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Introduction ‘Gold standard’ design

‘Gold standard’ design

Three-arm trial design with experimental, reference, and placebo arm

Assessment of both
assay sensitivity
non-inferiority of experimental treatment compared to reference
treatment

Recommended when
the reference only offers limited benefits compared to placebo
the effect of the reference compared to placebo is volatile (Koch &
Röhmel, 2004)

Recommended design in conditions such as asthma, schizophrenia,
and migraine (CHMP guidelines)
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Introduction Sample size re-estimation

Nuisance parameter based sample size re-estimation

Initially planned sample size is adjusted mid-trial based on nuisance
parameter estimates from an internal pilot study

Limits the negative effect of nuisance parameter misspecification on
statistical power

Maintain blinding during re-estimation reduces organizational effort:
no independent DMC required

Blinded sample size re-estimation well-accepted from a regulatory
perspective (FDA draft guidance, 2010)
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Statistical model and hypothesis testing Statistical model

Statistical model and testing non-inferiority

Independent random variables

Xk,i ∼ N (µk, σ2) i = 1, . . . , nk, k = E,R, P

Smaller means µk are better

Non-inferiority of the experimental treatment compared to the
reference

HER
0 : µE ≥ µR + δER vs. HER

1 : µE < µR + δER

Non-inferiority margin δER > 0
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Statistical model and hypothesis testing Hypothesis testing

Assay sensitivity and global hypothesis

Two hypotheses for testing assay sensitivity commonly used

HEP
0 : µE ≥ µP vs. HEP

1 : µE < µP

HRP
0 : µR ≥ µP vs. HRP

1 : µR < µP

In this presentation: global hypothesis is the union of the single
hypotheses

H0 : HER
0 ∪HEP

0 ∪HRP
0 vs. H1 : HER

1 ∩HEP
1 ∩HRP

1

Intersection-union test method: Global hypothesis can be tested with
level α by testing the local hypotheses with level α
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Statistical model and hypothesis testing Hypothesis testing

Hypothesis testing and power

Local hypotheses are each tested with a one-sided Student’s t-test
with significance level α
Approximate power of the test procedure for the global hypothesis by
multivariate normal distribution (Stucke & Kieser, 2012)

B(n) = Φ

tα,νER −
δ∗
ER − δER

σ

√
1
nE

+ 1
nR

, tα,νEP −
δ∗
EP

σ

√
1
nE

+ 1
nP

, tα,νRP −
δ∗
RP

σ

√
1
nR

+ 1
nP


Cumulative distribution function of the multivariate normal
distribution N3(0,Σ): Φ(·)

Mean differences in the alternative: δ∗ER, δ∗EP , δ∗RP
Degrees of freedom: νij = ni + nj − 2
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Statistical model and hypothesis testing Hypothesis testing

Sample size planning

Total sample size required to obtain power 1− β for fixed allocation
wk = nk/n

n = min

{
ñ =

∑
k=E,R,P

ñk : ñk ∈ N, ñk/ñ = wk, B(ñ) ≥ 1− β

}
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Nuisance parameter based sample size re-estimation

Nuisance parameter estimation I

Blinded observations from internal pilot study: Y1, . . . , YnIPS

Blinded one-sample variance estimator
σ̂2
OS = 1

n1−1
∑n1
i=1
(
Yi − Ȳ

)2

Unbiased estimator when group means are equal, otherwise
overestimates the variance σ2

Recommended approach in two-arm trials

Blinded variance estimator by Xing and Ganju (Xing & Ganju, 2005)
Available in a randomized block design
Balanced blocks of length m and Tk the sum of the observations in
block k
σ̂2
XG = 1

n1−m
∑
k

(
Tk − T̄

)2

Unbiased estimator for σ2
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Nuisance parameter based sample size re-estimation Simulation study

Simulation scenarios

Parameter Scenario 1 Scenario 2

One-sided significance level α 0.025 0.025
Target power 1 − β 0.8 0.8
Non-inferiority margin δER δER = 0.3 δER = 0.45
Mean µR under H1 µR = 0 µR = 0
Mean µE under H1 µE = 0 µE = 0.1
Mean µP under H1 µP = 0.6 µP = 0.9
Standard deviation σ under H1 σ = 1 σ = 1
Sample size allocation nE : nR : nP 1:1:1, 3:3:1 1:1:1, 4:4:1
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Nuisance parameter based sample size re-estimation Simulation study

Results - Power

Scenario 2, Allocation 1:1:1 Scenario 2, Allocation 4:4:1

Scenario 1, Allocation 1:1:1 Scenario 1, Allocation 3:3:1
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Nuisance parameter based sample size re-estimation Simulation study

