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Randomized clinical trials serve as the standard for clinical 
research and have contributed immensely to advances in patient care. Nev-
ertheless, several shortcomings of randomized clinical trials have been 

noted, including the need for a large sample size and long study duration, the lack 
of power to evaluate efficacy overall or in important subgroups, and cost. These 
and other limitations have been widely acknowledged as limiting medical innova-
tion.1 Adaptive trial design has been proposed as a means to increase the effi-
ciency of randomized clinical trials, potentially benefiting trial participants and 
future patients while reducing costs and enhancing the likelihood of finding a true 
benefit, if one exists, of the therapy being studied.2

Adaptive designs are applicable to both exploratory and confirmatory clinical 
trials. Adaptive designs for exploratory clinical trials deal mainly with finding safe 
and effective doses or with dose–response modeling. The emphasis is on strategies 
that will assign a larger proportion of the participants to treatment groups that 
are performing well, reduce the number of participants in treatment groups that 
are performing poorly, and investigate a dose range that is larger than ranges in 
corresponding trials with nonadaptive designs, in order to select effective doses 
for the confirmatory stage of investigation. Control of the type I error rate is less of 
an issue. In Table 1, various types of adaptive designs for exploratory clinical trials 
are classified into categories that reflect the time sequence in which they would 
be performed in the drug-development process.

In confirmatory trials, the adaptive nomenclature refers to making prospec-
tively planned changes to the future course of an ongoing trial on the basis of an 
analysis of accumulating data from the trial itself, in a fully blinded or unblinded 
manner, without undermining the statistical validity of the conclusions.3 However, 
modifications of randomized clinical trials that are performed in an unblinded 
manner are subject to closer regulatory scrutiny than those performed in a blind-
ed manner. They require careful attention to statistical techniques and operational 
procedures to ensure that the implementation is scientific, ethical, and free from 
bias. In Table 1, different types of adaptations for confirmatory trials are classified 
into four major categories — seamless phase 2–3 designs, sample-size reestima-
tion, group sequential designs, and population-enrichment designs — and the 
strengths and weaknesses of each type are identified in relation to corresponding 
nonadaptive designs. There is some overlap among the different categories. For ex-
ample, sample-size reestimation could be implemented on its own or incorporated 
into group sequential, dose-selection, or population-enrichment designs.

In this review, we focus on adaptive designs of confirmatory clinical trials. We 
discuss the benefits and limitations of such designs, using four case studies that 
highlight the statistical and operational considerations that are the prerequisites 
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for a successful trial. The statistical methods for 
hypothesis testing and parameter estimation are 
provided in the Supplementary Appendix, avail-
able with the full text of this article at NEJM.org.

Four C a se S t udies

Seamless Phase 2–3 Design — the INHANCE 
Trial

The Indacaterol to Help Achieve New COPD Treat-
ment Excellence (INHANCE) trial was an adaptive 
two-stage (i.e., phase 2–3), confirmatory, random-
ized clinical trial of inhaled indacaterol, a once-
daily long-acting beta2-agonist bronchodilator 
for the treatment of chronic obstructive pulmo-
nary disease (COPD); the trial featured multiple 
treatment groups, with dose selection at the end 
of stage 1.4,5 In stage 1, patients with COPD were 
randomly assigned in a double-blind, double-
dummy manner to one of seven groups to receive 
four doses of indacaterol, placebo, formoterol, or 
tiotropium; the last two regimens were consid-
ered to be standard-of-care comparators. Two of 
the four indacaterol doses were to be selected for 
further testing at stage 2 along with placebo and 
tiotropium. The final analysis would be based 
on the combined data from the two stages.

The primary efficacy objective was to show 
the superiority of at least one dose of indacaterol 
over placebo at week 12 with respect to the 24-hour 
postdose (trough) forced expiratory volume in  
1 second (FEV1). Although the final efficacy analy-
sis was to use the FEV1 data through week 12, 
the dose selection at the interim analysis was to 
be based on data from patients who had been 
treated through week 2 only, since indacaterol is 
known to reach pharmacodynamic steady state 
within 2 weeks.

