Adaptive Sample Size Modification in Clinical Trials:

Start Small then Ask for More?

Christopher Jennison

Department of Mathematical Sciences,
University of Bath, UK
http://people.bath.ac.uk/mascj

Bruce Turnbull

Department of Statistical Science,
Cornell University

http://www.orie.cornell.edu/~bruce

Turnbull TakeOff
Cornell University, 4 September 2015

Chris Jennison and Bruce Turnbull Start Small then Ask for More?



O

ToR 670 Tt . w

s/ wﬂ»z, Z“W #V ordit -
O @y w [ T_"”_ﬁ_ Cemss < Clocde .

& s e
)\}\/‘r% : SM—,Q/‘\‘&‘E_ , Mo, SM - SAW .

Mg . Dovid 2 Metseblasrger Tl U,.cava_o{‘_n gy whs,  Qitha

( /\u,&w w1y
Q“‘*j‘j} Gohol, Quaa ity Brsmannnt ©

WXW A9, 1N C

Med ot Stat® | Arrmibes &{/W Tuaky  aS
Shart Motheds Gn Mod®  caraah VT

m%, 3 Lok Tabites C)mcg-:a wb LAY S P Y BrIEAL

1 wr Bieskednibion
(Lapt 150 foggr for Life TRws ),

Chris Jennison and Bruce Turnbull Start Small then Ask for More?



SCHOOL OF OPERATIONS RESEARCH
AND INDUSTRIAL ENGINEERING
COLLEGE OF ENGINEERING
CORNELL UNIVERSITY
ITHACA, NEW YORK |

TECHNICAL REPORT NO. 463
(Preliminary Report)

June 1980

ASYMPTOTICALLY OPTIMAL PROCEDURES FOR SEQUENTIAL
ADAPTIVE SELECTION OF THE BEST OF SEVERAL
NORMAL MEANS

by

Chris Jennison, Iain M. Johnstone
and
Bruce W. Turnbull

Chris Jennison and Bruce Turnbull Start Small then Ask for More?



Interim Analyses: the Repeated Confidence
Interval Approach

BY
CHRISTOPHER JENNISON and BRUCE W. TURNBULL

Reprinted from
THE JOURNAL OF THE ROYAL STATISTICAL SOCIETY
SERIES B (METHODOLOGICA
Volume 51, No. 3, 1989
(pp. 305-361)

Printed for Private Circulation
1989

hris Jennison and Bruce Turnbull Start Small then Ask for More?



GROUP SEQUENTIAL |
METHODS
with
APPLICATIONS to
CLINICALTRIALS

)
il
q:
Q;
[

=== =

Christopher Jennison
and
Bruce W.Turnbull

CHAPMAN & HALLICRC

ison and Bruce Turnbull Start Small then Ask for More?



with thanks to Alan Peacock

Chris Jennison and Bruce Turnbull Start Small then Ask for More?



GROUP SEQUENTIAL
METHODS
with
APPLICATIONS to
CLINICALTRIALS

Christopher Jennison
and

Bruce W.Turnbull

CHAPMAN & HALL/CRC

Chris Jennison and Bruce Turnbull

GROUP SEQUENTIAL METHODS
with APPLICATIONS to CLINICAL TRIALS

BRARICEIISRERE
EiREmA

C.Jennison & B.W.Turnbull

AN - (P o

Start Small then Ask for More?



Chris Jennison and Bruce Turnbull Start Small then Ask for More?



Chris Jennison and Bruce Turnbull Start Small then Ask for More?



Statistics

Research Article

Received 10 November 2014, Accepted 2 June 2015 Published online in Wiley Online Library

(wileyonlinelibrary.com) DOI: 10.1002/sim.6575

Adaptive sample size modification in
clinical trials: start small then
ask for more?

