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Making Sense of Noninferiority:
A Clinical and Statistical Perspective on
Its Application to Cardiovascular

Clinical Trials

Sanjay Kaul and George A. Diamond

Active control noninferiority trials are being used
with increasing frequency in new drug or device
development when standard placebo-controlled
trials are considered unethical. Nevertheless, the
design and analysis of these trials are founded on a
number of assumptions and arbitrary criteria that
are generally not well understood or justifiable.
Trials designed to show noninferiority require an
appropriate reference population, a proven active
control and dose, an appropriate margin of non-
inferiority that is clinically relevant and statistically
justifiable, a high level of adherence to treatment,
and adequate statistical power to reliably conclude
that a treatment is truly noninferior and therefore
effective. Accordingly, if noninferiority trials are to be
applied to clinical and regulatory decisions regard-
ing the marketing and use of new treatments, the
assumptions must be made explicit and their
influence on the resultant conclusions must be
assessed rigorously. When conservative criteria
were applied to each of the key assumptions
underlying 2 representative noninferiority trials, they
materially undermined the conclusions regarding
noninferiority failing to confirm reported conclusions
regarding noninferiority despite enthusiastic dis-
semination and acceptance of the results. Because
the clinical, regulatory, and economic impact of
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active control noninferiority trials is substantial,
robust criteria should be used routinely in their
design, analysis, and interpretation to reach their
intended objectives and to keep them from becom-
ing wasted efforts.
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Noninferiority—showing a treatment is good

because it is not bad.!
WC Blackwelder

n contrast to a conventional clinical trial,

which is usually designed to show that a new
treatment is superior to placebo, an active control
noninferiority trial is designed to show that the
new treatment is not inferior to standard treat-
ment by some clinically acceptable difference. If
noninferiority is thereby established, the utility of
the new treatment can be based on ancillary
advantages in safety, convenience, or cost. These
noninferiority trials are used when placebo-
controlled trials are considered unethical.

As discussed by several authors, " there are
issues with these trials that make them less cre-
dible than superiority trials. The formal analysis
of such trials is founded on a number of
assumptions that cannot be justified or verified.
These include reliance upon external information
(historical placebo-controlled trials), arbitrary
thresholds to characterize the degree of clinically
important difference, the so-called assay sensitiv-
ity (the ability to discriminate effective from inef-
fective therapies) and constancy (the applicability
of the historical data to the current trial). If such
trials are to be relied upon for clinical and regu-
latory decision making, these assumptions must
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Table 1. Primary ITT Results of REPLACE-2 Trial

Bivalirudin GPI + Heparin Absolute Difference
(n =2975) (n =2991) (95% ClI) OR (95% ClI) P
Death, MI, urgent TVR 275 (9.2%) 299 (10.0%) —0.75 (—2.25 to 0.74) 0.92 (0.77 to 1.09) .32
or major bleeding
Death, MI, or urgent TVR 227 (7.6%) 211 (7.1%) 0.57 (—0.75 to 1.90) 1.09 (0.90 to 1.32) .40
Death 7 (0.2%) 12 (0.4%) —0.17 (0.12 to —0.45) 0.59 (0.23 to 1.49) .26
M 207 (7.0%) 185 (6.2%) 0.77 (2.03 to —0.40) 1.13 (0.92 to 1.39) .23
Q-wave Ml 12 (0.4%) 13 (0.4%) —0.03 (—0.36 to 0.30) 0.93 (0.42 to 2.04) .43
Non-Q-wave Ml 195 (6.6%) 172 (5.8%) 0.80 (—0.42 to 2.02) 1.15 (0.93 to 1.42) .43
Urgent TVR 35 (1.2%) 42 (1.4%) —0.19 (-0.77 to 0.38) 0.86 (0.55 to 1.35) 44
Major bleeding 71 (2.4%) 123 (4.1%) —1.72 (-2.61 to —0.82) 0.57 (0.42 to 0.77) <.001
TIMI major bleeding 19 (0.6%) 26 (0.9%) —0.23 (—0.67 to 0.21) 0.73 (0.40 to 1.33) .30

ITT, intention to treat; OR, indicates odds ratio. P values for superiority are shown.

be made explicit, their basis must be sufficiently
justified, and their influence on the resultant deci-
sions must be assessed rigorously and expressed
unambiguously in the published reports.

In this essay, we will describe the key issues
underlying the design and analysis of these trials
using 2 representative cardiovascular clinical
trials (REPLACE-2 and ACUITY) as exemplars
and explore the robustness of the investigators’
conclusions with respect to these issues. Our
explicit goals are to (i) review the key issues
related to the design of noninferiority trials, (ii)
review the statistical approaches and illustrate
the degree to which the various assumptions in
the statistical methodology influence the non-
inferiority conclusions, and (iii) suggest practical
standards for reporting of these trials that
improve the accuracy of their interpretation by
clinicians and regulators alike.

A Typical Noninferiority Trial

The REPLACE-2 trial is presented as represen-
tative of the typical noninferiority trial. This trial
was a prospective randomized double-blind trial
comparing bivalirudin, a direct thrombin inhib-
itor, plus provisional platelet glycoprotein (GP)
IIb/I11a inhibitor (new treatment) with unfractio-
nated heparin plus planned GP inhibitor (stan-
dard treatment) during elective or urgent
percutaneous coronary intervention (PCI) that
was unrelated to acute myocardial infarction
(MI) or acute coronary syndrome (ACS).'?
placebo-controlled randomized trial of the new
treatment could not be justified because with-
holding the established standard treatment
would be deemed unethical.

In designing the trial, the investigators
determined that a sample of 3000 patients
was required for each treatment group to
detect a 12.5% relative risk difference from a
baseline quadruple end point incidence of
8% with a 2-sided « level of 5.0% and power
of 92% to establish noninferiority. The pri-
mary evaluation was based on a quadruple
composite end point composed of 3 efficacy
end points (death, MI, urgent revasculariza-
tion) and 1 safety end point (in-hospital major
bleeding). The secondary evaluation was based
on the efficacy criterion alone (triple end
point). Results are summarized in Table 1.
Accordingly, the REPLACE-2 investigators con-
cluded that “bivalirudin with provisional GP
IIb-IlIa blockade was statistically not inferior
to heparin plus planned GP IIb-IIla blockade
in terms of suppression of acute ischemic end
points and bivalirudin was associated with
less bleeding.” But is this conclusion sufficient-
ly justified?