The two most important statistical consider-
ations for a design of this type are the dose-selec-
tion rule at the interim analysis and the statisti-
cal inference at the final analysis. The dose 
selection would have to be made by an external 
data and safety monitoring committee that had 
been equipped with clear, unambiguous decision 
rules for determining which doses to pick and 
also some flexibility to deviate from these rules 
in case of unexpected safety signals or a lack of 
dose response (see the Supplementary Appendix). 
Accordingly, a rather complex set of decision rules 
covering all anticipated contingencies was included 
in the charter for the data and safety monitoring G

ro
up

 s
eq

ue
nt

ia
l d

es
ig

n

C
la

ss
ic

En
ab

le
s 

ea
rl

y 
st

op
pi

ng
 fo

r 
ef

fic
ac

y,
 fu

til
ity

, o
r 

ha
rm

; h
as

 
fle

xi
bl

e 
al

ph
a 

sp
en

di
ng

 fu
nc

tio
ns

; c
an

 a
lte

r 
m

ax
im

um
 

sa
m

pl
e 

si
ze

 in
 a

 b
lin

de
d 

m
an

ne
r

C
an

no
t a

lte
r 

m
ax

im
um

 s
am

pl
e 

si
ze

 o
r 

ev
en

ts
 in

 a
n 

un
bl

in
d-

ed
 m

an
ne

r;
 u

se
s 

no
nc

on
ve

nt
io

na
l p

ar
am

et
er

 e
st

im
at

es
 

an
d 

co
nf

id
en

ce
 in

te
rv

al
s;

 if
 tr

ia
l t

er
m

in
at

es
 e

ar
ly

 fo
r 

ef
fi-

ca
cy

, o
ve

rr
un

s 
po

se
 r

is
k 

of
 d

ow
nt

ur
n 

fr
om

 s
ig

ni
fic

an
ce

 to
 

no
ns

ig
ni

fic
an

ce
; g

re
at

er
 b

ur
de

n 
on

 d
at

a 
an

d 
sa

fe
ty

 m
on

i-
to

ri
ng

 c
om

m
itt

ee
 to

 r
ev

ie
w

 to
ta

lit
y 

of
 e

vi
de

nc
e 

be
fo

re
 

pr
em

at
ur

e 
te

rm
in

at
io

n†

A
da

pt
iv

e
In

cl
ud

es
 a

ll 
ad

va
nt

ag
es

 o
f c

la
ss

ic
 g

ro
up

 s
eq

ue
nt

ia
l d

e-
si

gn
s;

 c
an

 a
lte

r 
m

ax
im

um
 s

am
pl

e 
si

ze
 in

 a
n 

un
bl

in
de

d 
m

an
ne

r;
 c

an
 s

w
itc

h 
en

d 
po

in
t f

ro
m

 n
on

in
fe

ri
or

ity
 to

 s
u-

pe
ri

or
ity

; c
an

 a
lte

r 
nu

m
be

r 
an

d 
sp

ac
in

g 
of

 in
te

ri
m

 a
na

l-
ys

es
, a

nd
 a

lp
ha

 s
pe

nd
in

g 
fu

nc
tio

n,
 o

n 
th

e 
ba

si
s 

of
 u

n-
bl

in
de

d 
in

te
ri

m
 a

na
ly

si
s;

