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In traditional phase 3 trials confirming safety and efficacy of new treatments relative to a comparator, a 1-sided type I error rate of
2.5% is traditionally used and typically leads tominimum sizes of 300–600 subjects per study. However, for rare pathogens, it may be
necessary to work with data from as few as 50–100 subjects. For areas with a high unmet need, there is a balance between traditional
type I error and power and enabling feasible studies. In such cases, an alternative 1-sided alpha level of 5% or 10% should be
considered, and we review herein the implications of such approaches. Resolving this question requires engagement of patients,
the medical community, regulatory agencies, and trial sponsors.
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Traditional phase 3 trials confirm safety and efficacy of a new
treatment relative to an active comparator or placebo using a
1-sided type I error rate of 2.5%. Although the 2.5% type I error
rate is not a regulatory requirement, it is traditionally used by
regulatory agencies to limit false conclusions of treatment ef-
fect. Given the high unmet need, in some infectious disease re-
search the US Food and Drug Administration (FDA) have
considered flexibility in benefit-risk considerations, granting
approval with a single adequate and well controlled trial, with
supportive information such as a phase 2 trial or information
from in vitro studies and animal models of infection.
Although this enables progression of some clinical develop-
ment programs, there are still situations when it may only be
feasible to recruit 50–100 patients in many years [1], for exam-
ple, the plazomicin bacteremia study for carbapenem-resistant
Enterobacteriaceae [2], making even a single trial extremely
challenging. As a result, there are no, or very limited, data in
such patient populations, so development of agents in small
populations requires alternative approaches. More important-
ly, we only envision these approaches being used when a larger
trial is simply not possible, so these ideas do not apply when
there is a realistic choice between a larger or smaller study.

Drawing on value of information ideas within the orphan
drug area [3–6], we propose an approach that uses alternative
type I error rates in a decision-making and sample-size deter-
mination framework in which typically sized controlled stud-
ies are extremely challenging to enroll. The goal is to balance
the risks of correct and incorrect decisions from limited
data. Both approval and nonapproval carry risks, and we pro-
pose an approach that considers risks of failing to approve a
new effective medicine, approval of an ineffective medicine,
and conducting a large randomized controlled trial ([RCT]
with some patients receiving suboptimal therapy) in a limited
population.
We discuss regulatory approval on the basis of efficacy, be-

cause the aim is to understand the risks of using alternative stat-
istical criteria within an efficacy assessment. The safety and
benefit-risk profile are also critically important and need to
be considered in any evaluation, but because the safety profile
is unique to each treatment, we have not discussed this aspect
in detail, but it is always a critical aspect of any evaluation of
the evidence to support regulatory approval.

Superiority Trials Are Not Appropriate for All
Development Programs

It is often perceived that demonstration of superiority in small
trials with resistant pathogens should be straightforward if a
strong effect exists. However, this is infeasible because we can-
not study ineffective comparators in seriously ill patients, and
demonstration of superiority is challenging when therapies ex-
ist with some efficacy, albeit suboptimal [7, 8]. Although com-
binations of less effective therapies may have toxicities, their
existence makes superiority hard to demonstrate.
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In some settings, the use of a nonstandard significance level
to assess superiority may make studies more feasible, but in
many cases the issues associated with demonstrating superior-
ity described above will still exist, meaning alternative options
are also required. Therefore, we focus on noninferiority (NI)
trials, but similar arguments to those presented could be used
to assess the impact of changes to type I error in superiority
trials.

Decision Making and Sample Size in Randomized Controlled Trials With
Rare Pathogens

The challenge reduces to recognizing that rare pathogens make
it impossible for practical purposes to conduct either a small
superiority study or a large noninferiority active-control study.
However, new therapies are needed for rare pathogens, and we
can approach this problem by being sure that we are confident
of the following: (1) we will approve effective treatments (show-
ing superiority or noninferiority with an active control); and (2)
we will not approve ineffective treatments.

In registrational studies, it is traditional to set power
(probability of correctly showing the new agent is effective)
at 80%–90% and type I error at 2.5% (1-sided, the probability
of concluding a new treatment is effective when it is not) and
set sample size accordingly [9]. Table 1 summarizes these con-
cepts and the consequences for patients within the trial and
those beyond the trial who will receive the current or new ther-
apy dependent upon the trial results.

When we design the trial, we do not know the true response
rate, so we must understand the probability of approval for dif-
ferent study sizes and scenarios regarding true treatment ef-
fects. We are attempting to identify a “sweet spot” for sample
size balancing the type I error and power when it is infeasible
to obtain the traditional chances of correctly or incorrectly ap-
proving a new treatment.

