DF-2,
L-1 = — - -
ASN=np (1 + o Pr[{dnn-ndyfu{dan--n Azz}])/L, )

where r; = 1 and n; = [n;, [ = 1,..., L. The representations for calculating ASN (3) and (4) are
described in Appendix A.2.

The powers, MSS, and ASN will depend on the design parameters including differences between
means, the correlation structure between the endpoints, the testing procedure (e.g., O’Brien-Fleming
(OF) boundary [18], Pocock (PC) boundary [19]), the number of analyses, and the information time.

3. Evaluation of the sample size

3.1. Behavior of the sample size

In this section, we evaluate the behavior of the power, MSS, and ASN as the design parameters vary.
Here, without loss of generality, 02 = 07 = 12 is chosen for simplicity, so that §; and §, are interpreted
as (standardized) effect sizes.

Copyright © 2014 John Wiley & Sons, Ltd. Statist. Med. 2014, 33 2897-2913
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Figure 1. Behavior of MSS and ASN for DF-1 as the number of analyses and boundaries vary. The MSS and
ASN per intervention group (equally-sized groups: r; = 1) were calculated to detect the joint difference in the
two endpoints with the overall power of 80% at the one-sided significance level of 2.5%, where §1 = J = 0.1
for A and B, and §; = 0.1 and 8, = 0.2 for C and D; 07 = 05 = 12. When differences between means are equal,
the critical values are determined by the three boundary combinations, that is, (i) the OF for both endpoints, (ii)
the PC for both endpoints, and (iii) the OF for §; and the PC for 85, with the LD alpha-spending method with
equal information space. When differences between means are unequal, in addition to the three combinations,
(iv) the PC for 87 and the OF for §, is considered.

Figure 1 illustrates how the MSS and ASN per intervention group for DF-1 behave as a function of
the number of analyses and the boundaries when effect sizes are equal and unequal, that is, §; = &,
and 8§, # &, between the two endpoints. The MSS and ASN for DF-1 and DF-2 (equally-sized groups:
r; = 1) were calculated to detect the joint difference in the two endpoints with the overall power of 80%
at the one-sided significance level of 2.5%, where §; = §, = 0.1 for equal effect sizes and §; = 0.1
and 8, = 0.2 for unequal effect sizes; 62 = 02 = 1%; and pr = pc = p = 0.0,0.3,0.5 and 0.8. The
critical values are determined by the three boundary combinations, that is, (i) the OF for both endpoints
(OF-0F), (ii) the PC for both endpoints (PC-PC), and (iii) the OF for §; and the PC for §, (OF-PC),
with the LD alpha-spending method with equal information space.

Copyright © 2014 John Wiley & Sons, Ltd. Statist. Med. 2014, 33 2897-2913
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When effect sizes are equal, the MSS for the three boundary combinations increases as the number
of analyses increases and the correlation is smaller. In all of p = 0,0.3,0.5 and 0.8, the largest MSS
is given by PC-PC and the smallest MSS by OF~OF. On the other hand, the ASN for the three bound-
ary combinations decreases as the number of analyses increases and the correlation is larger. In all of
p =0.0,0.3,0.5 and 0.8, the largest ASN is given by OF-PC.

When effect sizes are unequal §; < §, in addition to the three boundary combinations, one more
combination of (iv) the PC for §; and the OF for §, (PC-OF) is considered, §; = 0.1 and §, = 0.2.
Similarly as seen with equal effect sizes, the MSS for the four boundary combinations increases as the
number of analyses increases, but it does not change as with the correlation varies. The largest MSS
is given by PC-PC and PC-OF and the smallest MSS by OF-OF and OF-PC. On the other hand, the
ASN for the four boundary combinations decreases as the number of analyses increases independently
of the correlation. The largest ASN is given by OF-OF and OF-PC and the smallest ASN by PC-PC
and PC-OF. When one effect size is smaller (or larger) than the other, the MSS and ASN will be driven
by the smaller effect size. In this illustration, as the OF is selected for the smaller effect size and the PC
for the larger, the MSS and ASN by OF-PC are approximately equal to those by OF-OF.

Figure 2 illustrates how the MSS and ASN per intervention group for DF-2 behave as a function of
the number of analyses and the boundaries when effect sizes are equal §; = &, and unequal §; # 6>
between the two endpoints with the same parameter settings as in Figure 1. The MSS and ASN behaviors
are similar to those observed for DF-1. The major difference between DF-1 and DF-2 is that the MSS
and ASN for DF-2 are smaller than those for DF-1. They are notably smaller as the number of analyses
increases, especially when the correlation is low.

