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Introduction

Aims

investigate Response-Adaptive (RA) Randomization
Procedures for Small Population Two-Arm Clinical Trials

Urn Models
Sequential Estimation Designs

discuss extensions to Three-Arm ‘Gold Standard’
Non-Inferiority Trials

scrutinise Adaptive Designs (AD) using adaptive
combination tests and investigate influence of

the number and timing of interim analyses (IA)
adaptation of allocation ratios
sample size reassessment
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Two-Arm Clinical Trials

Statistical Model

Consider two treatment groups - treatment (T ) and control
(C ).

Yn is a response of patient n (binary or continuous).

Consider the hypothesis

H0 : θC = θT versus H1 : θC 6= θT

at level α (e.g., α = 0.05).
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Two-Arm Clinical Trials

The Klein (KLEIN) urn design (Galbete et al. [2014])

an urn with 2w balls of type ‘T ’ and type ‘C ’;

T C

CT

P(Tn+1 = T |previous Responses, Allocations) =
w + Fn,C − Fn,T

2w
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The Klein (KLEIN) urn design (Galbete et al. [2014])
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Two-Arm Clinical Trials

The Klein (KLEIN) urn design (Galbete et al. [2014])

an urn with 2w balls of type ‘T ’ and type ‘C ’;

C

CT

C

P(Tn+1 = T |previous Responses, Allocations) =
w + Fn,C − Fn,T

2w
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Two-Arm Clinical Trials

Simulation Results (KLEIN)

w = 1.

a pT = pC = 0.1

a pT = pC = 0.5

a pT = pC = 0.9

0 - - 0 KLEIN design

——– Equal Allocation design
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Two-Arm Clinical Trials

Simulation Results (KLEIN)

pT = pC = 0.9;

w = {1}.
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Two-Arm Clinical Trials

Simulation Results (KLEIN)

pT = pC = 0.9;

w = {1, 2}.
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Two-Arm Clinical Trials

Simulation Results (KLEIN)

pT = pC = 0.9;

w = {1, 2, 3}.
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Two-Arm Clinical Trials

Simulation Results (KLEIN)

pT = pC = 0.9;

w = {1, 2, 3, 4}.
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Two-Arm Clinical Trials

Simulation Results (KLEIN)

pT = pC = 0.9;

w = {1, 2, 3, 4, 5}.
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Two-Arm Clinical Trials

Simulation Results (KLEIN)

pT = pC = 0.9;

w = {1, 2, 3, 4, 5, 6}.
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Two-Arm Clinical Trials

Simulation Results (KLEIN)

pT = pC = 0.9;

w = {1, 2, 3, 4, 5, 6, 7}.
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Two-Arm Clinical Trials

Simulation Results (KLEIN)

pT = pC = 0.9;

w = {1, 2, 3, 4, 5, 6, 7, 8}.



5/28

Two-Arm Clinical Trials

Simulation Results (KLEIN)

pT = pC = 0.9;

w = {1, 2, 3, 4, 5, 6, 7, 8, 100}.
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Two-Arm Clinical Trials

Simulation Results (KLEIN)

w = 1;

pC = 0.2 and pT = {0.3, 0.4, 0.5, 0.6, 0.7}.

a Equal Allocation design

a KLEIN design
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Two-Arm Clinical Trials

Simulation Results (KLEIN)

w = 6;

pC = 0.2 and pT = {0.3, 0.4, 0.5, 0.6, 0.7}.

a Equal Allocation design

a KLEIN design
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Two-Arm Clinical Trials

Simulation Results (KLEIN)

w = 100;

pC = 0.2 and pT = {0.3, 0.4, 0.5, 0.6, 0.7}.

a Equal Allocation design

a KLEIN design
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Two-Arm Clinical Trials

Sequential Estimation Design (BIN) - the Doubly adaptive
Biased Coin Design (DBCD) (Eisele [1994])

minimize the expected number of failures
fix the allocation ratio, ρ

ρ =

√
pT√

pT +
√
pC

;

estimate ρ after each patient to determine the allocation
probability for the patient n + 1 using DBCD.
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Two-Arm Clinical Trials

Sequential Estimation Design (BIN) - the Doubly adaptive
Biased Coin Design (DBCD) (Eisele [1994])

gα(x , y) =


1, if x = 0
0, if x = 1

y(y/x)α

y(y/x)α+(1−y)((1−y)/(1−x))α , if x ∈ (0, 1)

P(Tn+1 = T |previous Responses, Allocations) = gα

(
Nn,T

n
, ρ̂n

)
with α ≥ 0 (α = 2 Hu and Rosenberger [2003]) and Nn,i is the
number of patients assigned to treatment i , i = T ,C , up to the
patient n.