Approaches to Noninferiority Analysis

There are 2 basic approaches to noninferiority
analysis. The first approach seeks to determine
whether the new treatment is inferior to the
standard treatment by no more than some
predefined margin (“fixed margin” analysis).*"'
The second approach seeks to demonstrate
indirectly whether the new treatment would be
superior to placebo, had a placebo arm been
used in the trial (“putative placebo” analysis)
The putative placebo approach can also be used
to determine whether the new treatment retains
some predefined fraction, f, of the standard
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treatment’s effect (“fraction preservation” analy-
sis).*!! Whereas the former addresses “relative
efficacy” between the new and the standard
treatment, the latter is required to establish
“absolute efficacy” of the new treatment, that
is, superiority over placebo.

We will explore the results of these approaches
on the analysis of REPLACE-2 and ACUITY trials.
Our review of this methodology is intended to be
pedagogical and not exhaustive. Those seeking
more detailed discussions are referred to a variety
of technical sources.”'*'® Because the use of a
combined efficacy and safety outcome as the
primary evaluation criterion is unusual in non-
inferiority assessment from a regulatory perspec-
tive (separate assessments of efficacy and safety
being the norm), we will focus our analysis on
their secondary outcome (efficacy alone) and will
compare the conclusions with those based on
their primary outcome (efficacy + safety).

Design

Estimation of the margin

The critical step in noninferiority design is the
selection of the marginal difference (d) upon
which the noninferiority judgment is to be based.
The margin quantifies the degradation in efficacy
that is clinically acceptable considering the
ancillary advantages of the new treatment. The
International Conference on Harmonization
guidelines emphasize that “the margin should
be specified a priori, based on both clinical
judgment and statistical reasoning and should
be suitably conservative to reflect the uncertainty
in evidence”"’?

Clinical judgment

The margin is the maximum clinically acceptable
difference that one is willing to give up in return
for the secondary benefits of the new therapy. In
general, noninferiority margin should be smaller
than the minimal clinically important difference
used in routine sample size estimations for
superiority trials (typically 15%-25% proportion-
al difference).”'* However, the choice of the
margin varies on a case-by-case basis often being
influenced by the seriousness of the clinical
outcome (narrow margin for mortality or irre-
versible morbidity), the magnitude of standard
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treatment effect (narrow margin for large treat-
ment effect and vice versa), and the overall
benefit-risk-cost profile. Given the subjective
and somewhat arbitrary nature of these clinical
judgments, it is difficult to obtain a consensus
margin among the principal stakeholders (inves-
tigator, sponsor, or regulator).

Statistical reasoning

The statistical determination of noninferiority
margin is based on obtaining a precise estimate of
the therapeutic effect of the active control
(standard treatment). This is accomplished via a
formal meta-analysis of previously available
placebo-controlled studies using a fixed or
random effect estimator to account for variability
in the data (the latter being preferred as it
accounts for variance between and within tri-
als).”'" Although no formal guidelines exist for
recommendation of an appropriate choice of
margin, there is general agreement that it should
be smaller than the active control effect, prefer-
ably a fraction (f) of the active control effect, to
gain the assurance that it is “suitably con-
servative”' > Margins expressed on a relative
difference scale (odds, risk, or hazard ratio) are
preferred over absolute difference to “fix” the
margin in case of unanticipated dissimilarities in
observed and expected event rates.™'*!!

Thus, setting an appropriate margin that is not
unduly wide (liberal) or restrictive (stringent) is
critical in the design of noninferiority trials.
Because the choice of margin has a critical
impact on determination of sample size which
varies inversely as the square root of the margin,
some have argued that this decision should
primarily be statistical. One reasonable compro-
mise between the clinical relevance and statisti-
cal justification basis for the margin, the so-
called minimum 4 approach, is to estimate the
margin (4) using both clinical judgment and
statistical reasoning and then to choose the
smaller of the 2 values.’

Fig 1 illustrates the estimation of the non-
inferiority margin in REPLACE-2 trial using the
methods described above. The active control
effect is derived from a random-effect meta-
analysis of 2 previous placebo-controlled stud-
ies in the modern interventional era, one
comparing abciximab (EPISTENT)' and the
other eptifibatide (ESPRIT)*® plus heparin
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Fig 1. Estimation of noninferiority margin. The active control effect for both the triple (left upper panel) and
quadruple end point (right upper panel) is derived from analysis of 2 historical trials (ESPRIT, EPISTENT) and
expressed as odds ratio of placebo relative to control. Summary effects are estimated using the DerSimonian/
Laird method for random-effect meta-analysis. The maximum noninferiority margin (dax) is derived as the 95%
LCL of the meta-analytic estimate. The more restrictive margin (d) is based on a 0.5 fraction preservation of active

control. See text for details.

(standard treatment) vs heparin (placebo) alone.
Summary effects of the standard treatment over
placebo odds ratio (Os/Op) were estimated as
0.55 (95% confidence interval [CI], 0.43-0.71)
for the triple and 0.68 (95% CI, 0.55-0.84) for the
quadruple end point. The corresponding placebo
over standard treatment odds ratio, Op/Og (de-
rived by inversing Os/Op), is shown in the figure.
The maximum noninferiority margin (d,.,) was
derived as the 95% lower confidence limit (LCL)
of Op/Os. A more restrictive margin (d) was
derived mathematically as d 7P where f
represents the fraction of the standard treatment
preserved by the new treatment (typically 0.50
but varies from 0 to 1.0 according to the benefit-
risk-cost profile of the new treatment). Thus, for
an f = 0.5, d was estimated as an odds ratio of
1.19 (1.41%%) for the triple end point and 1.09
(1.19°) for the quadruple end point. The
corresponding risk ratio margins are 1.32 (dax)
and 1.15 (d) for the triple and 1.12 (dyay) and
1.06 (d) for the quadruple endpoint. Margins
based on point estimate of Op/Os are generally

not recommended because they do not account
for the variance in standard treatment effect, and
those based on 95% upper CI are deemed to be
too liberal (at best) and not valid (at worst).
Margins based on point estimate may be justifi-
able (a) if the standard treatment effect has been
reliably and repeatedly estimated in multiple
historical placebo-controlled trials (minimal var-
iance); and (b) if the value of f is chosen to be
greater than 0.5 but less than 1.0 (typically 0.8).
Hence, the greater the active control effect to be
preserved, the smaller the margin, and the more
robust the noninferiority inference.