 o
ve

rr
un

s 
ar

e 
no

t a
 p

ro
bl

em
 

si
nc

e 
tr

ia
l p

ro
ce

ed
s 

to
 c

om
pl

et
io

n 
w

ith
 in

cr
ea

se
d 

en
-

ro
llm

en
t a

nd
 r

es
ol

ut
io

n 
of

 r
es

po
ns

es
 in

 a
ll 

pa
tie

nt
s 

in
-

st
ea

d 
of

 b
ei

ng
 te

rm
in

at
ed

 e
ar

ly
 w

ith
 r

is
k 

of
 d

ow
nt

ur
n 

fr
om

 u
nk

no
w

n 
or

 u
na

dj
ud

ic
at

ed
 r

es
po

ns
es

In
cl

ud
es

 a
ll 

th
e 

di
sa

dv
an

ta
ge

s 
of

 s
am

pl
e-

si
ze

 r
ee

st
im

at
io

n 
w

ith
 u

nb
lin

de
d 

da
ta

; u
se

s 
no

nc
on

ve
nt

io
na

l p
ar

am
et

er
 

es
tim

at
es

 a
nd

 c
on

fid
en

ce
 in

te
rv

al
s

Po
pu

la
tio

n-
en

ri
ch

m
en

t d
es

ig
n

C
an

 e
lim

in
at

e 
no

np
er

fo
rm

in
g 

su
bg

ro
up

s 
at

 in
te

ri
m

 a
na

ly
-

si
s 

if 
tr

ea
tm

en
t i

s 
ef

fe
ct

iv
e 

in
 s

el
ec

te
d 

su
bg

ro
up

s 
on

ly
M

us
t p

ro
sp

ec
tiv

el
y 

id
en

tif
y 

w
hi

ch
 s

ub
gr

ou
ps

 to
 ta

rg
et

; m
ay

 
el

im
in

at
e 

su
bg

ro
up

s 
in

 w
hi

ch
 tr

ea
tm

en
t i

s 
ef

fe
ct

iv
e;

 lo
se

s 
po

w
er

 a
s 

nu
m

be
r o

f t
ar

ge
te

d 
su

bg
ro

up
s 

in
cr

ea
se

s;
 lo

se
s 

po
w

er
 if

 th
er

e 
is

 lo
w

 p
re

va
le

nc
e 

of
 e

ffe
ct

iv
e 

su
bg

ro
up

s;
 b

io
-

m
ar

ke
r c

ut
of

f p
oi

nt
s 

fo
r s

ub
gr

ou
p 

pa
rt

iti
on

in
g 

no
t k

no
w

n

* 
 M

TD
 d

en
ot

es
 m

ax
im

um
 t

ol
er

at
ed

 d
os

e.
†

  In
 a

n 
ov

er
ru

n 
si

tu
at

io
n,

 p
at

ie
nt

s 
fo

r 
w

ho
m

 t
he

 p
ri

m
ar

y 
en

d 
po

in
ts

 a
re

 u
nk

no
w

n 
(b

ec
au

se
 o

f u
na

dj
ud

ic
at

ed
 d

at
a 

or
 d

el
ay

ed
 r

es
po

ns
e)

 a
t 

th
e 

tim
e 

of
 a

n 
ea

rl
y-

te
rm

in
at

io
n 

de
ci

si
on

 w
ill

 b
e 

in
cl

ud
ed

 in
 t

he
 fi

na
l a

na
ly

si
s.

The New England Journal of Medicine 
Downloaded from nejm.org on February 16, 2021. For personal use only. No other uses without permission. 

 Copyright © 2016 Massachusetts Medical Society. All rights reserved. 



n engl j med 375;1 nejm.org July 7, 201668

T h e  n e w  e ngl a nd  j o u r na l  o f  m e dic i n e

committee (Table S1 in the Supplementary Ap-
pendix).6 The sections on Statistical Methodolo-
gy in the Supplementary Appendix describe how 
the type I error is controlled when ineffective 
doses might be dropped at the end of stage 1 and 
multiple doses might be compared with a com-
mon control group in the final analysis.

In the INHANCE trial, the interim analysis was 
to be performed when 770 patients (110 patients 
per group) had completed at least 2 weeks of treat-
ment (Fig. S1 in the Supplementary Appendix). 
On the basis of the detailed dose-selection guide-
lines that had been prespecified in the charter, 
the data and safety monitoring committee selected 
doses of 150 μg and 300 μg, whereupon the re-
cruitment of patients was immediately resumed 
for the second stage of the trial. The final analysis 
was performed when 285 additional patients had 
been enrolled and evaluated. The difference be-
tween each indacaterol dose and either placebo 
or tiotropium was significant with respect to the 
primary and key secondary end points.5