If the trial was designed to detect effects on at least one endpoint with a prespecified ordering of
endpoints, a choice of different boundaries for each endpoint (i.e., the OF for the primary endpoint and
the PC for the secondary endpoint) can provide a higher power than using the same boundary for both
endpoints [20,21]. However, as shown in Figures 1 and 2, the selection of a different boundary has a
minimal effect on the power.

3.2. Example

We provide an example to illustrate the sample size methods discussed in the previous sections. Consider
the clinical trial, ‘Effect of Tarenflurbil on Cognitive Decline and Activities of Daily Living in Patients
With Mild Alzheimer Disease’, a multicenter, randomized, double-blind, placebo-controlled trial in
patients with mild Alzheimer disease (AD) [22]. Co-primary endpoints were cognition as assessed by the
Alzheimer Disease Assessment Scale Cognitive Subscale (ADAS-Cog; 80-point scale) and functional
ability as assessed by the Alzheimer Disease Cooperative Study activities of daily living (ADCS-ADL;
78-point scale). A negative change score from baseline on the ADAS-Cog indicates improvement while
a positive change score on the ADCS-ADL indicates improvement. The original sample size per inter-
vention group of 800 patients provided an overall power of 96% to detect the joint difference in the
two primary endpoints between the tarenflurbil and placebo groups, by using a one-sided test at 2.5%
significance level, with the standardized effect size of 0.2 for both endpoints. In addition, the correlation
between the two endpoints was assumed to be zero in the calculation of the sample size although the two
endpoints were expected to be correlated (for example, see Doraiswamy et al. [23]).

Table I displays the MSS and ASN per intervention group (equally-sized groups: r; = 1) for the
DF-1 and DF-2. The sample size was with an alternative hypothesis of a difference for both ADAS-Cog
(8; = 0.2) and ADCS-ADL (§; = 0.2), with the overall power of 96% at the one-sided significance level
of 2.5%, where p=pr=pc=0.0,03,05and 0.8 and L = 1,2,3,5,8, and 10. The critical values
are determined by the three boundary combinations, that is, the OF for both endpoints (OF-OF), the PC
for both endpoints (PC-PC), and OF for ADAS-Cog and the PC for ADCS-ADL (OF-PC).

Based on the selected parameters described in [22], that is, L = 1 and p = 0.0, the sample size per
intervention group is calculated as 804. If four interims and one final analysis are planned (i.e., L = 5)
with DF-1, and conservatively assuming a zero correlation between the endpoints, then the MSS is 825
for OF-OF, 945 for PC-PC and 895 for OF-PC, and the ASN is 604 for OF-OF, 548 for PC-PC, and
608 for OF-PC. If the correlation is incorporated into the calculation when p = 0.3,0.5, and 0.8, then
the MSS are 820, 810, and 785 for OF-OF; 940, 930, and 900 for PC-PC; and 890, 885, and 860 for
OF-PC. The ASN are 589, 574, and 543 for OF-OF; 525, 506, and 469 for PC-PC; and 593, 582, and
556 for OF-PC. When comparing DF-2 to DF-1, there are no major differences in MSS and ASN for all
of the boundary combinations, although DF-2 provides a slightly smaller MSS and ASN than DF-1, for
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Figure 2. Behavior of MSS and ASN for DF-2 as the number of analyses and boundaries vary. The MSS and
ASN per intervention group (equally-sized groups: r; = 1) were calculated to detect the joint difference in the
two endpoints with the overall power of 80% at the one-sided significance level of 2.5%, where 61 = §» = 0.1
for A and B and §; = 0.1 and 8, = 0.2 for C and D; 012 = 022 = 12. When differences between means are equal,
the critical values are determined by the three boundary combinations, that is, (i) the OF for both endpoints, (ii)
the PC for both endpoints, and (iii) the OF for §; and the PC for §;, with the LD alpha-spending method with
equal information space. When differences between means are unequal, in addition to the three combinations,
(iv) the PC for 81 and the OF for §, is considered.

