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1 | INTRODUCTION

Non-inferiority trials evaluate treatments which are not expected to be more effective than the standard treatment, but
which may provide other benefits, for example, with respect to adverse effects, costs, or convenience. Non-inferiority
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designs are increasingly common in clinical trials,! because use of placebo or control treatments in a trial is unethical
when an effective standard treatment has already been established. A non-inferiority trial is designed to test whether the
efficacy of the new treatment is not unacceptably lower than that of the standard treatment and to provide evidence of
superiority on other outcomes such as safety or acceptability to patients. At the design stage, trial investigators pre-specify
their chosen non-inferiority margin for loss of efficacy from using the new treatment, representing the null hypothesis to
be tested in the trial.

Bayesian approaches for analysis of non-inferiority trials have been proposed by several authors.>> An important
advantage of the Bayesian framework is that it allows a probabilistic interpretation of all trial results; in non-inferiority
trials we can therefore make direct probability statements about the non-inferiority of the new treatment. In the common
situation, where achieving consensus over the choice of margin is difficult and opinions on the most suitable value differ
among investigators, probability statements could be reported for several non-inferiority margins rather than one fixed
margin. A second advantage is that a Bayesian approach allows us to explore the impact of varying opinions over likely
values of the treatment effect on the analysis, through incorporating informative priors. Incorporating relevant external
evidence is particularly valuable in settings such as rare diseases, rare disease subtypes, or pediatric populations, where
recruitment of sufficient numbers of patients to achieve the large sample sizes often required for a non-inferiority trial
may be difficult.®

When designing a trial, the sample size calculations should be based on the planned primary analysis. If a Bayesian
analysis is planned, either with informative or non-informative priors, it would be preferable for consistency with the
analysis to choose the sample size under a Bayesian framework. A Bayesian approach to sample size determination
makes appropriate allowance for the uncertainty over design parameters such as treatment effect and the non-inferiority
margin, rather than assuming that these values are fixed and known. If an informative prior will be used in the
analysis, this should ideally be taken into account in the trial design by using a Bayesian sample size calculation. It
is crucial that the sample size calculation can be explained and justified to clinicians and funders as well as being
appropriate.

Bayesian approaches to sample size determination have been widely discussed and include methods analogous
to the frequentist power-based approach, approaches based on examining precision of the effect of interest and
decision-theoretic approaches.”!? Most illustrative examples in the Bayesian design literature relate to superiority trials;
here, we focus on how to determine sample size using Bayesian methods in the special case of non-inferiority designs
and explore three available approaches. We review the advantages and disadvantages of using these in practice, and make
recommendations. We assume throughout that a Bayesian rather than frequentist analysis is planned. We emphasize the
importance of taking into account prior uncertainty in the true treatment effect rather than regarding this as known as is
usual under a frequentist approach, and also explore the option of providing an informative prior for the non-inferiority
margin, which could be based on expert elicitation.!* For convenience we assume a binary outcome, but the concepts (if
not the computational details) apply to other outcome types.

First, we choose sample size on the basis of the probability that the trial will produce a specified level of evi-
dence supporting non-inferiority in a Bayesian non-inferiority analysis, analogous to frequentist power. In a sec-
ond approach, we determine sample size by considering the expected posterior probability of non-inferiority in the
trial. Next, we take a precision-based approach and choose sample size by examining the relationship between
sample size and the resulting precision of the posterior distribution for the treatment effect. The characteristics
of the sample size determination approaches considered are summarized in Table 1. We apply these methods to
an example non-inferiority trial design and make comparison with a standard frequentist approach to calculating
sample size.

2 | METHODS

Suppose that the trial design includes the intention that a Bayesian analysis will be carried out, with the following anal-

ysis prior distributions specified for the event probabilities 1 and zo: 7, ~Beta (af, b') and mo~Beta (a;, b2 ). The prior

distributions that will be used in the planned Bayesian analysis could be vague or informative® and will be referred to as
the “analysis prior.” Separately, we can use a “design prior” to represent uncertainty at the design stage: 7, ~Beta (af , bf’)

and my~Beta (af)’, by ) The design prior and analysis prior need not be the same; for example, researchers might be

willing to make use of external information about the treatment effect when designing the trial but not when perform-
ing the analysis. The posterior distributions for z; and o are Beta (af + r1, b + n —ry) and Beta (ag + ro, b} + n—ry),
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TABLE 1 Summary of characteristics of the sample size determination approaches