Estimation of sample size

Compared to placebo-controlled trials, noninfer-
iority trials typically have larger sample sizes
because the margin is much smaller than the
treatment difference (4) for which a placebo-
controlled trial is powered. In addition, the
sample size of a noninferiority trial is very
sensitive to the expected effect of the new
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Fig 2. Top panel, Determination of therapeutic noninferiority. Indirect confidence interval comparison approach is
illustrated in which noninferiority is established when the upper bound of the 1-sided 97.5% CI (corresponding to
2-sided 95% CI) lies within the noninferiority margin. The analysis is shown for a maximum (d,,.,) and restrictive
margin (d). Results of hypothesis testing are shown as P values with 1-sided P < .025 (corresponding to 1-sided
97.5% CI) as criterion for noninferiority. Middle panel, Determination of therapeutic efficacy over a putative
placebo. The putative placebo approach is shown in the middle panel. The effect of the new treatment vs placebo
(ON/Op) is synthesized from the effect of the new vs the standard treatment (On/Os) observed in the current trial
and the standard treatment vs placebo (Os/Op) in the historical trials. Superiority over putative placebo is
established if the derived On/Op is less than 1.0. Noninferiority is established if the worst limit of On/Op does not
exceed the marginal threshold. Two estimates of marginal threshold are used: a liberal M, g (50% of the lower
bound of Og/Op) and a stringent Mg (50% of the upper bound of Os/Op). Lower panel, Determination of fraction
preservation of standard treatment effect. The fraction of standard treatment effect preserved by the new
treatment is shown in the lower panels using the Hasselblad and Kong'” method. Noninferiority is established if
the 95% lower limit of the Cl exceeds a target fractional threshold (typically 0.5). Noninferiority P values for 50%
preservation are also shown based on the point estimate (PE) or LCL criteria.

treatment relative to the active control. For
example, using a baseline event rate of 6.2% for
the standard treatment group (triple end point) as
observed in the historical trials, a noninferiority
margin of 18% (equivalent to a risk ratio of 1.18 or
an absolute risk difference of 1.08%, representing
50% preservation of the standard treatment’s

worst effect), a 1-sided o of 2.5%, and a f§ of
10% (90% power), a sample size of nearly 10500
patients per treatment group would be required
for noninferiority assessment in REPLACE-2 on
the assumption that the 2 treatments were
equivalent. However, based on the assumption
that the new treatment was superior to the
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standard by 0.8%, the sample size would be nearly
3500 per group. Thus, the sample size can be
considerably larger if the 2 treatments are as-
sumed to be equivalent than if the new treatment
is assumed to be slightly more effective than the
active control. By contrast, a placebo-controlled
trial intended to demonstrate a 25% reduction
(from 6.2% to 4.6%) with 90% power would
require approximately 4200 patients per treat-
ment group. It is important to note that both
noninferiority and superiority can be assessed in
the same clinical trial without any need for
statistical adjustment.”” Thus, superiority can
be inferred in the setting of a noninferiority trial
even without specifying a superiority hypothesis a
priori. However, the converse, that is, adding a
noninferiority hypothesis after a superiority trial
is completed, would be subject to unacceptable
bias owing to post hoc “gerrymandering” of the
noninferiority margin. 1

Analysis and Interpretation

Fixed margin analysis

A frequently used method of analyzing noninfer-
iority is to estimate the effect of the new treatment
relative to the standard and then to compare the
results with that margin. If the CI (1-sided 97.5%
CI or 2-sided 95% CI) of this estimate is entirely
below this margin, then the new treatment is
declared “noninferior.”*'" This is often referred
to as the indirect CI comparison (ICIC) method.
A hypothesis-testing approach can also be applied
in which the null hypothesis of “inequality” (risk
difference > margin) can be rejected in favor of the
alternative hypothesis of “equality” (risk differ-
ence < margin) if the 1-sided P < 025791

The results of fixed margin analysis of the
REPLACE-2 trial using the ICIC and hypothesis
testing methods are shown in Fig 2 (top panel).
Noninferiority is established for the triple and
quadruple end points using the maximum
margin (d.,). When the more restrictive crite-
rion (d) is used, noninferiority is barely (P =
.025) inferred for the quadruple end point but
not established for the triple end point.

Putative placebo analysis

For an experimental therapy to be declared non-
inferior, it is necessary to demonstrate with statis-
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tical certainty that it is also superior to placebo to
support a claim of “therapeutic efficacy” required
for regulatory approval.”'"'*'® Although active
control trials lack a placebo arm by design, one can
deduce or “impute” the effect of the new treatment
relative to placebo by the so-called putative
placebo approach wherein the odds ratio for the
new treatment vs placebo (On/Op) is derived from
the odds ratio for the new treatment vs the standard
treatment observed in the current noninferiority
trial (On/Os) multiplied by the odds ratio for the
standard treatment vs placebo based on the
historical trials (OS/Op)lO’“’M”lS:

ON/OP = ON/OS X OS/OP

Therapeutic efficacy is established if the new
treatment is adjudged superior to the putative
placebo (On/Op, <1.0). By incorporating the
historical placebo comparison, the putative
placebo approach fulfills the requirement of
assay sensitivity or internal validity. However, it
relies on an arbitrary assumption that the active
control effect size is the same in the current and
the nonconcurrent historical studies, that is, the
constancy assumption.

The putative placebo approach can also be
used for assessment of mnoninferiority if the
worst limit (lower bound) of CI for On/Op does
not exceed a predefined threshold. This thresh-
old is derived as a fraction (typically f = 0.5) of
the standard treatment (O¢/Op) that a new
treatment is required to preserve. The best limit
(upper bound) of this interval (equivalent to
the worst limit of the Op/Og described in the
fixed margin analysis) is generally recommen-
ded as the preferred margin for noninferiority
assessment.'® The REPLACE-2 investigators
used an identical approach as their principal
assessment for noninferiority but with one key
distinction—instead of using the best limit, they
used the worst limit (lower bound). As before,
whereas the former can arguably result in a
stringent marginal threshold, the latter is often
viewed as too liberal with some even question-
ing its validity.®

The results of bivalirudin vs a putative
placebo (heparin) in REPLACE-2 are shown
for both the triple and quadruple end points in
Fig 2 (middle panel). Superiority over heparin
(derived On/Op, <1.0) is imputed for bivalir-
udin for both end points. Noninferiority is
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Table 2. Primary ITT Results of ACUITY Trial