PC-PC and OF-PC. However, if the endpoint is very invasive and thus stopping measurement may be
ethically desirable, there is a benefit of using DF-2 as DF-2 offers the option of stopping measurement
of an endpoint for which superiority has been demonstrated. For example, when four interims and one
final analysis with DF-2 are planned (i.e., L = 5), the average total number of measurements for each
intervention group are 1052, 1045, 1041, and 1021 for OF-OF; 846, 845, 841, and 831 for PC-PC; and
966, 961, 958, and 944 for OF-PC, corresponding to p = 0.0, 0.3, 0.5, and 0.8. They are smaller than
those for DF-1 as the average total number of measurements for DF-1 are 1208, 1178, 1148, and 1086
for OF-OF; 1096, 1050, 1012, and 938 for PC-PC; and 1216, 1186, 1164, and 1112 for OF-PC.
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(i) OF-OF (i) PC-PC  (iii) OF-PC
Decision-making framework Correlation Number of analyses MSS ASN MSS ASN MSS ASN
DF-1 0.0 1 804 804 804 804 804 804
2 808 725 886 607 854 693
3 816 647 918 572 876 652
5 825 604 945 548 895 608
8 832 579 968 535 912 587
10 840 573 970 530 920 581
0.3 1 799 799 799 799 799 799
2 802 702 880 593 850 676
3 810 633 912 552 870 638
5 820 589 940 525 890 593
8 824 563 960 511 904 571
10 830 556 970 507 910 564
0.5 1 791 791 791 791 791 791
2 794 684 872 580 842 662
3 801 620 903 536 864 627
5 810 574 930 506 885 582
8 816 549 952 492 896 558
10 820 542 960 488 900 551
0.8 1 764 764 764 764 764 764
2 768 644 842 549 818 635
3 774 588 873 501 840 603
5 785 543 900 469 860 556
8 792 520 920 453 872 533
10 800 514 920 447 880 527
DF-2 0.0 1 804 804 804 804 804 804
2 808 725 882 605 848 690
3 813 645 912 569 867 646
5 825 603 940 540 890 602
8 832 578 960 524 904 579
10 830 568 960 518 910 572
0.3 1 799 799 799 799 799 799
2 802 702 876 591 842 672
3 807 632 906 549 861 632
5 815 586 935 520 880 586
-8 824 562 952 503 896 564
10 830 555 960 498 900 556
0.5 1 791 79t 791 791 791 791
2 794 684 868 579 834 658
3 801 620 897 533 855 621
5 810 574 925 502 875 575
8 816 549 944 486 888 552
10 820 541 950 481 890 544
0.8 1 764 764 764 764 764 764
2 768 644 840 549 810 631
3 774 588 870 499 831 597
5 785 543 895 467 850 550
8 792 520 912 450 864 528
10 790 510 920 445 870 521
Copyright © 2014 John Wiley & Sons, Ltd. Statist. Med. 2014, 33 2897-2913
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4. Sample size recalculation

Clinical trials are designed based on assumptions often constructed based on prior data. However, prior
data may be limited or an inaccurate indication of future data, resulting in trials that are over/under-
powered. Interim analyses provide an opportunity to evaluate the accuracy of the design assumptions
and potentially make design adjustments (i.e., to the sample size) if the assumptions were markedly
inaccurate. The tarenflurbil trial mentioned in the previous section, failed to demonstrate a beneficial
effect of tarenflurbil on both ADAS-Cog and ADCS-ADL. The observed treatment effects were smaller
than the assumed effects. Group-sequential designs allow for early stopping when there is sufficient
statistical evidence that the two treatments are different. However, more modern adaptive designs may
also allow for increases in the sample size if effects are smaller than assumed. Such adjustments must
be conducted carefully for several reasons. Challenges include the following: (i) maintaining control of
statistical error rates, (ii) developing a plan to make sure that treatment effects cannot be inferred via
back-calculation of a resulting change in the sample size, (iii) consideration of the clinical relevance of
the treatment effects, and (iv) practical concerns such as an increase in cost and the challenge of accru-
ing more trial participants. In this section, we discuss sample size recalculation based on the observed
intervention’s effects at an interim analysis with a focus on control of statistical error rates.

4.1. Test statistics and conditional power

Consider that the maximum sample size is recalculated to 7/, based on the interim data at the Rth analy-
sis. Suppose that n’L is subject to ng < n; < Ang, where A is a prespecified constant for the maximum
allowable sample size. For simplicity, assume a common correlation between the treatment groups, that
is, pr = pc = p. Let (81, 8,) and let (8%, 8%) be the mean differences used for planned sample size and
for recalculated sample size, respectively.

