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De-escalation trials in oncology evaluate therapies that aim to improve the

quality of life of patients with low-risk cancer by avoiding overtreatment. Non-

inferiority randomized trials are commonly used to investigate de-intensified

regimens with similar efficacy to that of standard regimens but with fewer

adverse effects (ESMO evidence tier A). In cases where it is not feasible to

recruit the number of patients needed for a randomized trial, single-arm

prospective studies with a hypothesis of non-inferiority can be conducted as

an alternative. Single-arm studies are also commonly used to evaluate novel

treatment strategies (ESMO evidence tier B). A single-arm design that includes

both non-inferiority and superiority primary objectives will enable the ranking of

clinical activity and other parameters such as safety, pharmacokinetics, and

pharmacodynamics data. Here, we describe the statistical principles and

procedures to support such a strategy. The non-inferiority margin is calculated

using the fixed margin method. Sample size and statistical analyses are based on

the maximum likelihood method for exponential distributions. We present

example analyses in metastatic and adjuvant settings to illustrate the

usefulness of our methodology. We also explain its implementation with

nonparametric methods. Single-arm designs with non-inferiority and

superiority analyses are optimal for proof-of-concept and de-escalation

studies in oncology.
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1 Introduction

Molecular diagnostics and biomarkers have enabled many

cancers to be divided into clinical and biological subtypes, some

of which have a low risk of relapse or death (1–4). In patients with

low-risk breast cancer, de-escalation trials are increasingly being

conducted to evaluate therapies that aim to improve quality of life

by avoiding overtreatment (1, 5, 6). These trials use non-

inferiority designs to investigate de-intensified regimens with

efficacy similar to that of standard treatments but with fewer

toxic effects (5, 7–9). Although randomized trials provide the

strongest evidence (ESMO evidence tier A) for the efficacy of de-

escalation strategies (10–13), randomized designs are not always

the most efficient option and cannot be used to answer all research

questions (14–18). Furthermore, in certain cancer types and

phases of clinical development, it is not feasible to recruit the

number of patients needed for a randomized clinical trial. In such

cases, de-escalation strategies can be investigated using single-arm

or non-comparative trials (ESMO evidence tier B) (6, 13, 19–22).

Single-arm trials can also be used to evaluate novel therapies,

agents with a high expectation of tumor response, rare cancers,

salvage therapies, and therapies for late-stage disease, especially

when no standard-of-care exists and a robust historical database is

available (15, 18, 23). The inclusion of both non-inferiority and

superiority primary objectives in single-arm study designs enables

informed decisions that rank the magnitude of clinical activity

along with other parameters such as safety, pharmacokinetics, and

pharmacodynamics data (24–26).

Some treatments have been successful in phase III trials even

after producing negative results in phase II single-arm trials. In

these situations, a new treatment was deemed non-inferior to

standard-of-care therapy when considered in the context of

relevant parameters such as safety, duration of clinical benefit, or

targeting of a new biological pathway (27, 28). However, the

likelihood of a type I error (a) increases when a post-hoc non-

inferiority analysis is performed after an unsuccessful proof-of-

concept trial (25, 29). The probability of such an error can be

reduced by including the non-inferiority analysis in the

experimental design a priori (24–26). It is easy to include non-

inferiority and superiority analyses in single-arm one-stage or two-

stage studies with response rate as the primary endpoint (24);

however, the most reliable and preferred endpoint in cancer

studies is overall survival.

It is common to plan proof-of-concept and confirmatory

studies in oncology using time-to-event endpoints (19, 30, 31).

Most approvals for breast cancer drugs in adjuvant and advanced

settings are supported by improvements in overall survival, disease-

free survival (DFS), and progression-free survival (PFS) (32).

Although there are a few single-arm trials that used a historic

control arm to set a non-inferiority threshold for a time-to-event

outcome (5, 20, 33), these trials did not include and additional

superiority analysis for the primary objective. Here, we propose a

single-arm, time-to-event study design that includes both

superiority and non-inferiority analyses.
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2 Material and methods

