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The goal of a non-inferiority randomized trial is to demonstrate that an experimental treatment is not unacceptably worse than
a standard treatment. The experimental treatment is known to have less toxicity or other quality-of-life benefits when compared
with the standard treatment, so that a small decrement in efficacy would be acceptable. Interim monitoring of randomized trials
is used to stop trials early if the conclusions of the trial become definitive early. In the context of a non-inferiority trial, of special

interest is stopping a trial early when the experimental treatment is inferior to the standard treatment. Methods for performing
interim monitoring of non-inferiority trials are reviewed for their ability to minimize patient exposure to inferior experimental
treatments. Examples of trials from the literature are discussed along with a computer simulation of a simple non-inferiority
monitoring rule. Interim monitoring for non-inferiority trials is shown to substantially reduce the exposure of patients to inferior
therapies when, in fact, the experimental treatment is inferior to the standard treatment. Interim monitoring rules typically used
in superiority trials may be sub-optimal for non-inferiority trials, and may unnecessarily expose patients to inferior therapies.
Examples of trials with inferior experimental arms and trials with sub-optimal monitoring rules are given. Appropriate interim
monitoring of non-inferiority trials can reduce the exposure of patients to inferior therapies when the experimental treatment is

inferior to the standard treatment.
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Introduction

Non-inferiority randomized trials are motivated by the knowl-
edge or assumption that an experimental therapy is less toxic
and/or results in a better quality of life than a standard therapy
[1, 2]. These trials are designed to provide conclusive evidence
that substituting the experimental therapy for the standard ther-
apy will not decrease efficacy (e.g. survival) by an unacceptable
amount. Interim monitoring is an important feature of clinical
trials: it allows stopping a trial if accruing data are sufficiently
compelling to answer the study question early. There are two
directions for early stopping: a trial might be (i) stopped
because non-inferiority is clear, or (ii) stopped when the experi-
mental treatment is unacceptably inferior to the standard treat-
ment (harm) or unlikely to be shown to be non-inferior to the
standard therapy (futility). The latter direction has particular
importance because it protects patients from exposure to an
inferior therapy (instead of receiving the standard of care with
proven benefit). However, Tanaka et al. [3] reported in a review

of 72 oncology non-inferiority trials published in 2000-2010
that only 36% of trials reported having a planned interim analy-
sis. In addition, even when non-inferiority trials include formal
interim monitoring, the specified plans may frequently be sub-
optimal for protecting patients from inferior experimental
therapies.

Non-inferiority trial design

The key design parameter in a non-inferiority trial is the unac-
ceptable decrement in efficacy, defined by the non-inferiority
margin, e.g. a hazard ratio (HR) (experimental treatment over
standard treatment) whose value or larger would be considered
clinically unacceptable. The typical decision rule at the end of a
non-inferiority trial is based on a two-sided 95% (or 90%)
confidence interval for the HR: if the confidence interval is com-
pletely below the non-inferiority margin, then non-inferiority of
the experimental treatment is declared. With this decision rule,
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the probability of erroneously concluding non-inferiority when
the experimental arm is inferior by at least the non-inferiority
margin (type 1 error) will be low, 2.5% (or 5%). Choosing an
appropriate non-inferiority margin for a given setting can be
challenging; it involves the known benefit of the standard treat-
ment over a (previous) reference (or no) treatment, the pre-
sumed toxicity reduction (or other quality-of-life benefits) of
the experimental treatment, the nature of the efficacy outcome
variable (e.g. overall survival, OS, versus progression-free sur-
vival, PFS), and the clinical setting [1, 4-9]. Of special concern
is choosing a non-inferiority margin that is so large that a posi-
tive trial may not rule out an unacceptable loss of efficacy [10].
The sample size of a non-inferiority trial is chosen to ensure that
the trial has a high probability (power, typically 90% or 80%) of
declaring non-inferiority when the experimental and standard
treatments are equally efficacious.

Interim monitoring for harm (inferiority)
or futility

A simple intuitive approach to monitoring a non-inferiority
trial for harm or futility is to stop the trial when half the
expected events have occurred (50% information time) if the
observed HR is equal or worse than the non-inferiority margin.
This rule, which is an adaption of a commonly used futility rule
for superiority trials [11, 12], can be further generalized to other
information times by adapting a method described in Anderson
and High [13] for superiority trials: at each monitoring time,
the one-sided P-value is calculated for testing the hypothesis
HR =1 versus the alternative HR > 1 (meaning the experimen-
tal treatment is doing worse than the standard treatment). If the
P-value is <0.0110 at a monitoring time, then the trial would
stop with the conclusion that non-inferiority cannot be claimed.
The cut-off P-value 0.0110 corresponds to the observed HR
being exactly the non-inferiority margin (at 50% information)
in a trial with 90% power and 2.5% type 1 error [13] (see foot-
note c of Table 1 for P-value cut-offs for trials with other design
parameters).

