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Abstract

Background Time-to-event data is commonly used in non-inferiority clinical trials. While the hazard ratio is a popu-
lar summary measure in this context, the difference in restricted mean survival time has been theoretically shown
to increase power and interpretability. This study aimed to empirically compare the power of the hazard ratio, differ-
ence in survival and difference in restricted mean survival time for non-inferiority clinical trials with a time-to-event
outcome recently published in key clinical journals.

Methods Sixty-five non-inferiority trials with a time-to-event outcome were included from two literature searches.
Individual patient data were reconstructed and reanalysed. The hazard ratio, difference in survival and difference

in restricted mean survival time were estimated under proportional hazards, using a Cox model for the hazard ratio
and a flexible parametric survival model for the latter two summary measures. The latter measures were additionally
estimated non-parametrically. Margin conversion was done using observed data in the control arm. Empirical power
was defined as the proportion of trials that rejected the null hypothesis.

Results Difference in restricted mean survival time gave a potential power advantage over the hazard ratio

with an empirical power increase of 7.7 (—5.4, 20.7) percentage points, and consistently outperformed difference
in survival. Difference in survival was more powerful than the hazard ratio, but while difference in restricted mean
survival time showed an empirical power advantage even when estimated non-parametrically, this was not gener-
ally true for difference in survival. Sub-group analyses consistently showed similar results. Results were more vari-
able when converting margins under an exponential distribution, highlighting the importance of correct margin
conversion.

Conclusion Our results empirically corroborate the theoretical advantage of difference in restricted mean survival
time over the hazard ratio and difference in survival in non-inferiority clinical trials. This advantage is most apparent
when estimation is done under proportional hazards. Choosing a relevant time point at which to evaluate the sur-

vival-based summary measures is an important aspect that should be carefully considered. We recommend incor-

poration of the difference in restricted mean survival time in the design and analysis of non-inferiority clinical trials
when clinically justifiable. If appropriate, estimation under proportional hazards is preferable.

Keywords Power, Non-inferiority, Time-to-event data, Proportional hazards, Hazard ratio, Difference in survival,
Restricted mean survival time
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Background

Non-inferiority clinical trials are increasingly used to
evaluate whether the efficacy of a new treatment is main-
tained as compared to the standard of care. New treat-
ments may be preferred because of beneficial qualities
not directly related to the primary outcome, such as
fewer side effects or cheaper production [1, 2]. Non-
inferiority trials often focus on time-to-event outcomes,
such as overall or progression-free survival, with appli-
cations coming mostly from oncology and cardiovascu-
lar disease [3, 4]. The hazard ratio (HR), expressing the
relative difference in hazard, is popular as a measure of
how treatment effects may differ between groups. How-
ever, because the HR is a relative measure, it has been
suggested that an absolute measure of survival should be
additionally reported for clinical interpretability [5, 6].
This is supported by the fact that the unitless HR, espe-
cially when assuming this ratio to be constant over time
as in the case of proportional hazards, provides no direct
information on how the survival time is affected. There-
fore, the usefulness of the HR for clinical decision making
has been a topic of discussion [7, 8]. Moreover, estima-
tion of the HR is often done under the strong assump-
tion of proportional hazards, imposing a constant HR
over time. Although time-varying HRs are possible, they
are rarely implemented and further complicate inter-
pretation. When the true hazards are non-proportional,
the average HR imposed by assuming proportional haz-
ards will be influenced by follow-up time. This raises
the point that estimation of the HR is highly influenced
by the (reported) follow-up time, highlighting that while
the estimated HR may hold up until a certain time point,
there is no guarantee it is truly generalisable [9].