Christopher Jennison®*" and Bruce W. Turnbull®

We consider sample size re-estimation in a clinical trial, in particular when there is a significant delay before the
measurement of patient response. Mehta and Pocock have proposed methods in which sample size is increased
when interim results fall in a ‘promising zone’ where it is deemed worthwhile to increase conditional power by
adding more subjects. Our analysis reveals potential pitfalls in applying this approach. Mehta and Pocock use
results of Chen, DeMets and Lan to identify when increasing sample size, but applying a conventicnal level o
significance test at the end of the trial does not inflate the type I error rate: we have found the greatest gains in
power per additional observation are liable to lie outside the region defined by this method. Mehta and Pocock
increase sample size to achieve a particular conditional power, calculated under the current estimate of treatment
effect: this leads to high increases in sample size for a small range of interim outcomes, whereas we have found it
more efficient to make moderate increases in sample size over a wider range of cases. If the aforementioned pitfalls
are avoided, we believe the broad framework proposed by Mehta and Pocock is valuable for clinical trial design.
‘Working in this framework, we propose sample size rules that apply explicitly the principle of adding observations
when they are most beneficial, The resulting trial designs are closely related to efficient group sequential tests for
a delayed response proposed by Hampson and Jennison. Copyright © 2015 John Wiley & Sons, Ltd.

Keywords: group sequential test; sample size re-estimation; adaptive design; clinical trial; optimal design;
promising zone
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Choosing the sample size for a trial

Let 6 denote the effect size of a new treatment, i.e., the difference
in mean response between the new treatment and the control.

Sample size is determined by:
Type | error rate «, and
Treatment effect size § = A at which power 1 — 3 is to be
achieved.

Dispute may arise over the choice of A.

Should investigators use:
The minimum effect of interest Ay, or

The anticipated effect size Ay ?
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Choosing the sample size for a trial

Power curves for designs with sample sizes of 500 and 1000.

Power

T T
00 05 10 15 20 25 30

With 1000 subjects, there is good power at the minimum clinically
significant effect, Aq.

With only 500 subjects, a high power is achieved at the more
optimistic As.

If 6 = Ao, a sample size of 1000 is unnecessarily high.
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Designing a trial with good power and sample size

In designing a clinical trial, we aim to
Protect the type | error rate,
Achieve sufficient power,

Use as small a sample size as possible.

Adaptive designs in this context often have the form:
Start with a fixed sample size design,
Examine interim data,

Add observations to improve power where most appropriate.

In contrast, Group Sequential designs require one to:
Specify the desired type | error and power function,
Set maximum sample size a little more than the fixed sample size,

Stop the trial early if data support this.



Designing a clinical trial

Power curve Ey(N) curves

Power
E(N)
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All designs, including adaptive designs, have overall power curves.

Designs with similar power curves can be compared in terms of
their average sample size functions, Ey(N).

Even if there is uncertainty about the likely treatment effect,
investigators should be able to specify the values of 8 under which
early stopping is most desirable.
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Adaptive design or GST?

Jennison & Turnbull (JT) have compared group sequential tests
(GSTs) and adaptive designs. See, for example, papers in

Statistics in Medicine (2003, 2006),
Biometrika (2006), Biometrics (2006)
JT conclude that:
GSTs are excellent
They do what is required with low expected sample sizes,

Error spending versions handle unpredictable group sizes, etc.

Adaptive designs can be as good as GSTs

However, many published adaptive designs require higher
expected sample sizes to achieve the same power as good GSTs.
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Re-visiting the Group Sequential vs Adaptive question

The paper by Mehta & Pocock (Statistics in Medicine, 2011)

“Adaptive increase in sample size when interim results
are promising: A practical guide with examples”
has re-opened this question.
Conclusions of Mehta & Pocock (MP) are counter to the findings
we have reported.

An important feature:

In MP’s first example, response is measured some time after
treatment.

Thus, at an interim analysis, many patients have been treated
but are yet to produce a response.

Delayed responses are common — and not easily dealt with by
standard GSTs.
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Outline of talk

1. Mehta & Pocock’'s Example 1

2. Mehta & Pocock’s design for this example

3. Alternative fixed and group sequential designs

4. Improving designs in Mehta & Pocock’s framework
5. Extending the framework

6. Relation to delayed response GSTs (Hampson & Jennison,
JRSS B, 2013)

7. Conclusions
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1. Mehta & Pocock’s Example

MP’s Example 1 concerns a Phase 3 trial of a new treatment for
schizophrenia, comparing the new drug to an active control.