The benefit of harm/futility monitoring in terms of reducing
trial duration and the number of patients exposed to inferior
therapy is illustrated in Table 1 by simulating the properties of a
trial with non-inferiority margin HR = 1.2 with no interim analy-
ses, one interim analysis (at 50% information), or two interim
analyses (at 25% and 50% information). The numbers not in
parentheses represent interim analyses carried out when the total
number of events on both arms (pooled events) reach 25% or
50% of the required total for the final analysis; this is the most
commonly used approach. Note that when the true HR is equal
to the non-inferiority margin, the months and patients saved by
using one or two interim analyses are quite large, and become
even larger when the HR is larger than the non-inferiority mar-
gin. For example, if the true HR=1.4, then the 1 or 2 interim
analyses would reduce the average length of the trial from 77.3 to
48.9 and 36.9 months, respectively, and the number of patients
on the experimental-treatment arm from 1000 to 808 and 609,
respectively. As these numbers are averages, there can be larger
savings for some trials. For example, 25% of the trials with two
interim analyses would have less than 532 patients accrued to the
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experimental arm (compared with 1000 patients without interim
monitoring) when the true HR = 1.4. Finally, it should be noted
that these simulation results potentially underestimate the benefit
due to the interim analyses, since the patients who are sufficiently
early in their course of experimental therapy may be able so
switch to the standard treatment.

Why are the increased reductions in the study duration under
HRs larger than the non-inferiority margin relevant? Non-
inferiority trials with poorly performing experimental arms do
occur. Examples are given in Table 2. As these examples demon-
strate, experimental treatments are sometimes much worse
than the standard treatment in non-inferiority trials. In these
situations, appropriate interim monitoring rules can dramati-
cally reduce patient exposure to inferior therapies by stopping
accrual of new patients (if accrual is still ongoing) and poten-
tially discontinuing treatment of already enrolled patients who
are still receiving the experimental treatment. (Note that the
trials in Table 2 correctly detected the inferiority of the experi-
mental therapies.)

When the experimental therapy is inferior (and thus events
are accumulating faster on the experimental arm than on the
control arm), a modest improvement in the timing of interim
analyses can be obtained by conducting the interim analysis
when one-half the required number of events occur in the
experimental-treatment arm, if this happens before the required
number of events is seen in both arms. This is known as Earliest
Information Time (EIT) [14]. For example, instead of perform-
ing the 50% interim analysis when 632 (=1264/2) events in total
have occurred in both treatment arms (Table 1), the 50% analy-
sis is carried out when either 632 total events or 316 (=632/2)
experimental-arm events have occurred, whichever occurs first.
The simulated average duration and size of trials using EIT are
given in parentheses in Table 1, and show an improvement over
using the standard pooled-events approach when the experi-
mental arm is doing much worse than standard arm. (Planned
timing of analyses based solely on the occurrence of events in
the standard treatment arm, which is sometimes done in multi-
arm trials [14, 15], is a mistake as it may delay analysis times
when the experimental arm(s) are doing poorly when compared
with the standard-treatment arm.) When using EIT (or the
timing of interim analyses bases on standard-treatment arm
events) it is important to ensure that the total number of events
that has occurred in an ongoing trial is not made public to
avoid unintentional release of information about between-arm
efficacy.

The cost of using futility interim monitoring is a slight loss of
<2% in power for the trial [11]. There is also a very slight addi-
tional loss of power in using EIT over the standard pooled-events
timing approach, <0.08% for the examples in Table 1(footnote
f). It is worth noting a potential complication with futility
monitoring that may occur if the observed survival in the
standard-treatment arm is much better than expected and the
non-inferiority margin was specified as a HR rather than an abso-
lute difference in survival. For example, consider a trial designed
to detect a non-inferiority HR margin of 1.3, corresponding to an
8.5% reduction from the expected control-arm 3-year OS rate of
60%. If the 3-year OS rate on the control arm turned out to
be 90%, then the futility monitoring rule would suggest
stopping the study for futility if the observed 3-year OS on the
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Table 1. Average duration (months) and number of patients accrued on the experimental-treatment arm of a non-inferiority trial® with no, one, or two

interim analyses for harm or futility

True Interim analyses®
hazard
ratio® None One at 50% information based Two at 25% and 50% information
on pooled (EIT) events? based on pooled (EIT) events®
Duration No. of Duration No. of patients Duration No. of patients
patients
1.0 84.8 1000 844 (84.4) 998 (998) 83.9(83.9) 994 (994)
12 80.5 1000 65.1 (64.7) 915 (900) 60.1 (59.8) 842 (838)
14 773 1000 489 (46.1) 808 (758) 36.9 (35.8) 609 (590)
16 74.7 1000 46.7 (42.7) 780 (712) 31.7 (29.2) 529 (487)
2 709 1000 445 (39.1) 743 (653) 29.6 (25.8) 493 (431)