This example shows several conditions that 
are essential for the successful implementation of 
an adaptive design. First, the highly quantitative, 
precise, and easily obtained early readout of end-
point data made it possible to eliminate two of 
the trial groups quickly and thereby enroll many 
more patients in study groups that were receiving 
the doses and treatments of primary interest. Tri-
als that require rapid recruitment or lengthy or 
complex patient follow-up (e.g., assessment of 
freedom from a heart attack over a period of a 
few years after treatment) may not be suitable 
for adaptive designs, since enrollment may be 
almost complete by the time the stage 1 cohort 
has met its follow-up requirements for decision 
making. Second, the preliminary planning for 
this trial was meticulous, with detailed dose-
selection criteria, a communication plan for dis-
seminating interim results that would not un-
blind the interim results, a hypothesis-testing 
strategy that controlled the type I error, and de-
tailed simulations of the operating characteristics 
before the initiation of the trial.

Although a nonadaptive approach would have 
the advantage that the sponsor could be fully in-
volved in the selection of the doses for follow-on 
phase 3 testing, the adaptive design combined the 
data from the two stages for the final analysis, 
which meant that the trial required fewer patients 
and had a shorter overall duration. This gain in 

efficiency, however, carried the risk that the to-
tality of evidence at the end of the trial might not 
support a regulatory submission, possibly because 
of inadequate dose–response modeling or an in-
adequate safety profile. For this reason, extensive 
up-front planning and a thorough discussion by 
the trial team of all possible contingencies that 
might arise over the course of the two stages of the 
trial contributed to the success of the INHANCE 
trial.

Sample-Size Reestimation — the CHAMPION 
PHOENIX Trial

The Cangrelor versus Standard Therapy to 
Achieve Optimal Management of Platelet Inhibi-
tion (CHAMPION) PHOENIX trial was a double-
blind, placebo-controlled trial in which patients 
who were undergoing urgent or elective percuta-
neous coronary intervention (PCI) for coronary 
insufficiency were randomly assigned to receive 
a bolus and infusion of the intravenous anti-
platelet agent cangrelor or a loading dose of the 
oral antiplatelet agent clopidogrel.7 The primary 
efficacy end point was a composite of death, 
myocardial infarction, ischemia-driven revascu-
larization, or stent thrombosis within 48 hours 
after PCI. The initially planned enrollment of 
10,900 patients, with possible early stopping for 
efficacy on the basis of a gamma (−5) alpha spend-
ing function (which generates group-sequential 
boundaries that resemble the O’Brien–Fleming 
boundaries) when 70% of the patients had been 
enrolled, provided the study with 86% power to 
detect a 24% lower relative risk, from an event 
rate of 5.1% in the control group to an event rate 
of 3.9% in the experimental-therapy group. 
However, small variations in the assumed mag-
nitude of the difference in relative risk on the 
event rate in the control group could have led to 
a substantial reduction in power at the design 
stage (Table 2).

To mitigate this risk, the trial permitted a 
possible sample-size reestimation at the interim 
analysis when 70% of the patients had been en-
rolled. The sample space of possible outcomes at 
this interim analysis was partitioned into three 
zones on the basis of the observed percentage 
lowering in relative risk — unfavorable zone (ob-
served difference, <13.6%), promising zone (≥13.6% 
to ≤21.2%), and favorable zone (>21.2%).8 If the 
observed percentage lowering in relative risk fell 
in the promising zone, there would be an increase 
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in the sample size according to a prespecified 
formula. In the favorable or unfavorable zones, 
there would be no change in the sample size 
because the probability of achieving statistical 
significance under the current observed differ-
ence in relative risk would already be very high 
in the favorable zone, whereas in the unfavorable 
zone it would be too low to make an increase in 

sample size worthwhile. In the promising zone, 
however, there could be a substantial benefit from 
increasing the sample size.