GPI + Heparin/

Bivalirudin + Bivalirudin Enoxaparin Absolute Difference Risk Ratio
GPI (n = 4604) (n = 4612) (n = 4603) (95% Cl) (95% Cl) P-Value
Death, MI, urgent TVR, 541 (11.8) 466 (10.1) 538 (11.7)
or major bleeding (%)
Bivalirudin + GPI vs 0.06 1.01 .93
heparin/enoxaparin + GPI (—1.25 t0 1.38) (0.90 to 1.12)
Bivalirudin vs —1.58 0.86 .015
heparin/enoxaparin + GPI (—0.31 to —2.86) (0.77 to 0.97)
Death, MI, or urgent TVR (%) 356 (7.7) 360 (7.8) 334 (7.3)
Bivalirudin + GPI vs 0.48 1.07 .39
heparin/enoxaparin + GPI (—0.60 to 1.55) (0.92 to 1.23)
Bivalirudin vs 0.55 1.08 .32
heparin/enoxaparin + GPI (—0.53 to 1.63) (0.93 to 1.24)
Major bleeding (%) 243 (5.3) 139 (3.0) 262 (5.7)
Bivalirudin + GPI vs —0.41 0.93 .38
heparin/enoxaparin + GPI (0.52 to —1.34) (0.78 to 1.10)
Bivalirudin vs —2.68 0.53 <.001
heparin/enoxaparin + GPI (—1.85 to —3.51) (0.43 to 0.65)
Death (%) 70 (1.5) 74 (1.6) 62 (1.3)
Bivalirudin + GPI vs 0.17 1.13 48
heparin/enoxaparin + GPI (—0.31 to 0.66) (0.80 to 1.58)
Bivalirudin vs 0.26 1.19 .31
heparin/enoxaparin + GPI (—0.23 to 0.75) (0.85 to 1.67)
MI (%) 229 (5.0) 248 (5.4) 227 (4.9)
Bivalirudin + GPI vs 0.04 1.01 .93
heparin/enoxaparin + GPI (—0.84 to 0.93) (0.84 to 1.21)
Bivalirudin vs 0.45 1.09 .33
heparin/enoxaparin + GPI (—0.46 to 1.35) (0.92 to 1.30)
Urgent TVR (%) 123 (2.7) 110 (2.4) 105 (2.3)
Bivalirudin + GPI vs 0.39 117 .23
heparin/enoxaparin + GPI (—0.24 to 1.03) (0.91 to 1.51)
Bivalirudin vs 0.10 1.05 .74
heparin/enoxaparin + GPI (—0.51 t0 0.72) (0.80 to 1.36)
TIMI major bleeding (%) 76 (1.7) 43 (0.9) 86 (1.9)
Bivalirudin + GPI vs —0.20 0.88 .43
heparin/enoxaparin + GPI (—0.76 to 0.32) (0.65 to 1.20)
Bivalirudin vs 0.94 0.50 <.001

heparin/enoxaparin + GPI

(-0.46 to —1.42)  (0.35 to0 0.72)

GPI indicates glycoprotein lIb/llla inhibitor; heparin, unfractionated heparin; TIMI, Thrombolysis in Myocardial Infarction.
Absolute difference = standard therapy (heparin/enoxaparin + GPI) minus new therapy (bivalirudin +/- GPI), negative values

favor new therapy. P values for superiority are shown.

established for quadruple and triple end point
using the liberal lower bound criterion (M;p)
used in REPLACE-2. Had the investigators used
the more stringent upper bound (Myg) criteri-
on, however, noninferiority would not be
established for either end point.

Fraction preservation analysis

The putative placebo approach can also be used to
estimate the fraction of the standard treatment
effect preserved by the new treatment. This is
determined as a ratio of the new vs standard
treatment effect relative to the placebo vs standard
treatment effect.”' 1% Two different estimates
of the standard treatment effect are generally used,

one based on the point estimate (liberal criterion)
and the other on the 95% LCL (stringent criteri-
on). The point estimate is used in the method
proposed by Hasselblad and Kong,'” where

S =1+ {log(Op/ON)/log(Os/Op)}

Noninferiority is inferred if the lower limit of
the 95% 2-sided CI of this fraction exceeds a
prespecified minimum threshold (arbitrarily 0.5,
but could be higher for additional conservatism).
Alternatively, noninferiority P value for testing
50% or higher preservation can be estimated and
noninferiority concluded at a 1-sided P <.025.

The results of fractional preservation analysis
for REPLACE-2 based on the Hasselblad and
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Table 3. Noninferiority Results of ACUITY Trial

Noninferiority

Noninferiority 50% Fraction

Observed  Historical Derived Margin (RR) Conclusion Preservation (P Value)
RR, New vs RR, Placebo RR, New Lower
Standard vs Standard vs Placebo ACUITY ACUITY Point Confidence
Trial (95% Cl) (95% Cl) (95% Cl)  dpmax d Margin dpnax d  Margin  Estimate Limit
ACUITY, triple 1.08 1.72 0.63 1.32 1.15 1.25 Yes No Yes .024 .082
(bivalirudin vs (0.93, 1.24) (1.32, 2.27) (0.46, 0.85)
heparin/
enoxaparin +
GPI)
ACUITY, triple 1.07 1.72 0.62 1.32 1.15 1.25 Yes No Yes .020 .072

(bivalirudin + (0.92, 1.23) (1.32, 2.27) (0.46, 0.85)
GPI vs

heparin/

enoxaparin +

GPI)

ACUITY, 0.86 1.59 0.54
quadruple (0.77,0.97)* (1.12,2.22) (0.38, 0.78)
(bivalirudin vs
heparin/
enoxaparin +
GPI)

ACUITY, 1.01 1.59 0.64
quadruple (0.90, 1.12) (1.12,2.22) (0.44, 0.91)
(bivalirudin +
GPI vs
heparin/
enoxaparin +
GPI)

1.12 1.06 1.25 Yes Yes Yes <.001 .005

1.12 1.06 1.25 Yes No Yes .015 .058

GPI indicates glycoprotein Ilb/llla inhibitor; heparin unfractionated heparin. RR = risk ratio. Historical RR is based on
placebo versus standard treatment effect derived from a random-effect meta-analysis of EPISTENT and ESPRIT trials.
Noninferiority margins: dmax - 95% lower limit of historical RR; d - 50% of d\nax; ACUITY margin - 1.25 RR.