The efficacy endpoint is improvement in the Negative Symptoms
Assessment score from baseline to week 26.

Responses are
Ygi ~ N(up,02), i=1,2,..., on the new treatment,

Ya; ~ N(pa,0%), i=1,2,..., on the control arm,

where 02 = 7.52.
The treatment effect is
0 = up — pA-
and we estimate 6 by

0 =f@ip—lia =Yp—Ya.
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Mehta & Pocock’s Example

The initial plan is for a total of no = 442 patients, 221 on each
treatment.

In testing Hp: 8 < 0 vs 8 > 0 at the final analysis, we reject Hy if

~

0(n2)

% = 702 ny)

> 1.96.

This design and analysis gives type | error rate 0.025 and power
0.8 atf=2.

Higher power, e.g., power 0.8 at ¢ = 1.6, would be desirable.

But, the sponsors will only increase sample size if interim results
are “promising”.

An interim analysis is planned after observing n; = 208 responses.
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Increasing the sample size

At the interim analysis with n; = 208 observed responses, the
estimated treatment effect is

f1(n1) = Yp(ni) =Y a(ni)

and B é\l (nl)
A= ot my

At this analysis, a further 208 subjects will have been treated for
less than 26 weeks. Their responses will be observed in due course.

As recruitment continues, we use the value of Zj in choosing a
new total sample size — between the original figure of 442 and a
maximum of &84.

In deciding whether to increase the sample size, MP consider
conditional power of the original test with no = 442 observations,
given the observed value of Z;.
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Increasing the sample size
Definition

The conditional power C'Py(z) is the probability the final test,
with 442 observations, rejects Hy, given Z1 = z1 and effect size 6,

CP@(Zl) = PQ{ZQ > 1.96 ‘ A= 2:1}.

MP’s adaptive design is based on conditional power under 6§ = 6.

They divide the range of z; into three regions:

Favourable CPQA (z1) > 0.8 Continue to ng = 442,
1
Promising 0.365 < CPé (21) < 0.8 Increase no,
1
Unfavourable CPé (z1) < 0.365 Continue to ng = 442.
1

When increasing sample size in the promising zone, the final test of
Hy must protect the type | error rate at level «.
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The Chen, DeMets & Lan method
References:
Chen, DeMets & Lan, Statistics in Medicine (2004),
Gao, Ware & Mehta, J. Biopharmaceutical Statistics (2008).

Suppose at interim analysis 1, the final sample size is increased to
n5 > ng and a final test is carried out without any adjustment.
Thus, Hy is rejected if
0(n3)
Zo(n) = ———o2— > 1.96.
V{do?/n3}

Chen, DeMets & Lan (CDL) show that if nz is only increased when
CPé1(2’1> > 0.5,

then the type | error probability will not increase.

(In general, changes to sample size may increase or decrease the
type | error rate.)
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Gao’s extension of the CDL method

Gao et al. extended the CDL method to lower values of 8, as long
as a sufficiently high value is chosen for the final sample size, nj.

® Allowable values of N for CDL+Gao framework
m Density of 6, (8= 1.6)

—

Final N

200 400 600 800 1000 1200

0
I

With an upper limit of n = 884, the final sample sizes permitted
by the CDL+Gao approach are as shown in the figure.

Now, ny can be increased when C'P; (z1) is as low as 0.365.
1
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2. The MP design

In their “promising zone”, MP increase ny to achieve conditional
power 0.8 under # = 61, truncating this value to 884 if it is larger
than that.

W M-P adaptjve design
W Density of 8, (6 =1.6)

Final N
200 400 600 800 1000 1200
L L
\
/

0
I

Comparison with the distribution of 51 under 8 = 1.6 shows that
increases in no occur in a region of quite small probability.

The distribution of @1 under other values of 6 is shifted but has the
same variance.
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Properties of the MP design

The increase in ny in the “promising zone" has increased the
power curve a little.

Power

Given the limited range of values of #; for which ns is increased,
only a small improvement in power can be expected.