For example, if the control group had an 
event rate of 5.1% and the experimental-therapy 
group had a relative risk that was lower by only 
18%, the overall power would be reduced to 62% 
(Table 2). However, if an adaptive design were 

Design-Stage Operating Characteristics Interim Analysis–Stage Operating Characteristics

Event 
Rate in 
Control 
Group

Percentage 
Lowering of 

Event Rate with 
Experimental 

Therapy Power

Average 
Sample 

Size Zone†

Probability of 
Entering 

Zone Conditional Power‡ Average Sample Size

adaptive nonadaptive adaptive nonadaptive

% no. % no.

5.1 24 86 9,231 Unfavorable 0.12 33 33 10,900 10,900

Promising 0.25 97 81 16,726 10,900

Favorable§ 0.63 99 99 8,248 8,248

5.1 21 76 9,668 Unfavorable 0.21 24 24 10,900 10,900

Promising 0.30 95 73 17,057 10,900

Favorable 0.49 98 98 8,417 8,417

5.1 18 62 10,068 Unfavorable 0.32 17 17 10,900 10,900

Promising 0.32 90 66 17,373 10,900

Favorable 0.36 97 97 8,590 8,590

4.75 24 84 9,365 Unfavorable 0.14 31 31 10,900 10,900

Promising 0.26 97 80 16,813 10,900

Favorable 0.60 99 99 8,316 8,299

4.75 21 73 9,778 Unfavorable 0.23 23 23 10,900 10,900

Promising 0.31 94 72 17,137 10,900

Favorable 0.46 98 98 8,479 8,466

4.75 18 59 10,132 Unfavorable 0.34 16 16 10,900 10,900

Promising 0.32 89 64 17,397 10,900

Favorable 0.34 97 97 8,633 8,636

*  The operating characteristics at the interim analysis stage of an adaptive trial such as the Cangrelor versus Standard Therapy to Achieve 
Optimal Management of Platelet Inhibition (CHAMPION) PHOENIX trial7 are based on 100,000 simulated trials. For example, in a trial with 
an expected event rate in the control group of 5.1%, if the event rate in the experimental-therapy group is lower by 18%, the overall (or un-
conditional) power of the original design decreases to 62%. If, however, the interim results enter the promising zone, the conditional power 
can be boosted from 66% to 90% by an adaptive increase in the sample size. Outside the promising zone, the operating characteristics of 
the adaptive and nonadaptive designs are identical.

†  In the favorable and unfavorable zones, the sample size would not change; the probability of achieving statistical significance in the favor-
able zone would already be very high, making a sample-size increase unnecessary, whereas the probability of achieving statistical signifi-
cance in the unfavorable zone would be too low to make an increase in sample size worthwhile. In the promising zone, there could be a 
substantial benefit from increasing the sample size.

‡  Conditional power is defined as the probability of achieving statistical significance conditional on the interim results and on the estimated 
reduction in the event rate in the experimental-therapy group.

§  The average sample sizes in the favorable zone are less than 10,900 because some of the simulated trials that landed in the favorable zone 
actually crossed the efficacy boundary for early termination of the trial.

Table 2. Comparison of Design-Stage and Interim Analysis–Stage Operating Characteristics of an Adaptive Trial.*
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implemented, then the power, which was condi-
tional on falling inside the promising zone at 
the interim analysis, could be boosted from 66% 
to 90% by increasing the sample size from 
10,900 to an average of 17,373.

The advantage of this approach is that the 
sample size is only increased after the interim 
results have been reviewed and observed to be 
promising (in this case, by the data and safety 
monitoring committee). This is the major inno-
vation of the adaptive group sequential design as 
compared with the classic group sequential de-
sign, in which the maximum amount of statistical 
information (in this case, sample size) is fixed 
at the design stage and there is no flexibility to 
alter it on the basis of results observed at the 
interim analysis. Figure S2 in the Supplementary 
Appendix shows a detailed comparison between 
the operating characteristics of the adaptive de-
sign that was used in the CHAMPION PHOENIX 
trial and that of a competing group sequential 
strategy that used the same expected sample 
size over a range of clinically meaningful values 
for the difference in relative risk. In exchange for 
a small loss of overall power, the adaptive design 
provides a substantial gain in conditional power 
if the interim results are promising. Control of 
the type I error for this type of adaptive design 
is discussed in the sections on Statistical Meth-
odology in the Supplementary Appendix, as well 
as in Figure 1 (and see the interactive graphic, 
available at NEJM.org).