Where possible, trials with conventional power and type I er-
ror are preferable. However, if the trial is too large, this deprives
patients of timely access to an effective therapy and means that
while the trial is ongoing, some patients within the trial will re-
ceive an inferior treatment. If a trial is too large, developing the
therapy is infeasible because we cannot generate data for that
patient population. In contrast, if a trial is too small, it increases
the probability of making an incorrect decision (either approval
or nonapproval).

We propose that when large trials are infeasible, alternative
type I error rates should be explicitly considered within the
context of the benefits and risks of new treatments, particularly
when accompanied by supportive information such as data
from in vitro studies and animal models of infection. We con-
sider this for rare pathogens in instances in which new thera-
pies are needed and patient numbers make clinical trials
prohibitively lengthy or simply impossible to undertake. This
has the potential to accelerate availability of new effective

treatments rather than condemn patients to suboptimal treat-
ment while larger trials are either attempted in vain or never
attempted.

Understanding Clinical Trial Risks

In considering alternative statistical criteria, we first state key
risks and then consider acceptable risk levels in an area of ex-
treme unmet need. Risks must be considered for a range of sce-
narios in which the true effect of the test agent related to control
is unknown. This is true of all studies but may need to be con-
sidered differently when trials cannot be designed to standard
levels of power and type I error. Important scenarios are situa-
tions in which the new agent is better than, worse than, or sim-
ilar to control. We consider these in turn for a randomized
clinical trial using a 1:1 randomization to new agent or control
with a 20% NI margin and 95% confidence interval [CI]
(2-sided alpha= 0.05), as has been used for some trials [10, 11].

Scenario 1: New Agent Better Than Control

Imagine the new agent and control have true response rates
(unknown before the trial is conducted) of 60% and 40%, re-
spectively. The correct outcome would be to conclude NI and
approve the new agent. The probability that NI is concluded
(power) with this scenario increases with sample size (N)
(Figure 1A) but does not improve greatly with more than 40–
50 patients/group, when power approaches 90%. Although
more data may be needed from a safety perspective, this would

Table 1. Scenarios to Consider When Analyzing Decision Making With
Small Datasets

True Response
Rate or Mortality
Rate

Consequences Within
RCT

Consequences for Patients
After RCT

New agent is
worse than
control

Every patient randomized
to new agent risks a
worse outcome

If the new agent is approved,
this problem is
perpetuated, and all future
patients would receive a
less effective therapy
“We should avoid
incorrect approvals so
want to have low power of
approval”

New agent is
better than
control

Every patient randomized
to control risks a worse
outcome

If the new agent is not
approved, this problem is
perpetuated, and all future
patients would receive a
less effective therapy
“We should retain high
power of approval”

New agent is
similar to
control

Every patient has
approximately the
same outcome

Either existing treatment or a
new therapy would be
acceptable, but we still
need to have additional
therapies available.
“Therefore, we still want
to retain high power of
approval”

Abbreviations: RCT, randomized controlled trial.
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be sufficient to show the new agent has efficacy noninferior to
control.

Scenario 2: New Agent Slightly Better Than Control

When the new agent and control have true response rates of
50% and 40%, respectively, the correct outcome would again
be to conclude NI and approve the new agent. In this case, as
presented in Figure 1B, the probability NI is concluded increas-
es with sample size, but power is lower for a given sample size
than for Scenario 1 and approaches 80% at 50 patients/group.

Scenario 3: New Agent Similar to Control

In the third scenario, the true (but as yet unknown) response
rates are the same (40%) for new agent and control. The correct
decision in this scenario is more nuanced, and we must consid-
er the value of currently available therapies, even if these are
suboptimal. As stated, we assume that it would be desirable
to have additional therapies available.

In this case, the probability of concluding NI (power) in-
creases with sample size (Figure 1C) but requires a larger sam-
ple size. A study with �50 patients/group has �50% power,
whereas a study of 80 patients/group provides �80% power.
It would take a large study to achieve 90% power. Because it
is unlikely that studies would be undertaken with only a 50/
50 chance of success, developing new agents is not possible
when it is infeasible to recruit more than 100 patients. If new
therapies are badly needed, a discussion on required levels of
type I error and power should be considered.