Warning: at least one success in every group needs to be
observed before starting RA allocation!

N6,T = 3 and ρ̂6 = 0;
P(T7 = T |previous Responses, Allocations) = 0 ⇒ T7 = C ;
cycle.
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Two-Arm Clinical Trials

Simulation Results (DBCD BIN)

α = 2 (Hu and Rosenberger [2003]);

burn-in period nB = 12.

a pT = pC = 0.1

a pT = pC = 0.5

a pT = pC = 0.9

0 - - 0 DBCD design

——– Equal Allocation design
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Two-Arm Clinical Trials

Simulation Results (DBCD BIN)

α = 2 (Hu and Rosenberger [2003]);

pC = 0.2 and pT = {0.3, 0.4, 0.5, 0.6, 0.7}.

a Equal Allocation design

a DBCD design
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Two-Arm Clinical Trials

Simulation Results (DBCD vs. KLEIN BIN)

α = 2 (Hu and Rosenberger [2003]);

pC = 0.2 and pT = {0.3, 0.4, 0.5, 0.6, 0.7}.

a Equal Allocation design

a DBCD design

a KLEIN design
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Two-Arm Clinical Trials

Sequential Estimation Design (CONT) - the Doubly
adaptive Biased Coin Design (DBCD) (Eisele [1994])

fix the allocation ratio, ρ (Zhang and Rosenberger [2006])

ρ =

{
σT
√
µC

σT
√
µC+σC

√
µT
, if s = 1

1
2 , otherwise

where

s =

{
1, if (µT < µC ∩ r > 1)∨(µT > µC ∩ r < 1)
0, otherwise

and r = σT
√
µC/σC

√
µT ;

estimate ρ after each patient to determine the allocation
probability for the patient n + 1 using DBCD.
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Two-Arm Clinical Trials

Simulation Results (DBCD CONT)

α = 2 (Hu and Rosenberger [2003]);

burn-in period nB = {4}.

a Equal Allocation design

0 - - 0 DBCD design

µT = µC = 13

σT = σC = 2.5



13/28

Two-Arm Clinical Trials

Simulation Results (DBCD CONT)

α = 2 (Hu and Rosenberger [2003]);

burn-in period nB = {4, 6}.

a Equal Allocation design

0 - - 0 DBCD design

µT = µC = 13

σT = σC = 2.5
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Two-Arm Clinical Trials

Simulation Results (DBCD CONT)

α = 2 (Hu and Rosenberger [2003]);

burn-in period nB = {4, 6, 8}.

a Equal Allocation design

0 - - 0 DBCD design

µT = µC = 13

σT = σC = 2.5
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Two-Arm Clinical Trials

Simulation Results (DBCD CONT)

α = 2 (Hu and Rosenberger [2003]);

burn-in period nB = {4, 6, 8, 10}.

a Equal Allocation design

0 - - 0 DBCD design

µT = µC = 13

σT = σC = 2.5
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Two-Arm Clinical Trials

Simulation Results (DBCD CONT)

α = 2 (Hu and Rosenberger [2003]);

burn-in period nB = {4, 6, 8, 10, 12}.

a Equal Allocation design

0 - - 0 DBCD design

µT = µC = 13

σT = σC = 2.5
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Two-Arm Clinical Trials

Simulation Results (DBCD CONT)

α = 2 (Hu and Rosenberger [2003]);

burn-in period nB = {4, 6, 8, 10, 12}.

a Equal Allocation design

0 - - 0 DBCD design

µT = µC = 13

σT = σC = 2.5
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Two-Arm Clinical Trials

Simulation Results (DBCD CONT)