Here, we consider the Cui-Hung—Wang (CHW) statistics [24] for sample size recalculation in group-
sequential designs with two co-primary endpoints to preserve the overall Type I error rate at a prespec-
ified alpha level even when the sample size is increased and conventional test statistics are used. The
CHW statistics are

nl
nR —HnR Z i=ng+1 Yrii — er;nR—f—l Yekj
ka ZkR + s

2 (n, —nr)
where ), = (nm —ng)(ny —ng)/ (L —ng) +npandrr =rm =1k =1,2; R=1,...,L—1;
m= R+ 1,...,L). The same critical values utilized for the case without sample size recalculation are

used.

The sample size is increased or decreased when the conditional power evaluated at the Rth analysis
is lower or higher than the desired power 1 — 8. Under the planned maximum sample size and a given
observed value of (Z;r, Z2r), for DF-1, the conditional power is defined by

L
CP =Pr [Um=R+1 {A1m O Aom} (G1R,02R] ®)

if Zy < cqyyor Zy < ¢y foralll = 1,..., R, where (a1r,a>g) is a given observed value of
(Z1Rr, Z2Rr). On the other hand, the conditional power for DF-2 is given by

Pr U,];,=R+1 Alm |a1R7 a2l’:|
if Zyy <ecyforalll=1,...,R and Zyy > ¢y for some I’ =1,..., R,
CP = Pr Uﬁ;=R+1 A2m |a2R’a11/] (6)
if Zyy <cyforalll =1,...,R and Zy > ¢y for some I’ =1,..., R,
Pr {UerlzzR—i-l Alm} n {Uﬁz:R-H AZm} [alR,QZR]
if Zyy <cqand Zy <c¢y foralll=1,...,R.

The detailed calculation of the conditional powers for DF-1 and DF-2 are provided in Appendix A.3.
Because (81, §2) is unknown, it is customary to substitute (8*, 8;), the estimated mean differences at
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the Rth analysis (3 1R, 32 R) or the assumed mean differences during trial planning (31, 32). We consider
the conditional power based on (67,8) = (31 R, SZR), which allows evaluation of behavior of power
independent of (1, 82).

When recalculating the sample size, three options are possible: (i) only allowing an increase in the
sample size, (ii) only allowing a decrease in the sample size, and (iii) allowing an increase or decrease in
sample size. For all the cases, we assign Z;, and n,, instead of Zy,, and n,, in the conditional powers

“(5) and (6) for the conditional power with sample size recalculation. Consider the rule for determining

the recalculated sample size 7, , when the sample size may be increased only, which is

o { ne, if CP >1— B or min($z,82r) <0,
[ =

min (n,Anz), otherwise,

where n’] is the smallest integer n, (>ng), where the conditional power achieves the desired power
1 — B. When the sample size may be decreased only, the recalculated sample size n’; is

nL::

, n7, if CP>1-8,
ny, otherwise.

When the sample size may be increased or decreased, the recalculated sample size n’L is
n7, ifCP>1-8,
ny =13 nr. if CP=1-p or min(8ir,52z) <0,

min (n},Anr), otherwise.