2.1 Non-inferiority margin

Single-arm studies with a time-to-event primary endpoint

usually include a superiority analysis that aims to show that the

probability of survival (e.g., median PFS [mPFS]) with a certain

treatment is greater than the probability of survival estimated for an

active control arm (mPFS0) in a previous trial (34). Conversely, the

risk of progression or death with the treatment, represented by a

hazard rate (l) equal to the Napierian logarithm of 2 (LN[2])

divided by mPFS, is expected to be lower than the risk of

progression or death in the active control arm (l0) (34). In

contrast to such superiority analyses, a non-inferiority analysis

aims to show that the effect of a test drug in terms of survival is

not inferior to that of the historical comparator by more than a

specified amount called the non-inferiority margin (NIM) (29). The

NIM calculation is based on the difference in observed effects

between the historical comparator and placebo in previous

studies, which is represented by a hazard ratio (HR) that is

greater than 1 and equal to either the mPFS0 divided by the

mPFS in the placebo arm (mPFSplacebo) or the l in the placebo

arm (lplacebo) divided by the l0 (7, 24, 29). For example, if the HR is

2.4 with a 95% confidence interval (CI) of 1.44–3.56, the fixed

margin method is applied to select the 95% CI lower bound (1.44)

and adjust it to retain at least 50% of the historical effect of the active

control versus the placebo: 1.44(1–0.5) = 1.2. Accordingly, the

calculated NIM describes a ratio reflecting the largest loss of the

effect previously observed in the active control arm that would be

clinically acceptable (29).
2.2 Non-inferiority and superiority analyses
in a single-arm design

The null hypothesis (H0) for superiority and non-inferiority

analyses in a one-sided test can be defined in terms of survival

(mPFS) or hazard (l) parameters as follows:

H0superiority: mPFS≤mPFS0; l ≥ l0 (1)

H0non-inferiority: mPFS≤(mPFS0=NIM); l ≥ ðl0xNIMÞ (2)

Additionally, the magnitude of the difference between the

treatment arm and the historical control (i.e., the effect size) can

be defined in terms of mPFS or l for superiority and non-inferiority

analysis as follows:

Superiority :  mPFS – mPFS0;  l – l0 (3)

Non-inferiority :  mPFS – (mPFS0 = NIM);  l – ðl0xNIMÞ (4)

The cutoff for H0non-inferiority will be always lower than the cutoff

for H0superiority (i.e., mPFS0non-inferiority < mPFS0superiority), and the

converse will be true when H0 is defined in terms of hazard rates

(i.e., l0non-inferiority > l0superiority). At the time of final analysis in a
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single-arm trial, the number of patients recruited (n), the events

observed, the mPFS, and the l will be equal for the non-inferiority

and superiority analyses. Therefore, the difference in effect size

between the superiority and non-inferiority analyses is totally

dependent on the magnitude of the preplanned H0. In a one-

sided test that will accept H0 if the study mPFS is less than the

mPFS of the historical control, H0 is rejected only if mPFS is greater

than mPFS0 (or l is less than l0). In all these scenarios, the absolute

value of the effect size in the non-inferiority analysis will be greater

than the absolute value of the effect size in the superiority analysis:

mPFS – mPFS0j j<  mPFS – (mPFS0 = NIM)j j (5)

The same is true in terms of hazard rates:

If l <l0; then l0 <ðl0 x NIMÞ and  l – l0j j< jl – ðl0 x NIMÞj (6)

As the number of events is equal in the superiority and non-

inferiority analyses, it follows that the probability of detecting an

effect (i.e., the power of the test) will always be greater in the non-

inferiority analysis than in the superiority analysis. Therefore, the

type II error level (b) planned for the superiority analysis is retained
in the inferiority analysis (24, 35).

As stated in the United States Food and Drug Administration’s

multiple endpoint guidelines, despite evaluating multiple

hypotheses, “after demonstrating non-inferiority on the endpoint,

it is possible to then test for superiority at an unadjusted alpha”

Thus, in a superiority analysis with a time-to-event primary

endpoint, analysis of a non-inferiority hypothesis does not inflate

the type I error rate when the non-inferiority analysis and NIM are

properly pre-specified (29, 36).

The design proposed here can be used to assess both superiority

and non-inferiority criteria with the same sample size, type I error

rate (a), and b that would be used in a superiority-only strategy.

This applies to both parametric (exponential or Weibull

distribution estimator) and nonparametric (Kaplan–Meier or life

table estimator) approaches (34, 37).
3 Results

3.1 Sample size calculation in a
metastatic setting

The following section provides a numerical example of the

proposed design for a typical phase II single-arm (proof-of-

concept) trial that includes both non-inferiority and superiority

analyses in a metastatic setting. Suppose that mPFS for a standard

therapy is 12 months. This corresponds to a l0 (LN[2]/mPFS[12])

of 0.058. We would design a study to detect mPFS improvement to

at least 18 months (l1 = LN[2]/18 = 0.039), producing an HR of

0.67 (HR = 12/18). We plan a 12-month accrual period (ap) and a

24-month follow-up period (fp). We design the study to attain 90%

power (1 – b) using the maximum likelihood method for

exponential distributions at a nominal one-sided a level of 10%.