Approach to sample size determination

Expected posterior

Bayesian power probability Precision-based Frequentist
Judgment on which sample size Predictive power Mean posterior Precision required Power required
choice based required probability of NI
required
Key output from planned analysis Whether NI is Posterior probability of  Precision of Whether
highly likely NI treatment effect confidence is
high for NI
Allows for uncertainty in design Yes Yes No No
parameters?
Allows for inclusion of prior Yes Yes Yes No
knowledge on treatment effect?
Typical value for sample size Higher than Lower than frequentist ~ Depends on -
frequentist precision
Example of suitable use Confirmatory trials;  Uncommon diseases; Treatment effect Confirmatory trials;
regulatory exploratory trials fed into further regulatory
submission modeling submission

Abbreviation: NI, non-inferiority.

where r, ry represent the observed numbers of events in the two trial arms and each treatment arm has
n patients.

2.1 | Bayesian power approach

The Bayesian approach that is closest in perspective to the standard frequentist approach for determining sample size is
based on examining the probability that the trial will produce a specified level of evidence supporting non-inferiority in
the planned Bayesian analysis. Spiegelhalter et al® have recommended considering the unconditional probability obtained
by averaging the power curve with respect to prior distributions for unknown parameters. In a non-inferiority trial, we
would calculate the predictive probability of obtaining a “significant” Bayesian result (defined below) when comparing
the null hypothesis § > §* against the alternative hypothesis 6 < 6*, where § is the treatment effect and 6* is the (positive)
non-inferiority margin, assuming the trial outcome is unfavorable. A significant Bayesian result is where the posterior
probability of non-inferiority exceeds a pre-specified threshold: P(§ < 6*|data) > 1 — «/2, where « is the chosen two-sided
significance level.

We will focus on the probability of obtaining a significant Bayesian result and of this being the correct decision
(ie, m and =y represent non-inferiority) rather than on the unconditional probability of a significant result, since
the latter could potentially include rejections of the null hypothesis under inferiority that represent a type I error.'*
In practice, the difference between the two probabilities is likely to be negligible in most situations, assuming that
prior opinion at the design stage is supportive of non-inferiority, since the prior probability of superiority is likely to
be small.?

We will refer to the probability that a trial will produce a significant Bayesian result and that this decision is correct as
the predictive power. The sample size can be chosen with the aim of achieving a desired predictive power while allowing
for uncertainty in the treatment effect, rather than achieving a desired power conditional on an assumed fixed treatment
effect, as in the standard frequentist calculations.

For trials with binary outcomes, the predictive probability of a significant Bayesian result is averaged over design
prior distributions for the unknown event rates z; and zy in both treatment arms, chosen to reflect uncertainty at the
design stage.

We assume that the treatment effect and non-inferiority margin are defined on the absolute (risk difference) scale.
In a trial including » patients in each treatment arm, with true event probabilities ; and 7, the probability of rejecting
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the null hypothesis § > 6* in a Bayesian analysis and of this being the correct decision (jointly denoted as rejection
event R) is:

P (R|7m1, mo) = Ey, , Is (11, 7o, 1, 6%) Ing (71, o) ®

if & =B lrn) Ewln)) Zup
Is(r. 10,0, 6") = \/Var(a, |, )+Var(z, | r,)
0 otherwise,

where Iy is an indicator function taking the value 1 if 73 — 7y < 6* and 0 otherwise. The expression Ig (1, ro, 11, 6%)
indicates whether the null hypothesis is rejected in a Bayesian analysis incorporating the chosen analysis priors, while
Iny indicates whether a significant result is correct. A normal approximation has been used for the posterior distribution
of the treatment effect 6 = z; — 7y, with mean and variance calculated from the posterior means and variances of z;
and ry. For a given sample size n, the expectation is taken over data values r;~Bin (n, 1), ro~Bin (n, 7y) sampled from
the design prior distributions. The expectation in (1) is the joint unconditional probability that the trial will produce a
significant Bayesian result and that this decision is correct.?