Two alternative population-level summary measures
for time-to-event outcomes are the absolute risk differ-
ence or difference in survival (DS) and the difference
in restricted mean survival time (DRMST) [10]. The
DS evaluates the survival in both treatment arms at a
pre-specified time 7 and takes the difference of the two
estimates, thereby reporting only the survival at time
without providing insight on survival information before
and after. The restricted mean survival time equals the
area under the survival curve until time 7, incorporat-
ing the behaviour of the survival curves until this time. It
describes the expected event-free time for a patient fol-
lowed until time 7 [11]. As such, the DRMST, which is the
difference between the restricted mean survival times in
the two treatment arms, quantifies the absolute expected
difference in survival time over a fixed time horizon and
has an extra advantage over DS by making full usage of
the survival information until the pre-specified time. An
advantage of both the DS and DRMST is that they are
absolute measures of survival and are directly clinically
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interpretable [6]. Additionally, the proportional hazards
assumption is not a necessity in the estimation of these
measures, although estimation under proportional haz-
ards is possible [12].

For non-inferiority trials, beyond the aforementioned
advantages, it has been suggested that these summary
measures — and the DRMST in particular — can be
more powerful and lead to smaller sample sizes than
the HR [8, 10, 13]. This is due to the slightly different
null hypotheses tested using different summary meas-
ures, as the non-inferiority margin can only be matched
at the expected value of the distribution in the control
arm [14]. In the study conducted by Weir and Trinquart
[13], the DRMST was empirically shown to give a sample
size advantage over the HR. In that study, DRMST was
estimated using the Kaplan-Meier (KM) method, with-
out enforcing proportional hazards. More recently, we
showed through a simulation study that when the pro-
portional hazards assumption holds, estimation of the
DRMST under proportional hazards gives an additional
power advantage [10].

The aim of this study was to understand whether the
theoretical power advantage of the DRMST over the HR
translates empirically, extending the results of [13] to esti-
mation of the DRMST under proportional hazards. A lit-
erature search was conducted to identify non-inferiority
clinical trials with a time-to-event outcome. The under-
lying individual patient data were reconstructed using
the algorithm developed by Guyot et al. [15] and reana-
lysed to empirically compare the performance in power.
To reanalyse the data, the non-inferiority margins were
converted between measures using the observed data in
the control arm to provide a fair comparison between the
three measures. DS and DRMST were estimated both
with a flexible parametric survival model under propor-
tional hazards and using the non-parametric KM esti-
mator; HR was estimated using the Cox proportional
hazards model. The main performance measure to evalu-
ate different methods was empirical power, defined as the
proportion of ‘successful’ non-inferiority trials, i.e. trials
for which the null hypothesis was rejected, for each sum-
mary measure and method.

Methods

Literature search

The literature search aimed to identify non-inferiority
clinical trials with a primary time-to-event outcome.
Inclusion criteria consisted of reporting of the non-infe-
riority margin, a KM curve for each trial arm, a risk table,
and the expected event rate in the control group. Trials
which were pooled, secondary or meta analyses, cluster-
randomised or in a competing risk setting were excluded.
We considered publications in The New England Journal
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of Medicine, The Lancet, The British Medical Journal,
Nature and JAMA, and their subsidiaries, published
between January 1 2021 and March 15% 2024. The
search was conducted in PubMed. The complete litera-
ture search can be found in Appendix A. Articles were
included chronologically, starting from 2024 and moving
back in time, until the inclusion of 30 KM curves.

For each KM curve, the underlying individual patient
data were reconstructed. Published KM curves were out-
lined using WebPlotDigitizer to obtain the correspond-
ing coordinates [16]. The underlying trial data were then
reconstructed using the algorithm developed by Guyot
et al., which takes as input coordinates of the KM, as well
as a predefined set of intervals with corresponding num-
bers at risk at the start of each interval. The total number
of events were additionally included if available.

On top of the 30 reconstructed datasets as above, 35
datasets previously reconstructed by Weir and Trinquart
were included in the analysis, leading to a total of 65
datasets.