Scenario 4: New Agent Slightly Worse Than Control

When the true response rates for the new agent and control are
30% and 40%, respectively, the correct outcome and associated
approval is less obvious. If the primary endpoint of the study re-
lates to all-cause mortality, you would not want to approve such
an agent, but with a response rate endpoint, if there is a high un-
met need, the available treatment has significant toxicity, and

there is increasing resistance to this available treatment there
could still be value in a new agent. You would not always want
to approve such an agent, but consideration of these components
of the available therapy would be important when considering
the need for new agents. Therefore, with this scenario, there is
no correct outcome for every situation. Rather, consideration
of whether the new agent should or should not be approved
will depend upon the reason why a new agent is needed. In
this case, the plot shows the probability of concluding NI is
,25% for sizes of , �75/arm (Figure 1D). The probability of
concluding NI increases as the sample size further increases,
and at 200/arm the probability approaches 50%. However,
as such sample sizes are presumed impossible for rare pathogens
this again shows a relatively small chance of concluding NI with
achievable sample sizes of 40–50 patients/group.

Scenario 5: New Agent Worse Than Control

When the true (but as yet unknown) response rates for the new
agent and control are 20% and 40%, respectively, we assume we
would definitely not want to approve the new agent, so the cor-
rect outcome is that the new agent should not be approved. In
this case, the probability of concluding NI is always very low
(Figure 1E). Because the true difference between treatments
equals the NI margin, this is the type I error rate (2.5%), so
we rarely conclude NI erroneously, whatever the study size.
Therefore, 40–50 patients/group again seems reasonable.

TheEffect on FuturePatientsWithThis RareCondition

We have shown that trials studying infections caused by rare
pathogens are infeasible with traditional power and type I error
rates. Another important component is the implication of any
drug approval decision on the treatments received by patients
with this rare pathogen, both in the RCT and in the future.
As a hypothetical example, suppose we have an overall pop-

ulation of 1000 patients who might benefit from a new
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Figure 1. Plot of power when using 95% confidence interval and −20% noninferiority margin. Cont, control.
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treatment, and from this population we recruit 100 patients
(50/arm) to a trial comparing the new agent with control, the
results of which will define the therapy used for the remaining
900 patients, dependent upon the NI conclusionmade from the
trial (see Table 2).

Assuming all patients are included in the trial or are treated
based on the results of the trial, we can calculate how many pa-
tients are successfully treated using the following. (1) How
many of 50 trial patients on the new agent are successfully treat-
ed? (2) How many of 50 trial patients on Control are success-
fully treated? (3) How many of remaining 900 patients are
successfully treated depending upon the trial outcome?

The expected number of successes can be calculated under
the scenarios considered above. When the new agent response
rate is 60%, we would expect 30 of 50 trial patients receiving the
new agent and 20 of 50 trial patients receiving control to re-
spond (Table 2). We would expect 540 of the remaining pa-
tients to respond if NI is concluded and the new agent is
used and 360 of the 900 patients to respond on control if NI
were not concluded.

Using a 20%NImargin and 95%CI, with true response rates of
60% and 40%, a trial with 50 patients/arm would have a 98.3%
chance of concluding NI. Thus, we expect the new agent to be ap-
proved 98.3% of the time (so 540 of 900 future patients would re-
spond) and the control to be used (so 360 of 900 respond) 1.7% of
the time. The total expected number of responses from the 1000
patients is therefore 587 as displayed in the first row of Table 2.
The second row of Table 2 shows similar calculations using the
same assumptions but a larger RCT including 200 patients/group,
leaving 600 patients treated based on the RCT results. In this case,
the total expected number of responses is lower at 560 patients.
This may seem counterintuitive, but although larger RCTs in-
crease the probability of reaching the correct conclusion, they
also mean we wait longer to reach this conclusion, meaning
more patients within the trial are randomized to receive a less

effective therapy, and a smaller number of patients benefit from
the more effective therapy after the trial.
The example in Table 2 is for the most optimistic scenario

considered and presents results for trials with 50 and 200 pa-
tients per arm only. Similar calculations are possible for each
of the 5 scenarios described and for different sample sizes
and show a similar pattern of declining response with larger
sample sizes for less optimistic scenarios (Figure 2). Recall
that Figure 1 shows the probability of concluding NI in each
case, whereas Figure 2 shows the proportion of responses ex-
pected in the population for each scenario. These results can
be used to assess whether the risks of correctly approving an ef-
fective therapy, incorrectly approving an ineffective therapy,
and the number of patients receiving suboptimal treatment
have been appropriately balanced for a given trial size.
If the new agent is better than the control, a trial with 40 pa-

tients/group gives reasonable power and optimizes the expect-
ed successes in the overall population based on the treatment
patients receive during and after the trial (Figure 2A). When
the new agent is slightly better than control, the power is lower
than when the new agent is clearly better, but it still declines af-
ter 40–50 patients/arm.
If the new agent is worse than control, as noted above, the