The maximum accepted a level in our example is higher than what

is usually used in confirmatory trials (i.e., one-sided a of 2.5% or

two-sided a of 5%). This is appropriate because of the exploratory
Frontiers in Oncology 03
nature of our trial. We also assume a 10% dropout rate. The

required number of patients and events is calculated as follows,

where Z is the standard normal cumulative distribution function for

a one-sided test (34):

Events =
(Z1−a=0:1 +  Z1−b=0:1)

2

(LN(HR = 0:667))2
=
 (1:282  +  1:282)2

( − 0:405)2
= 39:96 

≈  40 (7)

Probability ofevent = 1 − ( e
(−l1�fp)

l1�ap � (1 − e(−l1�ap))) =

1 −
e(−0:924)

1:39
� (1 − e(−0:462))

� �
= 0:682 (8)

Number   of   Patients =
Events 

Probability of  event
=  

40 
0:682

= 58:6 (9)

Drop out correction = 58:6=(1–dropout rate ½0:1�) = 65:1

≈ 66 patients (10)

The Excel functions to resolve this are “INV.NORM.ESTAND

(1–(a=0.1))” and “INV.NORM.ESTAND(1–(b=0.1))”; eX

represents the natural exponential function (“exp(x)” in Excel).
3.2 Final analyses in a metastatic setting

Continuing with this example, it is supposed that by the end of

the study 66 patients have been accrued, 54 PFS events have

occurred, and the final mPFS is 12 months, with a hazard rate

(lobs) of 0.058. Based on an NIM of 1.2, H0non-inferiority is an mPFS

(mPFS0/NIM = 12/1.2) of 10 months, which is equivalent to a non-

inferiority hazard rate (lNI = LN[2]/10) of 0.069. Final statistical

analyses for the superiority and non-inferiority objectives are

performed using the maximum likelihood method for exponential

distributions as follows (34):

Non-inferiority:

p value  =  (1 −F  (
ffiffiffiffiffiffiffiffiffiffiffiffi
events

p � (LN(lobs) − (LN(lNI))))  =
(1 −F  (

ffiffiffiffiffi
54

p � (LN(0:058) − (LN(0:069)))) =

0:09 (p < 0:1) (11)

Superiority:

p value  =  (1 −F  (
ffiffiffiffiffiffiffiffiffiffiffiffi
events

p � (LN(lobs) − (LN(l0))))  =
(1 −F  (

ffiffiffiffiffi
54

p � (LN(0:058) − (LN(0:058)))) =

0:5 (p > 0:1) (12)

The expression “ 1 −F  () “ is the standard normal cumulative

distribution, which is used to back-transform Z-scores into p values.
3.3 Analysis in an adjuvant setting

Usually, the primary objective of clinical trials in adjuvant

settings is DFS. The DFS rate is usually higher than 50%, so the

median survival is not estimable. However, the previous analyses

can be conducted in an adjuvant setting if the DFS rates are
frontiersin.org
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transformed into hazard rates and HRs. In a study investigating an

adjuvant therapy in early-stage breast cancer by Cardoso et al.

(2016), the DFS rate without distant metastasis for a standard

therapy was 95% at 5 years (60 months). This corresponds to a

l0 of 0.0009 (5).

l0  ¼  -LN(0:95)=(60 months)¼ 0:0009 (13)

The pre-specified NIM corresponds to a 3% difference in DFS

without distant metastases at 5 years (i.e., from 95% to 92%). This

corresponds to a l0NI of 0.0014 (5).

l0NI¼  -LN(0:92)=(60 months)¼ 0:0014 (14)

The study was designed to attain 80% power at a nominal two-

sided a level of 5%. Based on equation (7), the required number of

events for this single-arm design is 34. By contrast, 135 events

would be needed in a randomized study. The criteria for the

primary analysis were met with 748 patients recruited from the

primary test population; however, we would need about 3000

patients if we used a comparative design.
4 Discussion

De-intensification strategies are often developed in response to

new diagnostics that can select patients who do not need aggressive

therapy. Our proof-of-concept example shows how a novel de-

intensified treatment can be shown to be non-inferior to the

standard of care in selected patients. In such a case, if safety data

show that the novel treatment is better tolerated than the standard-

of-care, further confirmatory studies should be developed to

evaluate the novel treatment. Our method can also be used to

explore the efficacy of new drugs. For example, if a new drug

achieves the non-inferiority objective, as in our proof-of-concept

example, and also shows good tolerability, an appropriate

pharmacokinetic profile, and/or a novel molecular target, then it

might be expected to show further promising results when

combined with standard treatment in a phase II/III randomized

trial. Similarly, if a new drug achieves the superiority objective in

our study design, this would suggest that it may be effective as a

monotherapy (24).