4.2. Simulation study

A simulation study was performed to evaluate the impact of sample size recalculation based on DF-1 and
DF-2 on the power and Type I error rate. We consider group-sequential designs with a single interim,
that is, one interim and one final analyses, and with multiple interims, that is, three interims and one
final analyses. In addition, we discuss the three options of (i) only decreasing the sample size, (ii) only
increasing the sample size, and (iii) increasing or decreasing the sample size, based upon the observed
intervention’s effect. The planned MSS per intervention group is calculated to detect the joint difference
for two endpoints with the overall power of 80% at the one-sided significance level of 2.5%, where
(81,82) = (0.2,0.2), 07 = 07 = 12 and the correlation is assumed to be known correlation at the design
stage, that is, p = 0.0,0.3, 0.5, and 0.8. For the evaluation of the Type I error rate, the two pairs of the
mean differences (61, 8,) = (0.0,0.0) and (0.0, 0.2) are considered under Hy. For the designs with a
single interim, the timing of the interim analysis for sample size recalculation is evaluated at 0.25, 0.50,
and 0.75 of information time. For designs with multiple interims, one sample size recalculation is con-
sidered, and the timing is evaluated at the first, second, and third of interim analysis. The critical values
are determined by the OF boundary for both endpoints with the LD alpha-spending method, with equal
information space. The upper limit of the recalculated sample size is set to n}, = An, with A = 1.5. The
number of replications for the simulation is set to 1,000,000 for the evaluation of the Type I error rate
and 100,000 replications for the power. These number of replications for the simulation was determined
based on the precision, where a sample size of 1,000,000 provides a two-sided 95% confidence interval
with a width equal to 0.001 when the proportion is 0.025, and a total number of replications of 100,000
provides a two-sided 95% confidence interval with a width equal to 0.005 when the proportion is 0.80.
Suppose that the sample size recalculation is based on the interim estimates of (8, §2). Note that the
value of correlation assumed at the design stage is retained for the sample size recalculation, that is,
without updating based on observed correlation at the interim as the correlation is a nuisance parameter
in hypothesis testing. All results are summarized in Tables S1-S4 in the Supporting information. As
there are no significant differences between DF-1 and DF-2 with respect to the Type I error rates and
empirical powers, we limit the discussion to the behavior of the Type I error rates and power for DF-1.
Figure 3 illustrates how the Type I error rates and powers behave as a function of the correlation, the
timing of the interim analysis for sample size recalculation, and the sample size recalculation options
for DF-1 in the single-interim case. In all three recalculation options, the Type I error rates increase as
the correlation increases, but they do not exceed the targeted 2.5%. There is no practical difference in
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Figure 3. Behavior of the power and Type I error rate as a function of the correlation with sample size recalcu-
lation in two-stage group-sequential designs, where the information times of 0.25, 0.50, and 0.75 were selected
as the timing of the sample size recalculation. The planned MSS per intervention group is calculated to detect
the joint difference for two endpoints with the overall power of 80% at the one-sided significance level of 2.5%,
where one interim and one final analysis are to be performed. The critical values are determined by the OF
boundary for both endpoints, with the LD alpha-spending method. The upper limit of recalculation sample size
is n’2 = Anp with A = 1.5. The number of replications for simulation is set to 1,000,000 for evaluation of the
Type I error rate and 100,000 replications for the power (DF-1).

the behavior of the Type I error rates depending on the timing of the interim analysis for sample size
recalculation. On the other hand, for the behavior of the power, when only allowing an increase in the
sample size, the empirical powers are higher than the desired power of 80% in all of the three timings
of sample size recalculation, although the power is slightly decreased with higher correlation. When
allowing an increase or a decrease in the sample size, if the timing for sample size recalculation is at
25% information time, then the empirical power is lower than the desired power of 80%, especially with
higher correlation. However, if the timing for sample size recalculation is 50% or 75%, then the empirical
powers are higher than in all three timings of sample size recalculation. When only allowing a decrease
in the sample size, if the timing for the sample size recalculation is at 25% or 50% information time,
then the empirical powers are always lower than the desired power, especially with higher correlation. If
the timing for sample size recalculation is at 75% information time, then the empirical power is almost
achieved at the desired power of 80%.

Figure 4 illustrates how the Type I error rates and powers behave as a function of the correlation, the
timing of the interim analysis for sample size recalculation, and the sample size recalculation options
for DF-1, in the multiple-interim case. The results are similar to those in the single-interim case; when
only allowing an increase in the sample size, compared with the desired power of 80%, the empirical
powers are improved in all of the three timings for the sample size recalculation, but the empirical power
is much lower than the desired power if the sample size recalculation is conducted early in the study,
especially when allowing a decrease in the sample size.
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Figure 4. Behavior of the power and Type 1 error rate as a function of the correlation with sample size recal-
culation in four-stage group-sequential designs, where the first, second, and third interim points were selected
as the timing of the sample size recalculation. The planned MSS per intervention group is calculated to detect
the joint difference for two endpoints with the overall power of 80% at the one-sided significance level of 2.5%,
where three interims and one final analysis are to be performed. The critical values are determined by the OF
boundary for both endpoints, with the LD alpha-spending method. The upper limit of recalculation sample size
is n’2 = Anp with A = 1.5. The number of replications for simulation is set to 1,000,000 for evaluation of the
Type I error rate and 100,000 replications for the power (DF-1).

These results suggest incorporating the uncertainty of the estimates at the interim into the sample size
recalculation is important. The power is much lower than desired power if the sample size recalculation
is conducted early in the study, especially when allowing for a decrease in the sample size.