Under this approach, we can choose between assuming a fixed non-inferiority margin 6*, as is usual under the fre-
quentist approach to sample size calculation, or specifying a prior to represent clinical uncertainty (variability of opinion
among experts) about §*, which could be informed by elicitation of expert clinical opinion. Aupiais et al elicited experts’
views on acceptable differences between trial arm event rates and used these to construct prior distributions for the
non-inferiority margin.!*> We note that the prior should represent variability of opinion among experts rather than uncer-
tainty within a single expert. In expression (1), the rejection event R then represents rejection of the null hypothesis § > §*
conditional on §* and the expectation represents the expected proportion of experts who are convinced by the result of
the Bayesian analysis.

2.2 | Expected posterior probability approach

Under the previous approach, we choose sample size on the basis of the predictive probability of obtaining a significant
result in the analysis. As an alternative approach, some authors have suggested basing sample size on the expected pos-
terior probability for superiority of one treatment over the other.!>!¢ Here, we consider using an equivalent approach for
non-inferiority trials.

Let Y, be an estimator of the treatment effect § = 7; — ¢, based on n observations, and let p,, denote the predictive
density of Y, based on the design prior distributions for 7; and z,. To choose a sample size, we now examine the expected
value of the posterior probability of non-inferiority for a fixed non-inferiority margin 6*, with respect to the predictive
density of the data:

en =Ep, [P(5 < 6*|data)| . (2)

We then choose the minimum sample size n to provide an acceptable value for the expected probability of non-inferiority.
This approach allows us to control the expectation of the posterior probability distribution for non-inferiority, whereas
the Bayesian power approach additionally controls the variability of the distribution. The sample sizes chosen under an
expected posterior probability approach will be smaller than those chosen under a Bayesian power approach.

As in the Bayesian power approach, we need to take into account the analysis prior distribution planned to be used for
the treatment effect in the planned Bayesian analysis, which could be vague or informative. We can also choose between
assuming a fixed non-inferiority margin 6* or specifying a prior to represent clinical uncertainty about 6*, which could
be informed by elicitation of expert opinion.

2.3 | Precision-based approach

An alternative Bayesian approach to determining sample size is to consider the implications of various sample sizes for the
precision of the posterior distribution of the treatment effect 6. Previously suggested approaches include choosing sample
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sizes that achieve suitably narrow 95% credible intervals for the parameter of interest, that achieve high coverage for a fixed
credible interval width, or that achieve a desirable combination of interval width and coverage.!! Focusing on achieving
suitably narrow 95% credible intervals for the treatment effect would be the most accessible of these approaches in an
applied trial setting. We note that a precision-based approach to determining sample size would be the same regardless
of whether the trial is designed to assess non-inferiority or superiority of a new treatment in comparison with a standard
treatment. The precision of the posterior distribution for 6 is dependent on the sample size and the prior distributions to
be used in the Bayesian analysis; design prior distributions are not incorporated in this approach.

When the sample size of a planned non-inferiority trial is restricted for cost reasons or by limits on expected recruit-
ment, a precision-based approach could be used to demonstrate how much precision a fixed sample size would provide
for the treatment effect estimate. If sample size can be chosen without restrictions, we can plot the 95% credible interval
width for the treatment effect against a range of possible sample sizes and choose sample size according to the desired
interval width. The process for justifying choice of a particular interval width is less clear if sample size is unrestricted,
so it may be preferable to use a precision-based approach alongside a Bayesian power approach.

When assuming Beta analysis priors for the event probabilities in each trial arm, as in the previous approaches, conju-
gacy for the binomial distribution allows the credible intervals to be calculated analytically. The risk difference can then
be assumed approximately normal, with mean and variance calculated from the Beta posterior distributions for z; and 7:

6 |r,ro ~N (E (7 [r1) = E (7o |r0) , Var (my |ry) + Var (mo |1o)) - (3)

This makes it straightforward to plot the relationship between 95% credible interval width and sample size, without
the need for simulations. The analysis priors chosen for the event probabilities could correspond to a vague or informative
prior for the treatment effect. Under the assumption of normality for the posterior distribution, the 100(1 — @)% credible
interval width for the risk difference 6 is:

(a2 +npy) (b +n(1-py) N (ad +npo) (b} + n(1 - po))

(af + b7 + )Z(a‘l“+b‘f+n+1) (al + b2 + )2(‘5‘+b“‘+n+1)

2Za/2 (4)

where p; and p, are the assumed observed failure proportions in both arms (set equal to the prior means for z; and 7). By
plotting 95% credible interval width against sample size n, we can determine which sample size would provide a desirable
level of precision and how much precision would be gained by increasing sample size.