probability of incorrectly recommending the new agent is low ir-
respective of the RCT sample size. The expected proportion of re-
sponses decreases with increasing sample size because more
patients in the trial receive the (less effective) new agent (Figure
2E). When the new agent is slightly worse than control, a similar
pattern is seen with the expected proportion of successfully treat-
ed patients, whereas the probability of concluding NI increases
with increasing sample size, but there is still only 15%–20% prob-
ability of concluding NI with 40–50 patients/arm.
If the new agent and control have similar efficacy, the probability

of recommending the new agent increases with N, and a larger
study is required using traditional criteria. In this scenario, because
the new agent and control have the same response rate, the expect-
ed proportion of patients to respond is constant (here 40%) (Figure
2C). Although the unmet need may appear less urgent when the
efficacy of the new agent is similar to control, there are still a num-
ber of cases in which additional treatment options are urgently
needed due to emerging resistance or toxicity concerns with cur-
rent therapies. In this scenario, a study including �100 patients/
group would be required to demonstrate efficacy. In studies of
some rare or resistant pathogens, even 40–50 patients/group may
be challenging, so it is necessary to find a way of running a feasible
trial. We next suggest a framework for assessing alternative statis-
tical criteria building on ideas presented above.

A Framework for Using Alternative Statistical Criteria

We have shown that although conventional error rates are
achieved using 40–50 patients/arm when the new treatment
is truly clearly better or worse than the control, 100 patients/

Table 2. Expected Number of Responses in the Entire PopulationWith an
NI Trial of 100 or 400 Patients: Response Rates of 60% for the New Agent vs
40% for Control

RCT
Sample
Size

Responses in
RCT

Probability
New Agent Is
Approved

Responses After Trial

New
Agent Control

If New
Agent Is
Approved

If New Agent
Not Approved
(Control Is
Used)

50/arm 30/50 20/50 0.983 540/900 360/900

Expected Successes in Overall Population:
30+20+ (0.983×540)+ (0.017×360)=587 (58.7% of all patients)

200/arm 120/
200

80/200 0.999 360/600 240/600

Expected Successes in Overall Population:
120+ 80+ (0.999× 360)+ (0.001×240)=560 (ie, 56% of all patients)

Abbreviations: NI, noninferiority; RCT, randomized controlled trial.
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arm may be necessary when the 2 treatments have similar effi-
cacy. When such a study is infeasible, and additional treatment
options are desirable, use of an alternative type I error rate (or
CI) can be considered. Here we present the use of an 80% CI
(2-sided alpha= 0.2) and a 20% NI margin.

This approach would be reserved for circumstances with
high unmet need and limited population where it is critical
that new therapies are available but could not otherwise be de-
veloped. We will not discuss how an agent would meet these
criteria, but we do outline how the risks associated with failure
to make new therapies available, and the risk of incorrectly ap-
proving new agents, could be considered for such agents.

Properties of trials with an 80% CI are shown in Figure 3,
which includes in one plot the type of information presented in
Figures 1 and 2. When the new agent is better than control, the
expected number of patients responding declines after �50 pa-
tients/arm. The probability of a successful trial when the treat-
ments are similar is higher (Figure 3, Panel C), approaching
80% with 50–60 patients/arm. The probability of such a trial in-
correctly concluding NI when the new agent is worse (Figure
3, Panel E) is 10%, so it is above the usual value of 2.5% when us-
ing a 95% CI. This should be a point for discussion among pa-
tients, Infectious Diseases physicians, regulatory agencies, and
sponsors for rare pathogens or for limited populations when ad-
ditional treatment options are desperately needed.When the new
agent is slightly worse, a similar pattern is seen to that when using
a 95% CI in that the probability of concluding NI increases with
increasing sample size, in this case meaning the chance of con-
cluding NI approaches 40% with 50 patients/arm. As stated pre-
viously, the utility of an agent with the possibility of a slightly
lower response rate but the ability to provide other benefits in
terms of less toxicity or pathogen resistance should form part
of the assessment of using an 80% CI.

The previous sections showed that when the new agent is
clearly superior to the control, this would be apparent from

50 patients/arm. The alternative type I error rate level is impor-
tant when the new agent and control are similar or slightly in-
ferior. If it is only feasible to run a study of 100 patients, a trial
with traditional type I error rate is impossible. Additional flex-
ibility is then required, particularly when available therapies are
suboptimal, such as being the drug of last resort or with toxicity
issues where it is desirable to have additional therapies avail-
able. In this case, it will often be a choice between a smaller da-
taset or having no data at all.