5. Summary and discussion

The determination of sample size and the evaluation of power are fundamental and critical elements in
the design of a clinical trial. If a sample size is too small, then important effects may not be detected,
while a sample size that is too large is wasteful of resources and unethically puts more participants at
risk than necessary. Recently, many clinical trials are designed with more than one endpoint consid-
ered as co-primary. As with trials involving a single primary endpoint, designing such trials to include
interim analyses (i.e., with repeated testing) may provide efficiencies by detecting trends prior to planned
completion of the trial. It may also be prudent to evaluate design assumptions at the interim and poten-
tially make design adjustments (i.e., sample size recalculation) if design assumptions were dramatically
inaccurate. However, such design complexities create challenges in the evaluation of power and the
calculation of sample size during trial design.

We discuss group-sequential designs with co-primary endpoints. We derive the power and sample size
methods under two decision-making frameworks: (i) designing the trial to detect the test intervention’s
superiority for the two endpoints simultaneously (i.e., at the same interim timepoint of the trial) (DF-1)
and (ii) designing the trial to detect superiority for the two endpoints at any interim timepoint (i.e., not
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necessarily simultaneously) (DF-2). The former is simpler while the latter is more flexible and may be
useful when the endpoint is very invasive or expensive, as it allows for stopping the measurement of any
endpoint upon which superiority has been demonstrated. We evaluate the behavior of sample size with
varying design elements and provide an example to illustrate the methods. We also discuss sample size
recalculation using CHW statistics and evaluate the impact on the power and Type I error rate. Although
DF-2 will provide a slightly smaller sample size than DF-1, there is modest difference between the two.
However, if the endpoint is very invasive and thus stopping measurement may be ethically desirable,
there is a benefit of using DF-2 as DF-2 offers the option of stopping measurement of an endpoint
for which superiority has been demonstrated. However, stopping measurement on one endpoint could
also create operational challenges in study conduct and patient monitoring. The timing of the sample
size recalculation should also be carefully considered as the power does not reach desired levels if the
sample size recalculation is carried out early in the study when considering a decrease in the sample size.

There are other practical issues and extensions to consider when designing a group-sequential clin-
ical trial with co-primary endpoints. They include the following: how the value of correlation should
be selected at the planning and interim, evaluating futility or efficacy and futility simultaneously, other
endpoint scales, and other inferential goals. We discuss each of these issues.

There are two important questions regarding the choice of the correlation in sample size calculations.
One is whether the observed correlation from external or pilot data should be utilized or whether cor-
relation is assumed to be zero. The other is whether the sample size should be recalculated based on
the observed correlation at the interim. Incorporating the observed correlation at the planning or interim
may affect the Type I error rate and power. Our experience suggests that when standardized effect sizes
are unequal between the endpoints, the power is not improved with higher correlation. With unequal
standardized effect sizes, incorporating the correlation into the sample size calculation at planning or
interim may have no advantage [25,26]. Further investigation will be required to assess how the choice
of the correlation impacts the operation characteristics of the design.

Because the main objective of the paper is to provide the fundamental foundation in group-sequential
designs for co-primary endpoints, our discussion is restricted to a superiority clinical trial comparing
two interventions based on two continuous endpoints. The study design allows for early stopping when
larger intervention differences are observed, that is, rejecting a null hypothesis only. However, this work
provides a foundation for designing clinical trials with other design features. In addition to this funda-
mental situation, the method discussed here can be straightforwardly extended to other situations such
as evaluating futility (rejecting the alternative hypothesis) or evaluating both efficacy and futility.

Time-to-event outcomes are common in oncology, cardiovascular, and infectious disease clinical
trials. The method for continuous endpoints described in the paper may not be directly extended to
time-to-event endpoints. When considering a trial with two time-to-event outcomes as co-primary with
a plan for using the logrank test to compare two interventions in a group-sequential design, information
for the two endpoints may accumulate at different rates. This creates challenges when designing trials,
that is, the amount of information for the endpoints may be different at any particular interim timepoint
of the trial. Further investigation is required to assess this issue.