As an additional representation of precision of the information provided by a particular sample size, we con-
sider implementing ACceptability Curve Estimation using Probability above Threshold (ACCEPT). ACCEPT involves
examining the cumulative probability of the true risk difference being greater than a given non-inferiority thresh-
old, for a range of threshold values.!” Here, we plot ACCEPT curves for non-inferiority threshold values between 5%
and 15%, assuming observed failure proportions p; and p, as above. We again assume Beta analysis priors for the
event probabilities and assume the risk difference § to be approximately normal, with mean and variance calculated
from Beta posterior distributions for risk. The posterior probability of § being greater than a given non-inferiority
threshold 6* is:

5

5% —
P > 5*|data) =1 — @ [ ”5] ,
Os

A A
a;j + np; a, + npo

A T A ’
at+bt+n al+bl+n

Hs =

(aft +npy) (b2 +n1 - p1)) N (al + npo) (b2 +n( - po))
2

O5 = s
TN (@ b ) (b A1) (e bAn) (af b4t 1)

For a fixed sample size n, the ACCEPT curve is a plot of the posterior probability (5) against a range of non-inferiority
thresholds 6*. We plot a set of ACCEPT curves for different possible sample sizes and compare these, to consider whether
there is a point beyond which little interpretability is gained by increasing sample size. We consider sample sizes that
would provide 90% power under a frequentist sample size calculation (using (6) below) assuming each of five plausible
non-inferiority margins 6* = {5%, 7.5%, 10%, 12.5%, 15%} respectively, that is n = {1241,551,310,199,138}.
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2.4 | Frequentist approach

For comparison, we use a standard frequentist approach to calculating the sample size required for a non-inferiority trial

with a binary outcome. Let 7,; and 7., be the expected event rates assumed in the sample size calculation. Then the

number # of patients required in each treatment arm is:

n=(Zopp+ )" [1f (71, 70, 6] (6)

(o1 — e — 5*)2

(o1, e, 67) = .
f e 7e0 Te1 (1 — 7e1) + 7ep (1 — 7ep)

2.5 | Implementation

The Bayesian power approach is implemented by sampling parameters z; and =z, from their assumed design prior distri-
butions 7, ~Beta (a?, b?) , mo~Beta (a2, b?), and data values r;~Bin (n, 7,) , ro~Bin (1, m), using Monte Carlo simulation.
We calculate the expectation of indicator functions representing rejection of the null hypothesis § > 6* in the planned
Bayesian analysis incorporating the chosen analysis priors z; ~Beta (af, bf) and zo~Beta (a‘(;‘, b‘(;‘), and this being the cor-
rect decision (ie, 7; and 7z, represent non-inferiority). This provides the unconditional joint probability that the trial will
produce a significant Bayesian result and that this decision is correct.

The expected posterior probability approach is implemented by sampling data values ry, ry as above. This provides a
distribution for the posterior probability of non-inferiority, incorporating the chosen analysis priors. The expected value
of this distribution is the expected posterior probability of non-inferiority.

For the precision-based approach, the 95% credible interval width for the risk difference (provided in (4)) is plotted
against sample size, to examine which sample size would provide a desirable level of precision. In addition, we examine
ACCEPT curves for different possible sample sizes, as an extra representation of the precision provided by a particular
sample size. The frequentist calculations are carried out analytically using formula (6).

Code for implementing all approaches is provided in supplementary material.

3 | APPLICATION TO AN EXAMPLE

We revisit the sample size calculation for the ODYSSEY trial, which is a non-inferiority trial comparing dolutegravir-based
antiretroviral therapy to standard of care for treatment of HIV-infected children; the trial was ongoing at the time of
writing'® but has since been completed.!® We explore how the sample size could be chosen if a Bayesian analysis were
planned for the trial. The primary outcome of the trial is virological or clinical failure by 96 weeks and a failure proportion
of 18% was anticipated in both treatment arms. Treatment effect will be measured on the risk difference scale and a
non-inferiority margin of 10% was chosen, informed by previous studies.!® Under a standard frequentist approach, 310
patients per arm will provide 90% power for excluding a difference of more than 10% between equivalent treatment arms,
using a two-sided 95% confidence interval. A sample size of 700 was chosen for the ODYSSEY trial to allow for 10% loss
to follow-up.'® Results are summarized in Table 2.