“The trial design is 1000 patients uniformly accrued per arm over 60 months, with assumed median survival of 36 months for the standard treatment arm,
generated with an exponential distribution. The non-inferiority hazard ratio margin is taken to be 1.2. The type 1 error (probability of declaring non-inferior-
ity when the true hazard ratio is equal to the non-inferiority margin) is taken to be 2.5%, and the power (probability of declaring non-inferiority when the
hazard ratio equals 1) is taken to be 90% (with no interim analyses). The final analysis is done when a total of 1264 events occur in both treatment arms.
The hazard ratio (HR) is the hazard of the experimental treatment over the hazard of the standard treatment, so that values >1 represent the experimental
treatment being worse than the standard treatment.

At an interim analysis, the trial would be stopped for harm or futility if the (one-sided) P-value for testing HR=1 versus HR > 1 is less than P=0.0110. If
the trial were designed with type 1 error of 5% instead of 2.5%, the P-value cut-off would be P=0.0193. If the trial had 80% instead of 90% power, the cut-
offs would be P=0.0238 and P = 0.0394 for 0.025 and 0.05 type 1 error designs, respectively [13].

9A single interim analysis is carried out at 50% information for stopping the trial if the experimental (reduced) treatment appears sufficiently worse than
the standard treatment (see footnote c). The analysis occurs with pooled-events timing when there are 632 events in total in both arms; the analysis occurs
with EIT timing when there are 632 events in both arms or 316 events in the experimental-treatment arm, whichever occurs first.

€Interim analyses are carried out at 25% and 50% information for stopping the trial if the experimental (reduced) treatment appears worse than the stand-
ard treatment (see footnote c). The analysis occurs with pooled-events timing when there are 316 events (25% information) and 632 events (50% informa-
tion) in total in both arms; the analysis occurs with EIT timing when there are at 316 events in both arms or 158 events in the experimental arm, whichever
occurs first (for the first interim analysis), and when there are 632 events in both arms or 316 events in the experimental-treatment arm, whichever occurs
first (for the second interim analysis).

The (simulated) powers are 90.04%, 89.80%, and 89.34% for no, one and two interim analyses using pooled events timing. With EIT timing for the interim
analyses, the powers are 89.75% and 89.26% for one and two interim analyses.

Table 2. Examples of non-inferiority trials with poorly performing experimental-treatment arms

Disease setting Reference End point Non-inferiority Observed 95% ClI for
number margin (HR) HR observed HR
Early-stage breast cancer 16 Relapse-free survival 124 2.09 (1.38,3.17)
Extensive-stage small-cell lung cancer 17 Overall survival 1.176 156 (1.27,1.92)
Locally advanced prostate cancer 18 Overall survival 1.35 142 (1.09, 1.84)
Advanced breast cancer 19 Progression-free survival 1.25 137 (1.13, 1.65)
Multiple myeloma 20 Progression-free survival 143 2.51 (160, 3.94)

experimental arm was 87.2% (corresponding to a HR of 1.3); this
may not make clinical sense, and the protocol would need to be
amended to reflect the observed control-arm survival.

Sub-optimal interim monitoring plans in
practice

Randomized clinical trials that are not small should have a data
monitoring committee to monitor accruing outcome data.

Additionally, pre-specification of formal monitoring guidelines
allows the trial investigators to have input on the stopping rules
and their statistical operating characteristics. Moreover, prospec-
tive specification of monitoring rules may improve transparency
and the statistical validity of the trial conclusions. Even trials that
have formal interim monitoring sometimes specify suboptimal
plans in their protocols. For example, non-inferiority trials fre-
quently use monitoring developed for superiority trials, e.g. the
Haybittle-Peto [21] or O’Brien—Fleming [22] monitoring plans.
However, these plans may offer insufficient protection in the
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non-inferiority setting when the experimental therapy is inferior
to the standard treatment. For example, in a trial to assess the
non-inferiority (in terms of biochemical failure) of a shorter
duration of radiation therapy for localized prostate cancer with a
non-inferiority margin HR = 1.32, the interim monitoring was
specified (using Haybittle—Peto) as stopping if the P-value was
<0.001 for testing whether the HR=1 [23]. This rule would
require an observed HR > 1.57 to stop at 50% information, as
opposed to our rule that would only require HR > 1.32. (The
experimental therapy was, in fact, non-inferior in this trial [23].)