Criteria for noninferiority: 95% upper limit of new vs standard “observed” RR < noninferiority margin; P value for 50%

fraction preservation < .025.

Criteria for efficacy: new vs placebo “derived” RR < 1.0.

Kong'’ method are shown in Fig 2 (bottom
panel). The fraction of the standard treatment
effect retained by the new treatment lies within a
wide range from 0.51 to 1.20 (triple end point)
and from 0.76 to 1.69 (quadruple end point).
These data suggest that the new treatment is at
least 51% and 76% as effective as the standard
treatment effect. The corresponding noninfer-
iority P values for 50% preservation of the
standard treatment effect are significant for both
the end points based on the point estimate
criteria, and for the quadruple end point only
using the 95% LCL criterion.

Thus, noninferiority is consistently demon-
strated with all 3 analytical approaches using
rather liberal (wide margin) and unconventional
(efficacy plus safety end point) interpretive
criteria in REPLACE-2. However, when noninfer-
iority is limited to the conventional efficacy end
point, it fails to be established using reasonably

conservative marginal criteria. Our reanalysis of
REPLACE-2 challenges the investigators’ inter-
pretation of the trial data and supports the Food
and Drug Administration’s conclusion that
“statistical noninferiority was not demonstrated
for the triple [ischemic] end point.”ZI

Noninferiority Assessment in ACUITY Trial

We applied the methods described above for the
assessment of noninferiority in ACUITY trial, a
recently published open-label trial in which
13819 patients with moderate- to high-risk ACS
undergoing early invasive strategy were random-
ized to 1 of 3 arms: unfractionated heparin or
enoxaparin (a low-molecular-weight heparin)
plus planned GP inhibitor; bivalirudin plus
planned GP inhibitor; or bivalirudin alone with
provisional GP inhibitor.* The primary data for
ACUITY are summarized in Table 2. Treatment
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Fig 3. Left panel, Bayesian marginal analysis of ACUITY trial (left panel). Tri-plots showing posterior (thick line)
distributions derived from integrating evidence or likelihood (thin line) from ACUITY trial and prior information
(dashed line) from the REPLACE-2 trial, according to Bayes’ theorem. The margin of noninferiority (M) is indicated
by the 2 vertical dotted lines and is equivalent to a log risk ratio of 0.14 (equivalent to a risk ratio of 1.18). Posterior
probability of any effect size can be calculated by computing the area under the curve. The probabilities of falling
below (<M), within (=M), or above M (>M) are shown on the top right-hand corner. Probability of noninferiority is
computed as the sum of probability of <M + =M (eg, the posterior probability of noninferiority is 0.096 [<M] + 0.789
[=M] = 0.884). Noninferiority is inferred at a posterior probability of 0.975 or higher (corresponding to a 1-sided P <
.025). Probability of noninferiority using the margin reported by the ACUITY investigators (d = 1.25 risk ratio) is
0.996. Right panel, Bayesian fraction preservation analysis of ACUITY trial. The point estimate (open circle) and
LCL (closed circle) of the historical standard treatment effect (Os/Op = 0.55 [95% CI, 0.43-0.71]) are used to
estimate the fraction preservation of standard treatment. The posterior observed odds ratio (O\/Os =1.08 [95% Cl,
0.96-1.22]) is derived from integrating evidence or likelihood from ACUITY trial and prior information from
REPLACE-2. Noninferiority is established at an f = 0.5. Superiority over putative placebo and standard treatment is
established at f = 0 and 1, respectively. Noninferiority is supported if posterior probability is greater than 0.975

(horizontal dashed line).

with bivalirudin alone was associated with a slight
but nonsignificant 7% relative increase in ische-
mic events which was more than offset by a
significant 47% relative decrease in major bleed-
ing resulting in an overall significant 14% relative
risk reduction in the quadruple end point com-
pared to treatment with heparin or enoxaparin
plus planned GP inhibitor. The bleeding advan-
tage for bivalirudin alone treatment disappeared
when combined with GP inhibitor.

The principal noninferiority results for the
ACUITY trial using the ICIC, putative placebo,
and fraction preservation analyses are shown in
Table 3. The ACUITY investigators selected a
noninferiority margin of 35% (1.25 risk ratio).
Several features regarding the choice of margin
deserve comment. First, the margin appears to be
chosen entirely on the basis of expert consensus
among the trial committee members without
formal statistical justification.23 Second, it is
larger than the margins used in contemporary
noninferiority acute coronary syndrome trials
(10% in SYNERGY and 11% in A-to-Z trial).***’
Third, strictly from a statistical perspective, the
choice of active control may not be justifiable
because neither heparin plus GP inhibitor nor

enoxaparin plus GP inhibitor has been proven in
placebo-controlled trials to reduce periprocedural
ischemic events in the trial setting relative to
heparin or enoxaparin alone, respectively. Dem-
onstration of the active control to be a well-
established effective standard therapy with pre-
dictable, quantifiable, and consistent treatment
effects is a prerequisite for noninferiority assess-
ment.”® A meta-analysis of 6 ACS trials compar-
ing heparin plus GP inhibitor with heparin
reported negligible treatment effect on the com-
posite of death, MI, or urgent reintervention at
30 days: odds ratio of 0.98 (95% CI, 0.93-1.02).%°
However, less than 15% of patients underwent
early (<5 days) PCl in these studies, making these
data ineligible (at worst) and questionable (at
best) for estimation of noninferiority margin for
ACUITY. Thus, these limitations call for exercis-
ing caution when evaluating noninferiority in
ACUITY. In such cases where a noninferiority
margin cannot be chosen properly because it has
not been demonstrated under similar trial con-
ditions that the active control would reliably show
a treatment effect (rendering assay sensitivity
untenable), a 3-arm trial design with a placebo
arm or an active-control superiority trial should
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Triple endpoint

d=1.19
Fatal events 0
Nonfatal events -0
No events e
0.00 0.50 1.00 1.50 2.00
Odds ratio

Favors bivalirudin Favors heparin + GPI

Fig 4. Information preserving composite end point
analysis for the triple end point in REPLACE-2
trial. The composite end point is classified as death
as the worst outcome, no event as the best, and
nonfatal events as intermediate. A margin of 1.19
odds ratio is used for assessment of noninferiority for
each outcome.