Although our primary interest is co-primary endpoints, these results provide a fundamental founda-
tion to other inferential goals, for example, designing a trial to detect an effect on at least one endpoint.
Many authors have proposed methods for the at least one endpoint goal in fixed sample size designs, for
example, a weighted Bonferroni procedure, the prospective alpha allocation scheme method, the adaptive
alpha allocation approach, the Bonferroni-type parametric procedure, and the fallback-type parametric
procedure (e.g., see [4,27,28]). In addition, several authors have discussed an extension of methods to
the group-sequential designs with an inferential goal of at least one endpoint [29-32]. For example, Tang
and Geller [30] discuss a method based on closed testing procedures, and Tamhane ez al. [31,32] discuss
sample size methods in two-stage group-sequential designs based on the gatekeeping procedures with
hierarchically ordered multiple endpoints.

Appendix

A.l. Power calculation

The power (1) for DF-1 can be calculated by partitioning the set in (1) into mutually exclusive subsets
and taking the sum of their probabilities as follows:
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1—B=Pr [UIL___I {Au N Ay} IHl]
(A1)

L
-1 - -
=Pr[An N Az [Hi]+) jPr[ﬂ,,:1 {1 U g} 0 {4 0 Az
=2

Hl},
where Ay, = {Zkl > ¢+ and /Ik[ = {Zk[ < Ckl}(k = 1,2; [ = 1,...,L). The prob-
ab111ty of {A1;y U Ay} can be written as Pr[dy; U Ayp] = Pr[Al,] + Pr[Af",] —+— Pr[Al,] where

l’ = {AU/ N Agyr}, A%, = {4y N Azll} and A = {All’ N Azl/}(l =1,. — 1). Similarly,
the probability of the union of {All/ U Aoy} can be written by the sum of the probablhtles of the
unions composed of AL, Alz, and A13/ Then, the second term of the right-hand side in (A.1) can be

rewritten as
ZPr[ﬂ {All’UAZI/}n{AllﬂAzl} Hl]

- Z’=2 (Z;:l .“ZZI—-[:l Pr [ {ﬂﬁil "I?"/} N{Ay N Az}

The probability of /fll, is calculated by a bivariate normal integral as follows:

. Clll o0
Pr [All/] = / Sf2 (2w, zor) dzaprdzay,

—0Q Coyr

where f5(z17, 2217) is the density function of the joint distribution of (Zy;/, Z,;/) with the means and
the covariance matrix given in Section 2.1. The probabilities of A2 1 A?, and {A ;s N Ayys} are calculated
similarly. Then, the probability of the union composed of A%, Alz,, A13/ and {A;s N Ay} is calculated by
a multivariate normal integral and the power is the sum of (3% — 1) / 2 multivariate normal integrals. For
details of the computation related to multivariate normal, please see [33].

For illustration, we provide the case of L = 2 and r = r; = ry. In this case, the power can be
rewritten as

3 .
1= f=Pr[A11 N Az [Hy] +Z Pr[Ahl N{A12 N Az} [Hl}
o0 0 o
“—“/ fz(Zn, Zzl)dZ21dZ11+/ / / Ja(z11,221, 212, 222) d222dz12dz221d 211
CiLvezl €21 v C12 Y22

+/ / / f4(211,2217212,Zzz)d122d212d221d211
C11 Cl2 v €22
Cc11 c21 o0 o0
+/ / f f J4(z11, 221, 212, 222) d222dZ12d221d 211,
—o0 J—co Jeip Jeap

where f5(z11,221) is the density function of the bivariate normal distribution of Z, = (Z11, Z21)7,
which is given by

1 1 _
fo(Zy)= ————exp|—=(Z2— )" 25 HZ2— 1y) |, —00 < 211,221 <0
27 | 8,2 2
T2

with mean vector o, = /rn1/ (1 +r)(81/01,82/ 02)T and correlation matrix

=( 12 (rpr + pc)/ (1 +r))
(rot+ pc)/ (1 +7) 12 '

and f4(z11, 221,212, 222) is the density function of the tetra-variate normal distribution of Z4 =
(Z11, Z21, Z12, Z22)" given by

1 _
Ja(Z4) = Xp [—5(24 —IL4)TE41(Z4 —IL4)] , —00 < Z11,221,212,322 < OO

1
—_—
(2m)2 |Z 4|2
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with mean vector u, = ,/(1+r)/r(J“Sl/al,f32/oz,f81/al,\/'82/02) and

correlation matrix

24:< P vnl/nzzz)
Vni/naXo 3,

where X 4 is positive definite matrix under |pr|, |pc| < 1 and ny # 15 as [Za4| = |Z22(1 —n1 /n2)2.
The power (2) for DF-2 can be calculated from two L-variate normal integrals and a 2L-variate
normal integral.