Although it was stated that power 0.8 at # = 1.6 would be
desirable, power at this effect size has only risen from 0.61 to 0.66.
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Properties of the MP design

The cost of higher power is an increase in expected sample size.

480 500
I I

460

E(N)
420 440
I

400
I

380
I

Aiming for higher conditional power under 6 = 01 or raising the
sample size beyond 884 gives small increases in power at the cost
of large increases in E(N).
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3. Alternatives to the MP design

Suppose we are satisfied with the overall power function attained
by MP’s design: the same power can be achieved by other designs.
A fixed sample design

Emerson et al. (Statistics in Medicine, 2011) note that the same
power is achieved by a fixed sample size study with 490 subjects.

This is an attractive option since, for effect sizes 6 between 0.8 and
2.0, the expected sample size of the MP design is greater than 490.

There is more to the sample size distribution than Eg(INV)

High variance in IV is usually regarded as undesirable, so the wide
variation in N for the MP design is a negative feature.

Perhaps variation in N is viewed more positively when investors in
a small bio-tech company are thinking of adding resource to a
study when it is most helpful?
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A group sequential test

Despite the delayed response, we can still consider a group
sequential design.

Suppose an interim analysis takes place after 208 observed
responses. If the trial stops at this analysis, the sample size is
taken as 416, counting all subjects treated thus far even though
only 208 have provided a response.

We apply an error spending design in the p-family (JT, Ch. 7):

At analysis 1 after 208 responses
If Z1 > 2.54 Stop, reject Hy
If Z; <0.12 Stop, accept Hy
If 0.12< 77 < 2.54 Continue

At analysis 2 after 514 responses

If Zy > 2.00 Reject Hy
If Zo < 2.00 Accept Hy
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Sample size rules for MP, fixed and group seq. designs
Sample size for the MP design varies between 442 and 884.
The fixed sample size design has 490 observations.

The group sequential test stops with a sample size of 416 or 514.
Since 514 = 490 x 1.05, it has an “inflation factor” of R = 1.05.

W M-P adaptive design
B Fixed N=490
B GSTR=1.05

800 1000 1200
I

600

Final N

400
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Comparison of designs

Power curves Ey(N) curves

Power
E(N)

380 400 420 440 460 480 500
I

All three designs have essentially the same power curve.
It is clearly possible to improve on the MP design’'s Ey(N) curve.

NB, Mehta & Pocock discuss two-stage group sequential designs
but they only present an example with much higher power (and,
thus, higher sample size).
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Can we improve the design within the MP framework?

Why does the MP design have high Ey(N) for its achieved power?

Mehta & Pocock describe their method as adding observations in
situations where they will do the most good:

This seems a good idea, but the results are not so great,

Can we work out how to do this effectively?
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4. Deriving efficient sample size rules in the

MP framework

Continuing with MP’s example, we retain the basic elements of the
MP design.

The interim analysis takes place after 208 observed responses.

A final sample size n} is chosen based on 0, (or equivalently 7).

Final N

200 400 600 800 1000 1200

0

‘ B Allowable values of N for CDL+Gao framework

Chris Jennison and Bruce Turnbull

Values of nj € [442,884] that
satisfy the CDL+Gao conditions
are allowed.

At the final analysis, we reject
Hy if Zy > 1.96, where Z5 is
calculated without adjustment
for adaptation.

Start Small then Ask for More?



Efficient sample size rules in the MP framework

We shall assess the value of an increase in sample size in terms of
the conditional power that it achieves.

Suppose Z7 = z1 and we are considering a final sample size n} with
2

O(n
20 = Figth

and conditional power under 8 = 6
CPs(z1,n3) = Py{Z(n3) > 1.96| Z1 = 21}
Setting v as a “rate of exchange” between sample size and power,
we choose n; to optimise a combined objective
CPp(z1, ny) —v(ny — 442).

We shall do this taking 6 = 1.6, a value where we wish to “buy”
additional power.
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An overall optimality property

The rule that maximises C’Pé(zl, ni(z1)) —yni(z1) for every z;

also maximises, unconditionally,

P,_; (Reject Hy) — VE5(N).