In the CHAMPION PHOENIX trial, the results 
fell in the favorable zone at the interim analysis, 
and the sample size was not increased. The final 
analysis showed statistical significance in favor 
of cangrelor. On the basis of the results of this 
trial, regulatory agencies in the United States and 
the European Union approved cangrelor for use in 
patients who undergo PCI.

Changing the Primary End Point —  
the EXAMINE Trial

Before any new antihyperglycemic agent can gain 
full regulatory approval in the United States, it 
must be shown to have no association with an 
unacceptable risk of major adverse cardiovascular 
events. The specific guidance is that the upper 
boundary of the two-sided repeated 95% confi-
dence interval for the hazard ratio for major 
adverse cardiovascular events should not exceed 
1.3 in the time-to-event analysis in a prospective 

phase 3 noninferiority trial of the new agent 
versus standard of care. The Examination of Car-
diovascular Outcomes with Alogliptin versus Stan-
dard of Care (EXAMINE) trial was such a cardio-
vascular-outcome trial of alogliptin, a dipeptidyl 
peptidase 4 inhibitor.9 The trial enrolled 5380 pa-
tients with a median follow-up of 18 months and 
showed noninferiority by obtaining an upper 
boundary of the confidence interval of 1.16.

Had the upper boundary of the confidence in-
terval been less than 1, the trial would have shown 
superiority. That is, the trial would have shown 
that the new agent was protective instead of 
merely ruling out an unacceptable increase in 
cardiovascular risk.10-12 Table S2 in the Supple-
mentary Appendix shows the sample size that 
would be needed for a cardiovascular-outcome 
trial to have 90% power to show superiority over 
a range of hazard ratios. For example, even in 
the case of a drug with a favorable hazard ratio 
of 0.85 and an annualized event rate of 2.5%, a 
trial would require enrollment of almost 18,000 
patients over a period of 2 years and an additional 
3 years of follow-up. In this context, an adaptive 
design can generate the best possible estimate of 
the required sample size, since the actual inter-
im results from the trial itself could be used to 
repower the trial for superiority. The EXAMINE 
trial had prespecified that the maximum num-
ber of adjudicated major adverse cardiovascular 
events would be 650, with a planned interim 
analysis after 550 events and an option to stop the 
trial and claim noninferiority if the P value for the 
between-group comparison was less than 0.001.

The trial design included one additional feature. 
The trial could proceed all the way to 650 events 
even though the early-stopping boundary for 
claiming noninferiority was crossed, provided 
that the conditional power or probability to show 
superiority by the end of the trial under the cur-
rent trend exceeded 20%. This feature gave the 
sponsor a second chance to claim superiority. 
Since the primary analysis of the noninferiority 
hypothesis was prespecified to be performed in 
the intention-to-treat population, the change of 
goal from noninferiority to superiority would 
not entail a change of population. However, with 
only 20% conditional power and no option to in-
crease the total number of adjudicated events be-
yond 650, the chances of actually claiming supe-
riority were low. This design could have been 
improved by the inclusion of the adaptive option 

An interactive 
graphic is  

available at 
NEJM.org
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to increase the required number of events for the 
final analysis if the noninferiority boundary were 
crossed at the interim analysis and the condi-
tional power for claiming superiority were suf-
ficiently high (Fig. 2).

Table S3 in the Supplementary Appendix shows 
the operating characteristics of the design. By 
doubling the required number of events in the 
promising zone, the chances of showing superior-
ity increase from 64% to 96% if the true hazard 
ratio is 0.85. This dramatic increase in power 
would come at the cost of prolonging the trial by 
1 year. In the EXAMINE trial, the early-stopping 
boundary for noninferiority was crossed after 550 
events, but the conditional power for claiming 
superiority was less than 20%. Thus, the trial 
was stopped; this decision allowed the sponsor 
to file a claim of noninferiority without extend-

ing the trial for an additional year with a slim 
chance of being able to show superiority.