We assume initially that wide analysis prior distributions will be used in the planned Bayesian analysis, and assume a
fixed non-inferiority margin of 10%. Vague priors are usually preferred for the treatment effect in analysis, in order that the
posterior distribution is influenced primarily by observed data. As analysis priors, we specify flat Beta (1,1) distributions
for both failure proportions. These distributions represent lack of prior information.

Under a Bayesian power approach, we examine the predictive probability of obtaining a significant Bayesian result,
while acknowledging uncertainty in the failure proportions in both treatment arms. As in the frequentist approach, we
suppose that the expected failure proportion is 18% in each arm, but whereas in a frequentist approach these values are
assumed fixed and known (although unknown in practice), in a Bayesian approach we now assume design priors with SDs
of 2% to represent some uncertainty around these values. Choice of SD could be informed by previous related studies (eg,
pediatric trials where similar standard of care has been used or adult trials comparing the same treatments as ODYSSEY)
or by elicitation from clinical experts. By matching moments, we choose a Beta(66,302) distribution to represent prior
information for the failure proportions z; and 7, at the design stage; this has a mean of 18% and 95% range of 14% to 22%.
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TABLE 2 Results obtained from different sample size determination approaches for the ODYSSEY trial example

Approach to sample size determination

Prior to be used Expected posterior
in analysis Bayesian power probability Precision-based Frequentist
N/A - - - 310 per group provides
90% power
Wide: Beta(11,48) priors 440 per group 110 per group provides 450 per group provides 95% -
for failure proportions provides 90% power 90% probability interval width of 10%
Enthusiastic (favors 310 per group 0 per group provides 400 per group provides 95% -
non-inferiority) provides 90% power 92% probability interval width of 10%
Skeptical (favors 760 per group 280 per group provides 90 per group provides 95% -
inferiority) provides 90% power 90% probability interval width of 10%

These distributions represent strong prior information and the prior for each failure proportion has an effective sample
size equivalent to 368 individuals.?’

With a sample size of 310 patients per group, from the frequentist sample size calculation with 90% power, the pre-
dictive power of concluding non-inferiority for dolutegravir compared to standard of care is 83% using Monte Carlo
simulation. The predictive power allowing for uncertainty in expected failure proportions will usually be lower than the
power calculated assuming fixed values for failure proportions used in a frequentist approach. Since the power based on
fixed failure proportions is 90%, the power corresponding to each of a range of failure proportions could be substantially
lower than 90% but up to only 10% higher (depending on the prior distributions chosen for the failure proportions). The
predictive power allowing for uncertainty in expected failure proportions is the mean power value and is therefore usu-
ally lower than frequentist power. A sample size of 440 patients per group would be needed to provide 90% predictive
power for concluding non-inferiority. To obtain Bayesian power that matches frequentist power, we would need to spec-
ify design priors with the same mean and a very small variance, for example Beta(6600, 30 200) priors. When assuming
these together with flat Beta (1,1) analysis priors, a sample size of 310 per group provides predictive power of 90%, as in
the frequentist calculation.

Under an expected posterior probability approach, we again assume Beta(66,302) design priors to represent prior
uncertainty about event probabilities. A sample size of 110 patients per group is required to provide 90% expected prob-
ability of non-inferiority. Because this approach controls the probability of concluding non-inferiority rather than the
probability of achieving a significant result when testing for non-inferiority, it leads us to a much smaller sample size
than under the Bayesian power approach (although assuming the same flat analysis priors) and also lower than under
the frequentist approach.

Under a precision-based approach to determining sample size, we examine the relationship between 95% credible
interval width and sample size, assuming an observed risk difference of 0% (Figure 1). Previous authors have proposed
choosing sample size according to a desired credible interval width, or by discussing the trade-off between increased
sampling costs and increased precision.!? For example, suppose that 12% is judged to be the maximum acceptable width
for a 95% credible interval to be obtained for the risk difference comparing dolutegravir to standard of care. A sample
size of 530 per group would provide this level of precision. Trial investigators could discuss whether it would be worth
recruiting an extra 250 patients per group in order to reduce the anticipated interval width to 10%, for example, or an extra
650 patients per group to reduce the width to 8%, while taking into account the costs of including additional patients.