This can be seen by writing P,_; (Reject Hy) — nyé(N) as

[ {erstanms(e) - amsta} syt da,

where fé(zl) denotes the density of Z; under 8 = 6, and noting
that we have minimised the integrand for each z;.

We set v = 0.14/(4 02) to achieve the power of the MP design.

So, the resulting procedure will have minimum possible Ey—_1 (V)
among all designs following the CDL+Gao framework that achieve
power 0.658 at 6 = 1.6.
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Plots for 6 = 1.6, v = 0.14/(402) and 6, = 1.5

1.0

B Conditional power
i B Combined objective

0.9

0.8

0.6

0.5
1

T T T T
500 600 700 800 900

Final N

The objective CPg(zl, n%) —y(n5 —442) has a maximum at
nb = 654.

This value is similar to MP’s choice of n3 when 61 = 1.5.
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Plots for 6 = 1.6, v = 0.14/(402) and 6, = 1.3

1.0

m Conditional power
B Combined objective

0.9

08

0.7

0.6

0.5

500 600 700 800 900
Final N

The conditional power curve is steeper and the optimum occurs at
a higher n3.

Now, C’Pé(zl,ng) — y(nj — 442) is maximised at nj = 707.

In this case, MP's design takes the maximum permitted value of
*
ny = 884.
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Optimal sample size rule for § = 1.6, v = 0.14/(4 o)

=)
S
S W M-P adaptive design
o W CDL+Gao Min E(N) at 1.6
S - B CDL+Gao bound
1
1)
8
z
© o
£ 27
w
=)
8
B3
g —
& 7 // ™~
_— T~
o - —
T T T T T T
-1 0 1 2 3 4
N
01

This rule gives power 0.658 at 8 = 1.6, the same as the MP design.

Decisions about sample size are based on a consistent comparison
of the higher power and the cost of additional observations.

As 01 decreases, sample size increases less steeply than for the MP
design.
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Efficient sample size rules in the MP framework

Power curves Ey(N) curves

Power
E(N)

380 400 420 440 460 480 500
L

= M-P adapiive design
B CDL+Gao Min E(N) at 1.6

' M-P adapiive design
B CDL+Gao Min E(N) at 1.6

With the type | error rate fixed at 0.025, matching the MP design’s
power at one value of @ will match the whole power curve.

Our optimised design has the same power curve as the MP design
and lower FEy(N) (just about) at all # values.

The reductions in Ey(NN) are modest — but given the optimality
property of the sampling rule in the Mehta & Pocock framework,
this is as good as it gets.
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Further efficiency gains

Our new, optimised procedure still has higher Ey(N) than the
two-stage GST that ignores (but is charged for) pipeline data.

440 460 480 500
L L L L

Final N

0 200 400 600 800 1000 1200

420
L

30 400
| L

Shapes of optimised sample size rules suggest it would help to
increase n5 at lower values of §; — but this is not permitted in the
CDL+Gao framework.

The Conditional Probability of Rejection principle or,
equivalently, using a Combination Test (Bauer & Kaéhne,
Biometrics, 1994) does allow such adaptations.
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5. The Conditional Probability of Rejection principle

Reference: Proschan & Hunsberger, (Biometrics, 1995)

On observing 61, choose a new final sample size nj.

Then, set the critical value for Z3(n3) at the final analysis to
maintain the Conditional Probability of Rejection (CPR) under
f = 0 in the original design.

The overall type | error rate is the integral of the conditional type |
error rate, and this remains the same.

This type of adaptation can also be regarded as a “weighted
inverse normal combination test” Bauer & Kohne (1994).

We can follow our previous strategy in this new framework and set
ns to maximise CPé(zl,n”Q‘) v(n3 —442). Again, we use 0 = 1.6.

The resulting design has the minimum value of Eé(N) among all

designs in this larger class achieving the same power under = 0.
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Optimal sample size rule for a CPR design with 0=1.6

W M-P adaptive design
W CPRMin E(N)at 1.6

I
\
/

Final N
200 400 600 800 1000 1200
L L
™

0
I

The rule with v = 0.25/(4 0) matches the MP test's power of
0.658 at 6 = 1.6.