α = 2 (Hu and Rosenberger [2003]);

burn-in period nB = {12}.

a Equal Allocation design

a DBCD design

µC = 13

δ = {0.5, 1.25, 2}
σT = σC = 2.5
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Two-Arm Clinical Trials

Simulation Results (DBCD CONT)

α = 2 (Hu and Rosenberger [2003]);

burn-in period nB = {12}.

a Equal Allocation design

a DBCD design

µC = 13

δ = {0.5, 1.25, 2}
σT = σC = 2.5
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Three-Arm ‘Gold Standard’ Non-Inferiority Clinical Trials with Binary Responses

Statistical Model

Consider three treatment groups - treatment (T ), active
control (C ) and placebo (P).

Yn is a response of patient n (binary).

Consider the hypotheses

H0,TP : θT ≤ θP vs. H1,TP : θT > θP

H0,TC : θT ≤ θC − δ vs. H1,TC : θT > θC − δ

where δ is non-inferiority margin.

α-adjustment, e.g., hierarchical order.

Statistical test procedure is defined according to Farrington
and Manning [1990].
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Three-Arm ‘Gold Standard’ Non-Inferiority Clinical Trials with Binary Responses

The Generalized Pólya’s Urn Design (GPUD) (Wei [1979])

an urn with 3w balls of type ‘T ’, type ‘C ’ and type ‘P’;

T C

CT

P

P

P(Tn+1 = i |previous Responses, Allocations) =

w + βSn,i + α
∑
j 6=i

Fn,j

3w + 2αn
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Three-Arm ‘Gold Standard’ Non-Inferiority Clinical Trials with Binary Responses

The Generalized Pólya’s Urn Design (GPUD) (Wei [1979])

an urn with 3w balls of type ‘T ’, type ‘C ’ and type ‘P’;

C

CT

P

P

PC

P(Tn+1 = i |previous Responses, Allocations) =

w + βSn,i + α
∑
j 6=i

Fn,j

3w + 2αn
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Three-Arm ‘Gold Standard’ Non-Inferiority Clinical Trials with Binary Responses

Sequential Estimation Design - the Doubly adaptive Biased
Coin Design (DBCD) (Hu and Zhang [2004])

fix the allocation ratio, ρ (i = T ,C ,P);

estimate ρj (j = T ,C ,P) after each patient to determine the
allocation probability for the patient n + 1 using

P(Tn+1 = j |previous Responses, Allocations) =
ρ̂n,j(

ρ̂n,j
Nn,j/n

)α∑3
i=1 ρ̂n,i (

ρ̂n,i
Nn,i/n

)α
.
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Three-Arm ‘Gold Standard’ Non-Inferiority Clinical Trials with Binary Responses

Simulation Results (Three-Arm Trials BIN)

δ = 0.1;

pT = pC = 0.7 and pP = 0.1;

reject HTP and HTC .

a 1:1:1
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Three-Arm ‘Gold Standard’ Non-Inferiority Clinical Trials with Binary Responses

Simulation Results (Three-Arm Trials BIN)

δ = 0.1;

pT = pC = 0.7 and pP = 0.1;

reject HTP and HTC .

a 1:1:1

a 2:2:1

. . . 3:3:1

a DBCD

a GPUD
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Adaptive Design based on Adaptive Combination Test

Adaptive Design based on Adaptive Combination Test
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Stage I
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Adaptive Design based on Adaptive Combination Test
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DBCD

~

~



21/28
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Adaptive Design based on Adaptive Combination Test
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Adaptive Design based on Adaptive Combination Test

Simulation Results (Three-Arm Trials BIN)

δ = 0.1;

pT = pC = 0.7 and pP = 0.1;

reject HTP and HTC .

a 1:1:1

a 2:2:1

. . . 3:3:1

a DBCD

a GPUD
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Adaptive Design based on Adaptive Combination Test

Simulation Results (Three-Arm Trials BIN)

δ = 0.1;

pT = pC = 0.7 and pP = 0.1;

reject HTP and HTC .

a 1:1:1

a 2:2:1

. . . 3:3:1

a DBCD

a GPUD

a Stage I: 2:2:1 → IA at : 1:1; update

AR using GPUD

a Stage I: 2:2:1 → IA at : 1:1; update

AR using DBCD
∗AR - allocation ratio
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Adaptive Design based on Adaptive Combination Test