be considered.””'" If noninferiority testing is still

pursued, then the noninferiority margin must be
very conservative so that the probability of
making a false conclusion is extremely small.
Because nearly one third of patients enrolled in
EPISTENT '’ and one fifth of patients enrolled in
ESPRIT trials were patients with ACS undergoing
PCI within 2 days,”® we chose the REPLACE-2
margins derived from these trials for our analysis
of ACUITY. We justified the choice of margin
based on the assumption that the benefits of
heparin plus GP inhibitor observed in the setting
of nonurgent PCI would, at the very least, be
preserved (if not enhanced) during urgent PCI
for patients with moderate- to high-risk ACS.
Furthermore, the enoxaparin and heparin thera-
py were considered interchangeable based on 2
recent large randomized trials reporting similar
ischemic outcomes between enoxaparin (plus GP
inhibitor) and heparin (plus GP inhibitor).>"?°
The results of ICIC in Table 3 show that
bivalirudin alone or bivalirudin plus GP inhibitor
is noninferior to heparin/enoxaparin plus GP
inhibitor for both end points according to the
investigator predefined margin. For the analysis
using REPLACE-2 margins, noninferiority is
established for bivalirudin alone and bivalirudin
plus GP inhibitor arm (both quadruple and triple
end points) using the liberal margin d,.
However, using the more stringent margin d,
noninferiority is established for 1 comparison
only—bivalirudin alone with respect to the
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quadruple end point. Superiority over putative
heparin placebo (efficacy) is established for all 4
comparisons. Fraction preservation analysis is
consistent with the marginal analysis and shows
that noninferiority, using 50% preservation crite-
rion, is established for all 4 comparisons using the
liberal point estimate criterion and with only 1
comparison using the stringent LCL criterion
(bivalirudin alone for quadruple end point).
Thus, like in REPLACE-2, noninferiority of
bivalirudin (with or without planned GP inhib-
itor) is only established for the quadruple end
point using a liberal margin. In contrast, non-
inferiority is not supported for the conventional
efficacy end point using conservative criterion.

Bayesian Analysis of Noninferiority

A Bayesian approach can be adapted to both
fixed margin and putative placebo noninferiority
analyses.'?"*° Briefly, normal posterior distri-
butions are derived using the log mean risk or
odds ratio (u), and its standard deviation (0)?
according to Bayes’ theorem which states that:

posterior o likelihood * prior

where “posterior” is the probability for the hypoth-
esis (noninferiority) given the evidence; “likelihood”
is the probability for the evidence given the
hypothesis; and “prior” is the probability for the
hypothesis independent of the evidence. The advan-
tages of this approach, and its applications to
noninferiority trials, are reviewed elsewhere >’

Fig 3 (left panel) describes a Bayesian fixed
margin analysis where the posterior probability
of noninferiority for bivalirudin alone is derived
by integrating the prior information from the
REPLACE-2 trial (informative prior) with the
evidence from the ACUITY trial. The probability
of noninferiority (for a margin d = 1.15 RR)
increased from 75% in REPLACE-2 and 82% in
ACUITY to a “posterior” probability of 88% (still
less than the threshold probability of 97.5%
required for noninferiority inference) with re-
gard to the triple end point. With regard to the
quadruple end point (data not shown), the
noninferiority probability remained high (96%
in REPLACE-2, 100% in ACUITY and 100%
posterior).

Fig 3 (right panel) describes the results of a
putative placebo analysis using the Bayesian
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Table 4. Composite Score for Grading the Quality of Noninferiority Trials

Therapeutic Therapeutic Nonefficacy Composite
Trial Noninferiority Efficacy Benefit Score
REPLACE-2 (bivalirudin alone) 0 1 1 2
ACUITY (bivalirudin alone) 0 1 1 2
ACUITY (bivalirudin + GP inhibitor) 0 1 0 1
REPLACE-2 + ACUITY (bivalirudin alone) 0 1 1 2

Each attribute is graded on a 0 (unestablished) to 1 (established) scale.

Criteria for:

1. Therapeutic noninferiority: 95% upper confidence limit of risk difference between new and standard treatment <
margin (based on 50% of the 95% LCL of the risk difference between placebo and standard treatment).

2. Therapeutic efficacy: risk difference (ratio) between new treatment and imputed placebo <1.0.

3. Nonefficacy benefit: preferably superior or at least acceptable safety or tolerability with cost and/or convenience

advantage of the new over the standard treatment.

approach described previously (Simon). The
posterior probability of noninferiority (derived
from evidence from ACUITY and prior informa-
tion from REPLACE-2) is plotted as a function of
the fraction preservation of active control. Based
on this analysis, noninferiority (posterior prob-
ability >0.975 assessed at f = 0.5) is supported
for triple end point using point estimate but not
the 95% LCL criterion. Although the probability
of superiority of bivalirudin over imputed hep-
arin (assessed at f = 0) is 100%, the probability of
superiority over heparin + GP inhibitor (assessed
at f = 1) is only 10%. In contrast, not only is
bivalirudin alone demonstrated to be noninfe-
rior, but also superior to heparin + GP inhibitor
using the quadruple end point (data not shown).

Because noninferiority depends on one’s choice
of the threshold fraction (f)—the lower the
fraction to be preserved, the easier it is to establish
noninferiority—a sensitivity analysis is best per-
formed to define the robustness of this choice.
Based on this analysis (Fig 3, right panel), non-
inferiority (P < .025) would have been supported
for an f = 0.43 (LCL) and 0.63 (point estimate).

These results are consistent with the con-
ventional frequentist analyses and fail to
establish noninferiority of the new treatment
relative to the standard, using rather stringent
interpretive criteria.

Interpretation of Composite
End Points

The analysis of composite end points poses a
particular challenge to the interpretation of
clinical trials whether they are designed as