Interim monitoring for declaring non-
inferiority early

If the early-trial results allow one to rule out the non-inferiority
margin then it is theoretically possible to stop a trial and conclude
that the experimental treatment is non-inferior. However, this is
generally not recommended [4, 8]. As the choice of non-
inferiority margin involves some subjectivity, obtaining more
information on the HR (and a smaller confidence interval for it)
will be beneficial even if one could formally rule out the non-
inferiority margin earlier. An exception to this would be when
the experimental treatment is shown to be superior (in terms of
the primary efficacy end point) than the standard treatment, e.g.
statistically significantly better. In this case, it would be appropri-
ate to stop the trial early (and one could include a pre-specified
superiority monitoring guideline for that possibility).

Non-inferiority trials where modest
superiority is expected

In some cases it is expected that the experimental therapy will be
marginally better than the standard therapy, e.g. with a new less-
toxic agent (as opposed to a reduction in therapy). In these
settings, a hybrid non-inferiority approach that is designed to dis-
tinguish between the non-inferiority margin and a small
improvement A (A < 1) is sometimes used [7, 24, 25]. An exam-
ple is given by the MA.31 trial [19], which assessed the PFS
non-inferiority of lapatinib versus trastuzumab combined with
taxanes for HER2-positive advanced breast cancer patients. The
trial was designed with a non-inferiority margin HR =1.25, but
the power was calculated under the HR=0.9 (A). The interim
monitoring for harm or futility described previously can easily be
modified for these trial designs: for a trial with 90% power and
2.5% type 1 error, rather than calculating the P-value for testing
the HR=1 and checking if it is <0.0110, one calculates the
P-value for testing the HR = A and checks if it is <0.0110.
(At 50% information, this corresponds to stopping if the
observed HR > 1.25.) There is a slight power loss in using interim
monitoring in this setting: 0.3% when the HR=0.9, and 0.4%
when the HR = 1. The MA.31 protocol used an O’Brien—Fleming
boundary and specified stopping at 50% information if the (one-
sided) P-value was <0.0015 for testing the HR = 1; this is a very
conservative rule, e.g. requiring an observed HR > 1.53 to stop.
(The data monitoring committee did, in fact, recommend early
disclosure of inferiority for this trial at 67% information [19].)
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Preliminary results reporting

Non-inferiority trials often involve long follow-up to allow the
time-to-event outcomes to mature. Since many of these trials
compare therapies that are already widely used, the clinical com-
munity may benefit from access to preliminary trial results. In
such cases, in very special situations, it may be possible to report
preliminary results of an ongoing non-inferiority trial (with final
results reported later) even though an interim-analysis boundary
has not been crossed. To preserve the study integrity, one should
only consider early reporting when patients are off treatment-
arm-specific therapies and the preliminary release of the results is
very unlikely or impossible to influence the final trial results [26].
In particular, it should be unlikely or impossible, based on knowl-
edge of the preliminary results, (i) that patients on the trial would
modify their subsequent treatment and (ii) that the intensity of
follow-up would be modified. (In general, it is not a good idea to
release results of an ongoing trial [27, 28].) An example is given
by the report of preliminary results of a trial to assess the RFS
non-inferiority of 2 years of oral uracil-tegafur compared with six
cycles of CMF as adjuvant treatment of node-negative high-risk
breast cancer, after all patients had been followed for at least
5 years [29]. The valid theoretical concern [30] that reporting
preliminary data from a trial may have a negative impact on other
ongoing trials is probably not a major practical concern for non-
inferiority trials, where it is unlikely that multiple trials would be
simultaneously addressing the same non-inferiority question.

Discussion

Unless early evidence strongly suggests that the experimental arm
is superior to the standard of care, early stopping with the conclu-
sion of non-inferiority may be counterproductive. On the other
hand, a formal plan for interim analyses for harm or futility,
which we recommend as a guide for the deliberations of a data
monitoring committee, is important to minimize patient expo-
sure to inferior therapies, and therefore should practically always
be included in the trial design. If not included, justification for its
omission should be given in the protocol or report of the trial
[31]. In some special circumstances, it may be possible to report
preliminary results of a non-inferiority trial while awaiting suffi-
cient events to occur for the final analysis.
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