DISCUSSION

Although studies of rare pathogens are challenging, the devel-
opment of agents for such pathogens remains important. We
have shown that although studies with traditional statistical cri-
teria may be impossible, we can articulate a decision-making
framework to support smaller studies. The proposed frame-
work displays the risks of incorrect approval of an ineffective
agent and incorrect rejection of an effective agent based on ef-
ficacy, along with the expected number of successes within a
small population, highlighting that agreement needs to be
reached across the community on how to balance these factors.
The approach is similar to that proposed for orphan drug trials
[3–6] in which a type I error rate larger than 0.025 is sometimes
used [12, 13].
We have shown that comparative trials with 50 patients/arm

can provide reliable decisions and could be the key to enabling
any development for patients with rare pathogens. In our ex-
ample, we have assumed that the control group event rate is
40%, and although our exact findings regarding the probability
of approval may not hold if the control group rate were very dif-
ferent, similar methods could be used to choose an appropriate
sample size.
We have also shown that a larger study does not always pro-

vide better outcomes in a limited population because fewer
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Figure 2. Plot of expected (Exp.) proportion (prop.) of responses in a trial using 95% confidence interval and −20% noninferiority margin. Cont, control.
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patients remain to benefit from a therapy after the trial. In ad-
dition, in a trial with a 1:1 randomization in which one treat-
ment is less effective, 50% of patients receive this suboptimal
therapy.

We have presented an example in which an 80% CI is used
alongside a 20% NI margin. Dependent upon the degree of un-
met need, feasibility of recruitment, and the basis for justifying
the NI margin, alternative approaches using different NI mar-
gins and levels of alpha (such as 90% CIs) could be considered
to make trials more feasible. We acknowledge that the use of
80% or 90% CIs increases the risk of falsely concluding nonin-
feriority when compared with the traditional 95% CI, and this
is the reason this approach should be reserved for situations in
which new treatments are urgently needed for a small patient
population where a trial using a 95% CI is not possible. In these
situations, additional flexibility may be warranted and would
maintain scientific credibility by explicitly stating the error
risk levels and would be particularly justified in the situation
we envisage where the trial results are also augmented with ro-
bust information from in vivo and in vitro models of infection.
We feel that this is also aligned with the intention stated in FDA
guidance, where FDA can approve if there is “a positive
benefit-risk balance in the limited population…even though in-
sufficient data exist to conclude that there is a favorable
benefit-risk profile in a broader population.”

Our calculation of patients benefitting from the chosen ther-
apy assumed that all patients are either included in the trial or
benefit from its results by receiving the preferred treatment. In
reality, some patients will receive standard treatment outside

the trial while it is ongoing. Including these patients in the cal-
culations of the expected proportion of patients responding
would lead to even smaller trials being optimal when the new
agent was effective (as even more patients are receiving a sub-
optimal therapy) and would make little difference when it was
not effective. Therefore, as the trial sample size becomes large,
the expected number of patients benefitting from the chosen
therapy would decrease even more rapidly than in the calcula-
tions presented in this paper.
We acknowledge that this is a different level of evidence of

efficacy than is usually used for regulatory approval, and this
is why it is critical to gain the agreement of regulatory agencies
and the infectious disease community when designing such
studies that there is sufficient unmet and a small population
which justifies this alternate approach to provide interpretable
data for this patient population that would not otherwise be
available. Furthermore, and as with any NI trial, it is important
to be sure of the effectiveness of the control agent, and that the
primary endpoint is objective and reflects a true clinical benefit
to patients.
Beyond a change in statistical criteria for the primary end-

point, agreement to such a design and any final assessment
would always consider the benefit-risk profile of a new agent.
This would include detailed review of secondary efficacy end-
points. Knowledge of safety risks of an agent before the trial,
or with a specific drug class, may impact the acceptability of
a smaller safety dataset. These considerations are specific to a
given agent but would always need to be considered when de-
signing a trial as we have proposed.
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Figure 3. Plot of power and expected (Exp.) proportion (prop.) of responses in a trial using 80% confidence interval and −20% noninferiority margin. Cont, control.
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This approach is relevant for drugs with activity only against
a specific pathogen(s), and also for drugs with broad-spectrum
activity which includes an uncommon pathogen. In both cases,
this would provide important, quantitative data on pathogens
of interest, with the key difference being the amount of addi-
tional information it is possible to generate.

CONCLUSIONS

In conclusion, registrational trials for rare pathogens are diffi-
cult, and sometimes impossible, to conduct using traditional
statistical criteria. Explicit consideration by the medical, regu-
latory, and patient community of the ability to correctly ap-
prove an effective therapy, the risk of incorrectly approving
an ineffective therapy, and the overall number of patients ex-
pected to benefit should be used to help define clear success cri-
teria to ensure such studies can be conducted, so that data are
available in these important patient groups.
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