superiority or noninferiority trials. The construc-
tion of the composite end point is generally based
on the premise that each component end point is
interchangeable.’® However, for this assumption
to be valid, each component should be of equal or
comparable clinical importance, occur with
similar frequency, and be equally responsive to
treatment intervention.’' This is seldom fulfilled.
Examination of the data in Table 1 shows this
assumption is not supported in REPLACE-2. For
example, the contribution of each component to
the triple composite end point is less than 3%
from the most robust component (death), 16%
from the least robust end point (urgent target
vessel revascularization [TVR]), and 81% from an
intermediate end point (MI, mostly non—-Q-MI).
In addition, the treatment differences are virtu-
ally entirely attributable to differences in non-Q-
MI with little or no impact on death or urgent
TVR. This fact renders the REPLACE-2 analysis
less than ideal at best, and at worst misleading,
because important information regarding the
individual component end points may be ob-
scured by combining them into a composite.
Utility ranking or weighted schemes may offer a
viable approach to combining end points of
different value and provide a potential solution
against over-interpretation of composite end
point results. One can create a suitable ordered
categorical end point to retain more information
in the analysis.’> This information-preserving
composite end point (IPCE) approach would
have death as the worst outcome, no event as
the best (akin to event-free survival), and nonfatal
events as intermediate. The results of such an
“IPCE” analysis applied post hoc to the RE-
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PLACE-2 trial are shown in Fig 4. The triple end
point data show numerical trends in opposite
directions of benefit with death favoring bivalir-
udin and nonfatal events and no events favoring
the standard treatment. When the components
show numerical trends in opposite directions, it
makes the composite end point even more dif-
ficult to interpret. Of note, noninferiority is not
established with respect to any of the 3 outcomes
(upper limits of 95% CI crossing the margin).
The unconventional use of a composite effi-
cacy and safety outcome biased the assessment of
noninferiority in favor of bivalirudin in RE-
PLACE-2. Typically, the noninferiority claim is
confined to efficacy alone. Although combining
efficacy and safety into one composite outcome
might be desirable to inflate the event rate and
enhance trial feasibility, it can often be mislead-
ing because drugs that are relatively ineffective
but safer can be made to appear as good as or
even better than effective drugs.’”’ This is
illustrated in REPLACE-2 and ACUITY where
the difference in major bleeding events (43% and
47% risk reduction in favor of bivalirudin)
exceeded the difference in MIs (13% and 9%
risk increase), thereby resulting in the quadruple
composite end point favoring bivalirudin.

A Composite Score for Assessment of
Noninferiority

Analysis of noninferiority should ideally be
founded on 3 prerequisite judgments''—that
the new treatment (i) exhibits “therapeutic non-
inferiority” (relative efficacy) to the standard
treatment, (ii) would exhibit “therapeutic
efficacy” in a placebo-controlled trial, and (iii)
offers ancillary “nonefficacy benefits” in safety,
tolerability, convenience, or cost. The new treat-
ment should offer some or all of the nonefficacy
benefits to justify its use in lieu of the standard
treatment. A formal assessment of superiority
with respect to such matters, although not
currently a regulatory requirement, may never-
theless be desirable and preferably specified
prospectively within the active-control trial de-
sign as a secondary objective.””” At the very least,
the new treatment should have acceptable safety
and tolerability, and the evidence in support of
these ancillary benefits should be specified ex-
plicitly in the published report. Bivalirudin offers
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significant nonefficacy advantages over heparin
plus GP inhibitor in terms of superior safety—
significantly reduced major bleeding complica-
tions in both REPLACE-2 and ACUITY (Tables 1
and 2), cost advantage ($395 vs $615 for
eptifibatide or $1400 for abciximab), and conve-
nience (1-hour vs 12- to 18-hour infusion).

Table 5. Essentials of Noninferiority
Assessment

1. Ethical imperative:

(@) Placebo control cannot be used because
effective standard treatment is available.

(b) New treatment should offer substantial benefits
in safety, cost, or convenience over the
standard treatment.

2. Choice of active control: best available comparator
with large, reliable, and consistent treatment effect
in placebo-controlled trials.

3. Noninferiority margin:

(@) Defined a priori based on clinical judgment
and statistical reasoning.

(b) Relative risk difference scale (risk, odds, or
hazard ratio) preferred over absolute risk difference.

4. Adequate power and sample size to minimize
type Il error (false negative).

5. Proper trial design and high quality of conduct:

(@) Identical patient population and protocol
as in historical placebo-controlled trials
(b) Maximize protocol adherence.

6. Critical assumptions:

(@) Assay sensitivity (internal validity), assured if optimal
choice for active control used in the current trial

(b) Constancy—active control effect is similar in
current trial as in historical trials, assured by
proper trial design and high quality of conduct.

7. Statistical analysis:

i. Fixed margin analysis
(@) Indirect Cl comparison: upper limit of 2-sided
95% CI of treatment difference < margin
(b) Hypothesis testing: P <.025 to reject the
null hypothesis of inequality (risk difference > margin)
(c) Bayesian analysis: posterior probability of
noninferiority >0.975

ii. Putative placebo analysis
(@) Superiority over imputed placebo: OR of
new vs standard treatment <1.0
(b) Fraction preservation of active control: at least
50% for noninferiority claim.
(c) Bayesian analysis: posterior probability of
superiority over imputed placebo >1.0 and 50%
fraction preservation >0.975.

8. Robust interpretive criteria for noninferiority

(@) Stringent marginal and fractional threshold and
Cl (2-sided 95% over 1-sided 95%)
(b) Stability of noninferiority inference for relative
vs absolute outcomes, and for ITT vs
per-protocol analysis
(c) Noninferiority claim for efficacy and superiority claim
for safety/tolerability established in the same trial.
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We hereby propose a composite score by
which each of the 3 attributes of therapeutic
noninferiority, therapeutic efficacy, and non-
efficacy benefit is graded on a 0 (unestablished)
to 1 (established) scale.”* A score of 3 out of 3
thereby supports a judgment of so-called virtual
superiority to justify consideration of the new
over the standard treatment. As summarized in
Table 4, virtual superiority is not established for
either REPLACE-2 or ACUITY trial or for their
combined analysis. It is also clear that the
addition of GP inhibitor to bivalirudin elimi-
nates the nonefficacy benefits associated with
the latter.

Discussion

Active control noninferiority trials are being
used with increasing frequency in the cardiovas-
cular arena. The interpretation of these trials
poses a particular challenge to most clinicians. In
this paper, we suggest practical standards for the
analysis and reporting of these trials to improve
the accuracy of their interpretation.

There are several key aspects of the non-
inferiority inference (summarized in Table 5)
that are critical for scientific credibility and
regulatory acceptability. First, the ethical imper-
ative requires a noninferiority assessment to be
conducted only if a placebo-controlled trial
(withholding an effective standard therapy)
would be unjustifiable. An additional require-
ment that the new treatment offers some non-
efficacy advantage over the standard treatment
would be desirable to avoid the development of
“me too” types of treatments.