 Biomarker-Driven Adaptive Population-
Enrichment Designs

It has become increasingly apparent that treat-
ment effects can differ greatly among subgroups 
of patients with different genetic or biomarker 
characteristics. Table S4 in the Supplementary 
Appendix lists several targeted therapeutic agents 
that have been approved in the United States for 
specific subgroups of patients. These examples 
show the potential of predictive biomarkers to 
identify patients who are likely to benefit from 
targeted therapies and to thereby increase the suc-
cess rate of confirmatory clinical trials. In these 
examples, we have focused on oncology trials, but 
the use of this approach will probably increase 

Figure 1. Adaptive Features of a Trial That Uses Sample-Size Reestimation.

The original sample size is 10,900, and the original critical value for declaring statistical significance is cα = 1.98. An 
interim analysis is performed when 7630 patients (70% of the planned enrollment) have been evaluated, and the 
observed z statistic (i.e., the standardized risk ratio on the negative log scale), z1 = 1.9, falls inside the promising 
zone. Accordingly, the total sample size is increased from 10,900 to 16,090 by a prespecified decision rule that de-
pends on the observed z1. To preserve the type I error in the face of this data-dependent increase in the sample 
size, the new critical value is adjusted from cα = 1.98 to c*α = 1.83 to satisfy the requirement that the conditional type 
I error before and after the sample-size increase, given z1 = 1.9, must remain the same; see the equation in the white 
box. P0 denotes the probability under the null hypothesis that the risk ratio is 1.
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in other fields as validated biomarkers that predict 
response or lack of response to therapy emerge 
(see the Supplementary Appendix).13

However, most previous studies in which bio-
markers have shown predictive capabilities were 
not designed for this purpose. Even in well-con-
trolled phase 3 trials, the biomarker component 
of the analysis is often performed retrospectively 
or the trials restricted enrollment to the targeted 
subgroups from the start. However, the Food and 
Drug Administration guidance regarding enrich-
ment strategies for clinical trials recommends 
that even in cases in which there is a strong bio-
logic basis for a therapy to target a particular 
genetic marker, it is desirable to enroll patients 
in whom the marker is absent in order to show 
sensitivity in patients who have the marker and 
lack of sensitivity in patients who do not have 
the marker.14

Thus, the dilemma for the investigator plan-
ning a phase 3 confirmatory trial of a targeted 
therapy is whether to open the enrollment to all 

patients regardless of biomarker status or to 
restrict the enrollment to a targeted subgroup on 
the basis of a biologic understanding of the 
mechanism of action from early, possibly uncon-
trolled, clinical data. Restricting enrollment to 
the targeted subgroup without sufficient empiri-
cal evidence of a lack of efficacy in the nontar-
geted subgroup may deny a large segment of the 
population access to a potentially beneficial treat-
ment. However, if a large trial is conducted in a 
heterogeneous population, the treatment effect 
may be diluted, thus resulting in an underpowered 
study.15 An easily understood example is anemia 
due to vitamin B12 deficiency. In a randomized 
clinical trial involving patients with anemia, treat-
ing everyone in the experimental-therapy group 
with vitamin B12 would produce negative results, 
but the small subgroup of patients who truly 
have a deficiency would benefit.

An adaptive population-enrichment design is 
an efficient way to verify prospectively that a 
biomarker is predictive for a targeted therapy. 
The basic idea in such a design is for all partici-
pants to undergo randomization regardless of 
biomarker status but with the use of an interim 
analysis to identify whether the biomarker-posi-
tive patients benefit differentially from the tar-
geted agent as compared with the biomarker-
negative patients. If it appears that only the 
biomarker-positive patients are benefiting, then 
further enrollment in the biomarker-negative sub-
group would be terminated. The final statistical 
analysis of the data would be based on data from 
the two stages with the use of closed testing and 
conditional error rate methods to prevent infla-
tion of the type I error (see the sections on Statis-
tical Methodology in the Supplementary Appen-
dix).16,17 Figure 3 is a schematic representation of 
such a design.