Our approach enables the design of non-inferiority breast

cancer studies in settings where it is not feasible to recruit enough

patients for a comparative analysis (5, 6, 13). Although the sample

size needed for a non-inferiority study is usually expected to be

greater than the sample size needed for a superiority study, this is a

misunderstanding. Actually, when a non-inferiority study uses the

same assumptions as a superiority study, the non-inferiority study

will always need fewer patients than the superiority study. The

reason that non-inferiority studies are thought to need more

patients than superiority studies is because non-inferiority studies

assume that two treatments are equally effective, whereas

superiority studies never make this assumption (38). In addition

to the use of a single-arm primary analysis, there are some other

ways to improve the quality of data in de-intensification studies. For

example, a randomized non-comparative design can be used, in

which the randomized control arm has far fewer patients than
Frontiers in Oncology 04
would be needed for a powered comparative analysis (5, 6). Other

approaches might be to use an external control based on previous

clinical trials, detailed cancer registries, real-world evidence, and

synthetic control arms (39).

A single-arm trial designed to analyze both non-inferiority and

superiority objectives enables ranking of early efficacy and other

parameters such as safety, pharmacokinetics, and pharmacodynamics

data (26), making such an approach more informative than a trial

designed to analyze only superiority or non-inferiority (24–26). As

non-inferiority analysis is allowed, it could be conjectured that this

design makes easier that ineffective therapies were assessed as

promising. This assumes that evaluation of the treatment is based

exclusively on the non-inferiority result, without considering other

objectives. Risk-benefit assessments weighing all endpoints are

usually performed when establishing development plans for new

drugs. Accordingly, our method supports a comprehensive approach

to drug development by enabling the totality of the evidence to be

considered in favor of a therapy (40, 41).

Non-inferiority analysis can be implemented in time-to-event

studies using the log-rank test methodology (42). In addition, our

proposed design can be easily implemented with nonparametric

methods such as Kaplan–Meier analysis, which usually estimates

median survival or survival rates based on CIs. For instance, we

would achieve a positive non-inferiority result with a 90% CI of 3.6–

5.6, because the lower bound of the CI would be greater than 3.3, the

H0 for the non-inferiority test. Conversely, the superiority objective

would not be achieved, because the lower bound of the 90% CI

would be lower than 4, the H0 for the superiority test. The sample

size in time-to-event designs based on nonparametric tests can be

easily calculated with various methods and online calculators (43–

45). The same strategy can be used to prespecify thresholds for null

hypotheses under a Bayesian framework (31).

Our method includes the inherent drawbacks of studies that

rely on historical controls and non-inferiority analyses. These

limitations are common and well-known in non-inferiority

comparative study designs because the NIM must be based on

historical evidence (46). In randomized controlled designs of non-

inferiority, it is necessary to demonstrate assay sensitivity to declare

a therapy non-inferior in a single-arm trial (12). Additionally,

selection of inappropriate patients, premature discontinuations,

and poor compliance all favor conclusions of a lack of difference

between experimental and control arms in randomized trials. This

can lead to erroneous declarations of non-inferiority of the

experimental treatment. This bias is reduced when comparisons

are based on a theoretical rate of efficacy deduced from historical

controls (12, 46). Accordingly, single-arm designs with non-

inferiority analyses that are properly preplanned and conducted

are not more challenging than the usual randomized or single-arm

designs (5, 24).

Various strategies to evaluate multiple endpoints of efficacy and

safety in proof-of-concept trials have been proposed in Bayesian

and frequentist paradigms (e.g., EFFTox, Gumbel model, continual

reassessment method, and single-stage and two-stage time-to-event

designs). However, these designs do not rank non-inferiority and

superiority hypotheses to grade the magnitude of clinical activity in

the early clinical stages (19, 47–49).
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Altogether, analyses of non-inferiority and superiority in single-

arm trials are easily implemented in typical time-to-event designs

for adjuvant and metastatic settings. This approach is useful for

weighing additional factors such as safety, cost, and biomarkers

while also assessing efficacy, making it optimal for proof-of-concept

and de-intensification investigations in oncology.
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