Second, an optimal choice of active control is
critical for the inference of efficacy of the new
treatment. The active control should represent
the best available comparator demonstrating
large, reliable, and consistent treatment effect
across a series of historical studies. This is
crucial in establishing assay sensitivity.>'" Oth-
erwise, the noninferiority assessment cannot be
conducted with credibility, and therefore supe-
riority of the new over the standard treatment
should be the principal goal of the trial.
Alternatively, a 3-armed trial that includes a
placebo arm should be used wherever possible to
establish direct evidence of efficacy of both new
and standard treatment relative to placebo.
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Third, for the historical comparison to have
operational validity in the current trial, the
critical assumption of constancy must be met.*!"
A proper trial design and high quality of conduct
(eg, maximal compliance, minimization of pro-
tocol deviations and outcome misclassifications,
adherence to identical experimental protocol,
etc) are crucial for this as well as assay sensitivity
assumptions to hold. However, significant differ-
ences with respect to key design features might be
unavoidable such as patient characteristics, con-
comitant disease-modifying medications, intensi-
ty of treatment, evolution of practice, etc, thereby
invalidating these assumptions.*® Because of this
uncertainty, stringent interpretive criteria are
required to raise the standard of evidence. In this
regard, choosing the worst estimate of the active
control or ensuring a fraction preservation of its
effect may be considered to be forms of buffer or
“discounting” to raise the strength of evidence.*'"
The “50% rule” endorsed by the Food and Drug
Administration (for thrombolytic trials) repre-
sents a form of “double discounting” in which
preservation of 50% fraction is applied to the
worst estimate of the active control effect to make
it suitably conservative for both efficacy as well as
noninferiority claim.®'" The noninferiority as-
sessment is highly sensitive to the constancy
assumption and is optimal when it holds (similar
active control effect in the active control and
historical trial populations). When the control
effect is less in the active control relative to
historical trials, setting a higher fraction preser-
vation threshold (80% instead of 50%) might
provide protection against inflation of type 1
(false-positive) error rate. For example, in RE-
PLACE-2 trial, the observed active control event
rate of 7.1% for triple end point was higher than
the historical rate of 6.2%, thereby biasing the
results toward noninferiority. Thus, a more
conservative discounting (80% instead of 50%
preservation) would have led the REPLACE-2
investigators away from an erroneous (false-
positive) conclusion of noninferiority.

Fourth, the choice of the analytic strategy, that
is, intention-to-treat (ITT) vs on-treatment or
per-protocol, may have a substantial impact on
the noninferiority inference.” The ITT is widely
recognized as the most valid analytic approach
for superiority trials because it is generally
conservative and it preserves the advantages of



NONINFERIORITY ANALYSIS

randomization. However, including data after
drug discontinuation (as in ITT analysis) tends
to favor a null difference biasing the results
toward noninferiority. The per-protocol analysis
excludes data from patients with major protocol
violations and can potentially introduce sub-
stantial bias in either direction (mostly against
noninferiority). In contrast to the superiority
trial, which is conducted meticulously to
increase the chances of detecting treatment
differences, noninferiority trial by virtue of its
nature tends to be sloppy in conduct to
maximize the goal of detecting “no difference.”
Therefore, a dual strategy incorporating both
ITT and per-protocol approaches is recommen-
ded, and the inference strengthened only if both
approaches support noninferiority. In RE-
PLACE-2, the trial conduct was high with
minimal protocol deviations or noncompliance,
and noninferiority was therefore established for
both ITT and per-protocol analyses (using
rather liberal criteria). In ACUITY, neither the
quality of trial conduct, nor the magnitude of
protocol deviations and noncompliance was
reported explicitly and noninferiority was estab-
lished only for TT analysis.*

Fifth, proper sample size estimation is critical
to detect a difference that might actually exist.
We determined that a sample of nearly 10500
patients per treatment group would be required
for noninferiority assessment (under the as-
sumption that the 2 treatments are equivalent),
three and a half times the number actually used
in REPLACE-2 (n = 3000 per group). Although
the sample size estimated for ACUITY was
appropriate for a margin of 1.25 risk ratio and
an active control rate of 6.5% (n = 4800 per
group for an o = .025, f = .1), using the
REPLACE-2 margin (1.18 risk ratio) would
require a sample of nearly 9300 per group. Thus,
the relatively smaller sample size in REPLACE-2
and ACUITY underpowered the assessment of
noninferiority with respect to stringent margins,
thereby potentially inflating the type II (“false-
negative”) error, that is, erroneous rejection of a
truly noninferior treatment.

Although the choice of conservative margins
can be justified by statistical reasoning that the
“worst-case scenario” increases the robustness of
the analysis, such narrow margins result in large
sample sizes that often render the trials imprac-
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tical as shown above.®''?> Reconciling these
offsetting considerations of trial feasibility and
stringency poses a substantial challenge. To
avoid these ambiguities, the statistician and the
clinician together in consultation with the
regulatory authorities should determine early
on during the planning phase of investigation a
consensus noninferiority limit that is clinically
relevant and statistically feasible and that bal-
ances the contrasting perspectives of the princi-
pal stakeholders.

Recent systematic reviews of noninferiority
trials revealed a variety of methodological flaws
causing inflation of the type I or type Il errors.” "
As a result of such errors, potentially inferior
treatments might well become the active controls
for future noninferiority trials with ever increas-
ing frequency until the active control winds up
being no better than a placebo, a phenomenon
referred to as “biocreep” or “drift.”” Taken to the
extreme, this could lead to the introduction of
suboptimal treatments into routine clinical prac-
tice. The potential cost in dollars and lives is
incalculable. In this paper, we have shown how
attention to proper methods and the choice of
operative thresholds, from liberal to clinically
relevant to judiciously conservative (reflecting
the core philosophies of the sponsor, practitioner,
and regulator, respectively), help improve the
interpretation of the data and help identify and
reduce the potential for errors.

In summary, a number of inherent problems
challenge the design, conduct, analysis, inter-
pretation, and implementation of active control
noninferiority trials. The design of these trials
relies on various conventions (arbitrary marginal
and fractional thresholds and historical controls)
that would likely not be widely accepted as
reasonable if it were not for the commercial
implications associated with judgments of ther-
apeutic noninferiority that derive from the trials.

Accordingly, if noninferiority trials are to be
applied to clinical and regulatory decisions
regarding the marketing and use of new treat-
ments, the assumptions must be made explicit
and their influence on the resultant conclusions
must be assessed rigorously. Because the clinical,
regulatory, and economic impact of such varia-
tion is substantial, conservative criteria should
be used routinely in the design, analysis, and
interpretation of noninferiority trials.
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