Shapes of optimised sample size rules are very different from the
MP design.

The best opportunities for investing additional resource are not in
Mehta & Pocock’s “promising zone".
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Efficient sample size rules in the CPR framework

Ey(N) curves

E(N)

B M-P adaptive design
B CDL+Gao Min E(N) at 1.6
B CPR Min E(N) at 1.6

The CPR principle allows sample size increases for §1 below the
CDL+Gao region.

This leads to a useful reduction in Eyp(N) at 0 = 1.6.
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Further extensions

1. We can allow recruitment to be terminated at the interim
analysis, so the minimum sample size is ny = 416, rather than 442.

2. We can use a general conditional type | error function
(Proschan & Hunsberger, 1995) or, equivalently, a general Bauer
& Kohne (1994) combination rule.

3. We can minimise other criteria, such as a weighted sum or
integral

ZwiEgi(N) or / w(0) Eg,(N) do.

The resulting two-stage designs deal neatly with the “pipeline”
subjects arising when there is a delayed response.

They will give the best possible sampling and decision rules with
n1 = 208 and ns in the range 416 to 884.

(We could also aim for higher power, now we can achieve this.)
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General sampling rule, early recruitment of termination

We have followed (1) and (2) above in minimising Eg—1 (V).

Sample size rule Ey(N) curves

I
500

W M-P adaptive design
B General rule Min E(N) at 1.6, min N=416

I
480

460
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Final N
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\
\
/
/
400

0
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380
L

Reductions in Ey(N') are mostly due to (1), which allows ng to be
limited to 416.

The highest final sample sizes arise at values of §1 below MP's
“promising zone" .
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6. Relation to proposals for Delayed Response GSTs

Reference: Hampson & Jennison, JRSS B (2013).

Hampson & Jennison have extended methodology for group
sequential tests to handle a delayed response.

Their “Delayed Response GSTs" allow any number of interim
analyses and can be optimised for specified criteria.

Applying this approach in the case of just 2 analyses:

Either recruitment stops at analysis 1 and the final analysis
occurs when all pipeline subjects have been observed,

Or, an additional group of subjects is recruited and the final

analysis has pipeline subjects plus these new subjects.

Thus, we have a special case of the designs we have been
developing where only two values of ng are possible.
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Delayed Response GST for the MP example

Optimising a DR GST to minimise Ey—1 6(N) while matching the
power of the MP design gives the sample size rule shown below.

1200
I

= M-P adaptive design
B General rule Min E(N) at 1.6, min N=416
® Optimal DR GST for E(N) at 1.6, min N=416

1000

Final N
600 800
L L
\
\
|
/
/

400
I

200

The sampling rule approximates that of the general adaptive
method, but with a step function rather than a continuous sample
size function.
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Plot of E¢(IN) for the optimal DR GST

The optimised DR GST has an almost identical Ey(N) curve to
the general rule using the continuum of possible sample sizes.

460 480 500
I I I

E(N)
440

420
L

= M-P adaptive design
B General rule Min E(N) at 1.6, min N=416
® Optimal DR GST for E(N) at 1.6, min N=416

400
L

380
I

360
I

As Jennison & Turnbull (Biometrika, 2006) found for an
immediate response, there is minimal benefit from fine-tuning the
total sample size in response to interim data.
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7. Conclusions

Although JT had shown that adaptive designs offer at most a
slight improvement on GSTs, it is appropriate to consider the case
of a delayed response, as in Mehta & Pocock’s example.

1. MP use the Chen, DeMets & Lan (2004) approach, choosing
sample size by a conditional power rule. This does not yield a
particularly efficient design.

2. We have developed MP’s idea of spending resources where
they have the greatest benefit — and found efficient adaptive
designs for this problem.

3. Our most general solution is very similar to a “Delayed
Response GST", as proposed by Hampson & Jennison (2013).
Such a design offers the benefits of established group sequential
methods and extensions, e.g., error spending tests.

4. The adaptive approach (start small, then ask for more) can
give good trial designs — but there are pitfalls to avoid!
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