Figure 2 presents ACCEPT curves corresponding to different plausible sample sizes and data. The sample sizes chosen
are those providing 90% frequentist power for non-inferiority margins of 15% (138 per group), 12.5% (199 per group), 10%
(310 per group), 7.5% (551 per group), and 5% (1241 per group), assuming 18% failure proportions in both groups. To plot
an ACCEPT curve without observed trial data, we need to assume a hypothetical value for the observed risk difference;
Figure 2 displays plots corresponding to 0%, 5%, and 10%.

In Figure 2, we see that the ACCEPT curves become steeper as the sample size increases. The steepest slope of each
curve reflects the precision provided by the corresponding sample size and we can use these plots to compare posterior
probability statements that could be made from trials of varying sample sizes. For example, if a risk difference of 0% was
observed in a trial using the largest sample size shown (1241 patients per group), we would conclude there to be very low
probability (<0.1) that the true risk difference is greater than 2%. Conversely, a trial using the smallest sample size shown
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FIGURE 1 95% credible intervals for the risk difference as a function of sample size for an observed risk difference of 0%, assuming (as
analysis priors) flat Beta (1,1) priors for failure proportions, a prior favoring non-inferiority of the experimental arm (Beta(11,48) priors for
failure proportions) or a prior favoring inferiority (Beta(66,302) prior for control arm failure proportion, Beta(141,362) prior for experimental
arm failure proportion)
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FIGURE 2 ACCEPT curves corresponding to various sample sizes n (per group): cumulative probability of the true risk difference
being greater than a threshold value x%
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(138 per group) would show very low probability (<0.1) that the true risk difference is greater than 6%. Although the curves
become steeper as sample size increases, the change in shape is gradual and there is no clear distinction between curves
which are more informative or easily interpreted and curves which provide little information. We therefore recommend
considering these plots alongside the plot shown in Figure 1 rather than as a standalone tool for determining sample size.

3.1 | Incorporating informative priors on the treatment effect

We now examine the potential impact of incorporating informative analysis prior distributions for the treatment effect
on the predictive power of the trial. Suppose that an informative prior will be used in the planned Bayesian analysis,
based on external evidence or expert opinion. As an extreme example, we choose Beta(11,48) analysis prior distributions
for the failure proportions x; and 7y, with means of 18% and standard deviations of 5%, representing very strong prior
opinion for non-inferiority (with prior probability 92%). We again consider the predictive power of a trial including 310
patients per group (based on the frequentist sample size calculation), and find that predictive power is now calculated as
90%. The additional information contributed by use of an informative prior favoring non-inferiority would mean that a
smaller sample size is required to achieve an acceptable level of power in the Bayesian analysis.

When incorporating the analysis prior favoring non-inferiority in an expected posterior probability approach, the prior
probability for non-inferiority is 92% so no patients are needed to provide an expected probability of more than 90%. Under
a precision-based approach, using a sample size of 400 per group would provide a 95% interval width of 10% (Figure 1).

We now consider the impact of using a skeptical informative prior distribution in the analysis, representing strong
prior opinion for inferiority of the experimental arm. We choose a Beta(66,302) analysis prior distribution for the con-
trol arm failure proportion zy, with mean 18% and SD 2%, and a Beta(141,362) distribution for the experimental arm
failure proportion 71, with mean 28% and SD 2%. For a trial including 310 patients per group, the predictive power for a
Bayesian analysis incorporating this skeptical analysis prior is calculated as only 41%. A sample of 760 per group would be
required to provide 90% predictive power. When using an expected posterior probability approach and incorporating the
skeptical prior, we find that a sample of 280 patients per group would be required to provide 90% expected probability of
non-inferiority. Under a precision-based approach, the information represented by prior information alone corresponds
to a 95% interval width of 11%. A sample size of 90 patients per group would provide a 95% interval width of 10%, while
350 patients per group provides a 95% interval width of 8% (Figure 1).