L _
Hl] +Pr [ﬂl=1 Ay

1-p= P"HULI A”} " {U; A2’§
—1- (Pr[ﬂl];l Ay

The power can be calculated similarly as discussed in the power (1) for DF-1.

Hl] —Pr [ﬂlL=1 {/fu N z‘le}

A.2. ASN calculation
The ASN (3) for DF-1 can be calculated by the sum of multivariate normal integrals

ASN—nL(l—I—Z r[{A Uda N0 {dy ufle}])/L
—-nL{l-i-ZlL N (Zh1_1 --ZZFIP{HZ, 1A””D}/L.

Similarly, the ASN (4) for DF-2 can be calculated by

ASN—-nL(l-l-Z r[{An N ﬂz‘[ll}U{z‘Iuﬂ---ﬂ/{ﬂ}])/L
SRIES S (3 T P [ WV A B2 | g MR E P Sl

A.3. Conditional power
The conditional power (5) for DF-1 is described by

L
CP =Pr Um:R-H {A1m N Azm} }aleazR]

=Pr{41,r+1 N A2,R+1 |@1R. a2R] (A2)
L m
-+ Zm:R—&—Z Pr l:ﬂm/ R4l {Alm’ u AZm’} N {Alm N A2m} [alR, a2R:‘
if Zyy <cuyor Zy <cyforalll =1,..., R, where Agm = {Zgm > ckm},  Akm = {Zim < Ckm)

k =1,2; m =R+ 1,...,L) and (a1g,azr) is a given observed value of (Z;r, Z,r). The second
term of the right-hand side in (A2) can be calculated in a similar way to that for the power cal-
culation (Appendix A.1). The conditional distribution of (Z1,g+1.Z2,R+1.---+ Z1L, Z2L|@1R, @2R")
is a multivariate normal with their means E[Zym|a1r,a2r] = +Hm/20r + VBR/nm(arr —
v/nr/28) and covariance given by cov[Zim, Zi'm la1r, azr] = (m —NR) [ /Amtiny if k = k';
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(71 — nR)p/ Smbm itk # k', wherem’ <m = R+ 1,..., L. For DF-2, the conditional power (6)
can be described as

’— -
Pr U,];,=R+1 Aim lalR,azl/] =1-Pr [ﬂ,l;,zR+1 Aim lair, axy

if Zy <cyforalll=1,...,R and Zy;r > ¢y for some I’ =1,..., R,
PriUneri1 Aom laZRaall’] =1-Pr [ﬂ,ﬁ:RH Azm iazk,alz/]
if Zyy <cyforalll =1,...,Rand Zy;» > ¢y forsome !’ =1,...,R,

CP =

Pr ~{U;I%:Rﬂ Alm} n {UZ:RH A2m} laleazRJ
=1-Pr [ﬂfﬁ:RH Atm lam,am] ~Pr [ﬂ,];:m,l Aom ]d1R,aZR]

+Pr [mﬁ;:R—H {/Ilm n /izm} lalR,azk]
if Zyy<cyand Zyy Scgp foralll=1,... R,

and calculated similarly as discussed in the power for DF-2 (Appendix A.1).
When R = L — 1, the conditional power for DF-1 can be rewritten as

CP =Pi[A11 N Azr |air, azr] = P2 (=, —c3p).

where ®,(-,-|p) is the cumulative distribution function of the standard bivariate normal distribu-
tion with the correlation p, and c¢f = (ci —a1rv)/ V1=t — 51,/nL—nR/«/§ and ¢; =

(car —azr~1)/ N1 —1 — 83 /AL —ng/~/2 with t = ng/ny. For DF-2, the conditional power can
be rewritten as

Pr{Aip lair.aor] =1—(c})

if Zyy <cyforalll =1,...,R and Zy;» > ¢y for some I’ =1,..., R,
CP = Pr[Ayp lazg.air] =1-®(c3)
if Zyy <cyforalll =1,...,Rand Zyy > cyy forsome !’ =1,..., R,
Pr[AiL N Az lair,azr] = @2 (—cf, —c5 |p)
if Zyy<cyyand Zyy <cgp foralll=1,... R,

where ®(-) is the cumulative distribution function of the standardized normal distribution.
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