Final sample size distribution

Scenario 2, Allocation 1:1:1 Scenario 2, Allocation 4:4:1

Scenario 1, Allocation 1:1:1 Scenario 1, Allocation 3:3:1

30 78 126 174 219 267 315 363 27 63 108 144 180 216 252 288

30 96 162 228 297 363 429 495 28 84 140 189 245 301 350 406
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Modified Xing-Ganju procedure

Power approximation

Goal: modify the Xing-Ganju sample size re-estimation procedure
such that it meets the target power in the ‘gold standard’ design

Power approximation of nuisance parameter based sample size
re-estimation procedure (Zucker et al., 1999)

Power ≈
∫ ∞

0
B (ñ (x)) fσ̂2(x)dx

ñ(·) denotes the re-estimated sample size as a function of the
variance, fσ̂2(·) denotes the density of the Xing-Ganju variance
estimator from the internal pilot study
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Modified Xing-Ganju procedure

Sample size inflation factor

Idea: inflate the re-estimated sample size with a factor ζ such that
the sample size re-estimation procedure meets the target power
(Zucker et al., 1999)∫ ∞

0
B (ζñ (x)) fσ̂2(x)dx = 1− β

Inflation factor will affect variability of the final sample size

Inflation factor for Xing-Ganju variance estimator is (mostly) constant
in unknown variance σ2
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Modified Xing-Ganju procedure

Results - Power of modified Xing-Ganju procedure

Scenario 2, Allocation 1:1:1 Scenario 2, Allocation 4:4:1

Scenario 1, Allocation 1:1:1 Scenario 1, Allocation 3:3:1

30 90 150 210 270 330 390 30 90 150 210 270
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Modified Xing-Ganju procedure

Estimation of treatment effect following sample size
re-estimation

Nuisance parameter based sample size re-estimation can result in
biased effect and variance estimates at the final analysis

Unbiased effect estimates when sample size is adjusted based on
(modified) Xing-Ganju approach

Bias of effect estimate is given by

E
[
δ̂ij − δ∗ij

]
= Cov

(
n1/n̂final, δ̂

(1)
ij

)

δ̂
(1)
ij is the effect estimate based on the data of the internal pilot study

Covariance can be shown to be zero
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Discussion

Discussion

Sample size re-estimation based on the blinded one-sample variance
estimator results in overpowered clinical trials in the ‘gold standard’
design

Performance of the sample size re-estimation procedure based on the
blinded one-sample variance estimator differs between three-arm trials
and two-arm trials

Quantitatively similar performances are observed when the
non-inferiority is tested through the retention-of-effect hypothesis

H0 : µP − µE
µP − µR

≤ ∆ vs. H1 : µP − µE
µP − µR

> ∆
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Backup

Student’s t-test statistics

Test statistic for HER
0

TER =
√
nE + nR
nEnR

X̄E − X̄R − δER
σ̂ER

.

σ̂2
ER denotes the pooled variance of the experimental treatment group

and the reference group

σ̂2
ER = (nE − 1)σ̂2

E + (nR − 1)σ̂2
R

nE + nR − 2 .

σ̂2
k the sample variance of group k = E,R.
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Backup

Covariance matrix for power calculation

Σ =



1 1√(
1+nE

nR

)(
1+nE

nP

) − 1√(
1+nR

nE

)(
1+nR

nP

)
1√(

1+nE
nR

)(
1+nE

nP

) 1 1√(
1+nP

nR

)(
1+nP

nE

)
− 1√(

1+nR
nE

)(
1+nR

nP

) 1√(
1+nP

nR

)(
1+nP

nE

) 1


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Backup

Nuisance parameter estimation II

Blinded adjusted one-sample variance
Idea: Shift the one-sample variance estimator to be unbiased under the
planning alternative
σ̂2
OSU = σ̂2

OS − c
Bias of σ̂2

OS under planning alternative: c

Unblinded pooled variance estimator
σ̂2
Pool = (n1,E−1)σ̂2

E+(n1,R−1)σ̂2
R+(n1,P −1)σ̂2

P

n1−3
Unbiased estimator for the variance σ2

Does not maintain blinding of internal pilot study: independent DMC
required
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Backup

Type I error inflation
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Backup

Inflation factor ζ

Scenario 2, 1:1:1 Scenario 2, 4:4:1

Scenario 1, 1:1:1 Scenario 1, 3:3:1
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Backup

Sample size distribution of modified Xing-Ganju procedure

Scenario 2, Allocation 1:1:1 Scenario 2, Allocation 4:4:1

Scenario 1, Allocation 1:1:1 Scenario 1, Allocation 3:3:1
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