3.2 | Incorporating an informative prior on the non-inferiority margin

Rather than assuming a fixed non-inferiority margin, we could place a prior on the margin to represent clinical uncer-
tainty. In practice, a prior for the non-inferiority margin should ideally be based on formal elicitation of clinical opinion,
representing variability of opinion among experts.'* Here, we use two example prior distributions for the purpose of
demonstrating the impact of uncertainty around the non-inferiority margin on the predictive power of the ODYSSEY trial
design. Initially we assume a Uniform(8%, 12%) prior and calculate the predictive power of a trial including 310 patients
per group (based on the frequentist sample size calculation) as 82%, which is almost unchanged from the predictive power
calculated assuming a fixed non-inferiority margin. With a wider Uniform(5%, 15%) prior, the predictive power for a trial
of the same size is 78%. The predictive power allowing for uncertainty in the proportions is fairly linear with respect
to the non-inferiority margin, so taking an average across varying non-inferiority margins makes little difference in this
example design.

Similarly, placing a prior on the non-inferiority margin made no practical difference when calculating the expected
posterior probability of non-inferiority. A sample size of 110 patients per group provides 90% expected probability of
non-inferiority when assuming a Uniform(8%, 12%) prior for the non-inferiority margin, while 130 patients per group
provides 90% expected probability under a Uniform(5%, 15%) prior.

4 | DISCUSSION

Bayesian analysis of a non-inferiority trial is advantageous in allowing direct probability statements to be made about the
difference between treatments, rather than relying on an arbitrary and often poorly justified non-inferiority margin, and
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allowing inclusion of prior information on the treatment effect. When the primary analysis of a trial will be Bayesian,
for consistency the sample size should ideally be determined using a Bayesian approach. Bayesian methods for sample
size determination are less familiar to applied statisticians than frequentist methods and more rarely used in practice. In
this article, we have discussed several approaches to Bayesian sample size determination for a non-inferiority trial and
demonstrated their application to an example trial design. We now compare the advantages and disadvantages of these
approaches.

A Bayesian power approach is appealing as it is analogous to the standard frequentist approach to sample size determi-
nation and is straightforward to implement and communicate. This approach will always lead to larger sample sizes than
an equivalent frequentist approach unless an informative prior is specified for the treatment effect, because allowance
is made for the uncertainty in the design parameters. In the ODYSSEY example, allowing for a 2% SD in the assumed
failure proportions would require sample size to be increased slightly (by 13%) from that giving 90% frequentist power
to achieve 80% predictive power or increased substantially (by 90%) to achieve 90% predictive power. The increased sam-
ple size is required to avoid making an unrealistic assumption that the failure proportions are fixed and known, which
can potentially result in an underpowered trial. The increase proposed in this example is similar to sample size increases
often made to provide resilience in a trial design based on fixed parameters. Uncertainty over the magnitude of both treat-
ment effect and control group risk is taken into account, where lower treatment effect or higher control group risk leads
to lower power. An alternative approach to addressing the design issues arising from uncertainty in the control group
risk is to define a “non-inferiority frontier” (where the margin varies with control risk) rather than a fixed non-inferiority
margin.?!

Under an expected posterior probability approach, sample size is determined by examining the probability of
non-inferiority occurring in the trial. This approach leads to smaller sample sizes than a Bayesian power approach, but
would be appropriate only when the focus of the trial is on estimating the posterior probability of non-inferiority rather
than on testing. This can be justified in preference to a conventional hypothesis testing trial when evaluating treatments
for uncommon conditions, for example, or when a decision has to be made on the basis of a planned trial and the achiev-
able sample size is limited.?? Choosing an expected posterior probability approach expressly to obtain a lower required
sample size would however not be recommended. A precision-based approach based on confidence interval width could
also be useful in settings where the sample size of a planned trial is restricted by limits on recruitment or costs, but it would
be difficult to base sample size decisions on this approach alone. In frequentist sample size calculations, precision-based
approaches are sometimes used to express how much precision is available for estimating a parameter of secondary
interest, but rarely used in the primary calculation.

Throughout the article, we have assumed conjugate Beta distributions to represent prior information about failure
proportions in the trial arms. When assessing the relationship between sample size and credible interval width, this choice
allows analytical calculation of credible intervals. If instead we placed priors on the treatment effect and control arm pro-
portions, the precision-based approach would be more complicated to implement, typically requiring simulations, but
the Bayesian power approach and expected posterior probability approach could still be calculated as outlined above. The
precision-based approach could also be extended to incorporate a design prior and would then need to be implemented
using simulations. For simplicity, we have used a normal approximation for the posterior distribution of the treatment
effect. We have assumed equal allocation between trial arms throughout, but the formulae could be adapted for unequal
allocation. The analysis priors favoring non-inferiority or inferiority were both chosen as extreme examples, to illustrate
the potential influence of an informative prior on sample size calculations, rather than as realistic choices in practice.
However, in settings where recruitment is difficult, such as rare diseases or pediatric trials, it may be considered appro-
priate to borrow information from a relevant external trial.® An informative analysis prior could then be used to represent
information from external data and the planned sample size would be reduced accordingly.