R egul at or y Concer ns

At this time, regulatory agencies tend to review 
proposals for adaptive designs with greater scru-
tiny than they give to conventional designs. This 
situation is probably due to limited experience with 
such designs and serious concern that sponsors 
will submit poorly conceived designs that may not 
control the type I error and may actually be less 
efficient than conventional designs. As with any 
new approach, there must be clear design ratio-
nale, a demonstration of statistical validity, 

Figure 2. Adaptive Design of a Cardiovascular-Outcome Trial with Zones for 
Decision Making Regarding Superiority.

If the efficacy boundary for claiming noninferiority is crossed at the interim 
analysis, when 550 events have occurred, the region for continuing the trial 
is partitioned into four zones, on the basis of the conditional power for 
claiming superiority (CPsup) in the final analysis with 650 events. Depend-
ing on the zone into which the interim result falls, the trial is either termi-
nated immediately with a noninferiority claim or is continued — with or 
without an adaptive increase in the number of events — in the hopes of 
claiming superiority at the final analysis. The light blue area represents the 
efficacy zone, and the light red area the futility zone for claiming superiori-
ty. The light red bar extends down to the blue area because the efficacy 
and futility boundaries have to meet in the final analysis so that a decision 
can be made.
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simulation-based operating characteristics, and 
a comprehensive charter for the data and safety 
monitoring committee that addresses both the 
interim decision rules and the manner in which 
operational bias will be prevented.

The leakage of interim results could alter in-
vestigator behavior and lead to operational bias. 
Even if there is no leakage of interim results, the 
mere knowledge that there has been an adaptive 
change (e.g., sample-size reestimation) could cause 
investigators to speculate on the efficacy of the 
new compound, which could potentially change 
the enrollment and characteristics of the patients 
after the interim analysis. These risks can be 
mitigated by double-blind trials, appropriate 

communication with investigators, detailed and 
auditable standard operating procedures that 
document who saw what and when, and demon-
stration that the baseline characteristics of the 
patients who were enrolled before the adaptive 
change match those of the patients who were 
enrolled after the adaptive change.

Problems can arise with randomization, drug 
supply, and the recruitment of patients when 
there are adaptive changes due to dose selection, 
sample-size increases, or population enrich-
ment. It is critical to ensure that the sample size 
at the interim analysis is adequate for making 
the adaptive decision. If patients are enrolled too 
rapidly relative to the time needed to observe the 

Figure 3. Schematic Representation of an Adaptive Two-Stage Population-Enrichment Design.

In this population-enrichment design, the population is stratified before randomization into two subgroups, S and S′, according to a bi-
nary biomarker. The interim analysis occurs when a specific number of patients (n0) have been enrolled in each subgroup. At that time, 
there will be a specific number of events in each group: d0 events in subgroup S and d0′ events in subgroup S′. The data are then exam-
ined, and the trial may be terminated for futility, continued as planned, or continued by enrolling patients only in subgroup S. In this de-
sign, there is a biologic basis for assuming that the biomarker may be predictive of response in subgroup S but not in subgroup S′. The 
purpose of the interim analysis is to verify whether this assumption is true and if so, to enrich the remainder of the trial with patients 
from subgroup S only.
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primary end point, the planned enrollment might 
be completed before adequate information is avail-
able for an adaptive decision to be taken. To date, 
regulatory agencies have opined favorably about 
adaptive designs.18,19

Fu t ur e of A da p ti v e Tr i a l s

More widespread use of adaptive trial designs 
could accelerate the discovery process, especially 
if coupled with other evolving trial concepts, such 

as large, simple trials.20,21 Advances in adaptive 
trial design will require further dissemination 
and acceptance of the sometimes complex statis-
tical methods. There is an intuitive appeal of 
adaptive trial design and its attempt to identify 
the patients who are most likely to derive benefit 
from a therapy, and this feature will resonate well 
with most doctors and patients.

Disclosure forms provided by the authors are available with 
the full text of this article at NEJM.org.
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