Simulation Results (Three-Arm Trials BIN)

Changing timing of interim analysis?
δ = 0.1;

pT = pC = 0.7 and pP = 0.1;

reject HTP and HTC .

a Stage I: 2:2:1 → IA at : 1:1; update

AR using GPUD

a Stage I: 2:2:1 → IA at : 1:1; update

AR using DBCD
∗AR - allocation ratio
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Simulation Results (Three-Arm Trials BIN)

Changing timing of interim analysis?
δ = 0.1;

pT = pC = 0.7 and pP = 0.1;

reject HTP and HTC .

a Stage I: 2:2:1 → IA at : 1:1; update

AR using GPUD

a Stage I: 2:2:1 → IA at : 1:1; update

AR using DBCD

0 - 0 Stage I: 2:2:1 → IA at : 2:1; update
AR using GPUD

0 - 0 Stage I: 2:2:1 → IA at : 2:1; update
AR using DBCD
∗AR - allocation ratio
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Adaptive Design based on Adaptive Combination Test

Simulation Results (Three-Arm Trials BIN)

Changing timing of interim analysis?
δ = 0.1;

pT = pC = 0.7 and pP = 0.1;

reject HTP and HTC .

a Stage I: 2:2:1 → IA at : 1:1; update

AR using GPUD

a Stage I: 2:2:1 → IA at : 1:1; update

AR using DBCD

0 - 0 Stage I: 2:2:1 → IA at : 1:2; update
AR using GPUD

0 - 0 Stage I: 2:2:1 → IA at : 1:2; update
AR using DBCD
∗AR - allocation ratio
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Adaptive Design based on Adaptive Combination Test

Simulation Results (Three-Arm Trials BIN)

Early stopping for efficacy? (OBF, Pocock)

δ = 0.1;

pT = pC = 0.7 and pP = 0.1;

reject HTP and HTC .

a Stage I: 2:2:1 → IA at : 1:1; update

AR using GPUD (NO EARLY STOP)

a Stage I: 2:2:1 → IA at : 1:1; update

AR using DBCD (NO EARLY STOP)
∗AR - allocation ratio
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Simulation Results (Three-Arm Trials BIN)

Early stopping for efficacy? (OBF, Pocock)

δ = 0.1;

pT = pC = 0.7 and pP = 0.1;

reject HTP and HTC .

a Stage I: 2:2:1 → IA at : 1:1; update

AR using GPUD (NO EARLY STOP)

a Stage I: 2:2:1 → IA at : 1:1; update

AR using DBCD (NO EARLY STOP)

0 - 0 Stage I: 2:2:1 → IA at : 1:2; update
AR using GPUD

0 - 0 Stage I: 2:2:1 → IA at : 1:2; update
AR using DBCD
∗AR - allocation ratio



24/28

Adaptive Design based on Adaptive Combination Test

Simulation Results (Three-Arm Trials BIN)
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Conclusions

Conclusions

minor changes in parameters may have a huge impact on
performance (power, type I error, etc.);

RA designs may not control the type I error rate;

no “formal” proof of type I error control;

extensive simulations are needed, but the question is, if
simulations are sufficient to prove type I error control (Posch
et al. [2011], Gutjahr et al. [2011]);

by incorporating response-adaptive procedures into adaptive
designs, we preserve type I error rate;

in small populations, we should keep a number of IA to a
minimum.
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Conclusions

Future Work

Incorporate appropriate test procedures, that reflect the
design.

Investigate impact of timing, early stopping, etc.

What are the main reasons (advantages) to use RA
procedures in sequential designs?

When, if so, does the randomization procedure need to be
changed?

How to compare procedures and what criteria to use?
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THANK YOU
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Conclusions

statistical test for non-inferiority:

ZTP =
p̂T − p̂P√

p̂T (1−p̂T )
nT

+ p̂P(1−p̂P)
nP

ZTC =
p̂T − p̂C + δ√

p̂T (1−p̂T )
nT

+ p̂C (1−p̂C )
nC
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