Determining sample size by considering the predictive probability of obtaining a significant result was proposed first
by Spiegelhalter and Freedman’ and subsequently developed further.1° Here, we have assumed that a Bayesian analysis
is planned, but this approach can also be used when the primary analysis will be frequentist and is then referred to as a
hybrid Bayesian-frequentist approach. We focused on the joint probability that the trial will produce a significant Bayesian
result and that this decision is correct, rather than on the unconditional probability of a significant Bayesian result aver-
aged over the entire parameter range. Since the prior we used at the design stage was supportive of non-inferiority, the
difference between the two probabilities was negligible. If a prior giving substantial support to inferiority were used,
the joint probability would be reduced and we would suggest comparing the Bayesian power against a lower thresh-
old than the usual 90%. Alternatively, the Bayesian power approach could be defined using the power conditional on
non-inferiority being correct.® Joseph et al proposed choosing sample size on the basis of precision rather than power, by
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considering interval width for a fixed coverage probability, level of coverage provided for a fixed interval width, or a com-
bination of interval width and coverage.!! Rather than focusing on precision in estimation, Lindley recommended taking
a decision-theoretic approach to choosing sample size, by specifying a utility function to represent the benefit and cost of
running a study of a certain size, and then choosing sample size to maximize the expected utility.!?

A decision-theoretic approach to choosing sample size in non-inferiority trials was proposed by Bouman et al and
compared with a frequentist approach.?® A health economic decision model was constructed to calculate the expected
value of sampling information and expected net benefit of sampling for different possible sample sizes, and their methods
were applied to design of a trial comparing individualized vs standard duration of elastic compression stocking therapy
for prevention of post-thrombotic syndrome. Bouman et al argue strongly in favor of a decision-theoretic approach over
a frequentist approach on the grounds that uncertainty is fully acknowledged, costs and adverse effects of treatment are
taken into account as well as the main therapeutic benefit, and the value of the planned trial to society is considered.
A disadvantage of taking a decision-theoretic approach is that developing an appropriate decision model and collecting
information to provide inputs to the model is likely to require a considerable amount of time and resources, and would
not usually be feasible in practice unless separate funding is obtained for the design stage of the trial.

An alternative Bayesian view is that an advance sample size calculation is not necessarily required; in an open trial,
recruitment continues until investigators agree that a conclusion can be drawn from the accumulated evidence.**?
This approach involves performing multiple analyses of the data, which is not problematic in a fully Bayesian frame-
work.?® This approach has been more commonly used in exploratory and early-phase trials than in confirmatory trials.?”
However, it was used recently in the high-profile confirmatory REMAP-CAP trial evaluating interventions for treating
community-acquired pneumonia, which has been adapted to include evaluation of interventions suitable for treating
patients with COVID-19.?® Obtaining funding for a trial without a pre-planned sample size may be difficult, unless the
trial is carried out as part of an ongoing program of research.?*

Bayesian methods offer several advantages for analysis of non-inferiority trials, and we have demonstrated and com-
pared corresponding Bayesian approaches to sample size determination. A Bayesian power approach to sample size
determination would be most accessible in practical settings, because it is analogous to the standard frequentist approach
and straightforward to implement and communicate. Sample sizes will be larger than under frequentist calculations
unless an informative prior is specified for the treatment effect, because the Bayesian approach makes appropriate
allowance for uncertainty in the assumed input parameters. Arguably this provides resilience against unanticipated
variation in unknown event rates, which can be particularly problematic in non-inferiority trials where the frequen-
tist paradigm leads to a binary non-inferiority conclusion on the basis of the limit of the 95% confidence interval. An
expected posterior probability approach can lead to smaller sample sizes and is appropriate in settings where the focus is
on estimating the posterior probability of non-inferiority rather than on testing.
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