Analysis

The summary measures of interest consisted of the HR,
DS and DRMST. Let Sc(¢) and S4(t) denote the survival
functions of the control and active arms, respectively,
where ¢t is any time point after baseline ({9 = 0), and let
hc(t) and hy(t) denote the hazard of the control and
active arms, respectively. The HR then follows as [17]

ha(t)

RO = e

)

where under proportional hazards the HR is constant
over time, i.e. HR(t) = HR for all ¢t > 0. To define the DS
and DRMST, choose a time 7 > 0 at which the summary
measure is to be evaluated. The DS and DRMST at 7 are
then given by [7]

DS(z) = Sa(r) — Sc(7); 1)

T T
DRMST (t) = / Sat)dt — / Sc(t) dt. (2)
0 0

For the primary analysis, proportional hazards were
assumed for the estimation of all summary measures.
The HR was estimated using a Cox proportional hazards
regression model. The DRMST and the DS were esti-
mated using a flexible parametric survival model under
proportional hazards with two internal knots at the 33%
and 67% quantiles, emulating what was done in Quart-
agno et al. [10]. Because the data were reconstructed
without information on patient characteristics, no covar-
iates were included in the analysis. The DRMST and DS
were also estimated non-parametrically using the KM
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method, without any assumption on the proportionality
of the hazards. The KM method was chosen over a flexi-
ble parametric non-proportional hazards model for fairer
comparison with previous studies. Non-inferiority was
tested against the non-inferiority margin of the corre-
sponding summary measure by constructing the appro-
priate confidence interval, followed by a Z-test to acquire
a p-value. As implemented in the dani package in R [18],
confidence intervals for DS and DRMST under flexible
parametric survival modelling were estimated using the
delta method, Greenwood’s formula was used to obtain
confidence intervals for DS and DRMST under KM esti-
mation, and standard Wald intervals were used for the
HR. Significance was concluded based on the significance
level of the accompanying trial. Each trial was tested for
adherence to the proportional hazards assumption using
the Grambsch—Therneau test against a significance level
of 0.05.

Since non-inferiority margins are inherently tied to the
summary measure they are defined on, it was necessary
to convert the non-inferiority margin used in a given trial
to a corresponding margin for each summary measure.
To convert margins, it was assumed that the proportional
hazards assumption held, so that

SHC () = SMC ()FR,

leaving only SAC/IC(t) to be estimated - here, the super-
script M€ is used to denote these survival functions to
be those used for margin conversion. Assuming pro-
portional hazards in this setting was deemed appropri-
ate because it mimics how the margins would have been
defined during trial design, therefore rendering non-
adherence to proportional hazards irrelevant during mar-
gin conversion. Two approaches were used to estimate
SAC/IC(t): (i) an exponential distribution with an expected
event rate as reported by the accompanying trial, and (ii)
a flexible parametric regression model fit on the recon-
structed data of the control arm using two internal knots
placed at the 33% and 67% quantiles of the event times.
To avoid misspecification of the distribution, the latter
approach was deemed most appropriate and was used for
the primary and subgroup analyses. After approximation
of the control-arm survival function, i.e. ngc(t), and def-
inition of 7, the non-inferiority margins were converted
between each summary measure by plugging in the
parameters in Eqgs. (1) and (2), as appropriate, and solving
for the last unknown parameter. We refer to Appendix J
for further elaboration on margin conversion and worked
out examples.

For the DS and DRMST, the choice of 7 is of evident
importance. In practice, it is recommended to choose t
based on clinical considerations (z.,). In the trials for
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which the summary measure was chosen to be the HR, t
was not directly available. For these trials, T was defined
as the time at which the outcome was reported to be
evaluated, if available — for example, if the outcome was
5-year progression-free survival, T was set as 5 years.
Otherwise, the maximum available follow-up time was
used. For some trials, follow-up was reported for longer
than the time at which the outcome was evaluated. In
these cases, we additionally defined a maximal 7 as the
latest available follow-up time (7,,,y) to explore how the
choice of t influences outcomes, with the expectation
that reduction of t increases DRMST power. For trials
where follow-up was discontinued, or not reported, after
the time at which the outcome was evaluated we have
Telin = Tmax- In the conversion from a non-inferiority
margin for the HR to a margin for the DS or DRMST,
both ., and t,,,x were employed. The conversion from
DS and DRMST margins to the HR margin considered
only 7., under the assumption that the margin was
designed for this 7.

The empirical power was defined as the percentage
of trials for which non-inferiority was concluded at the
corresponding significance level. The summary measure
with the highest percentage of trials concluding non-infe-
riority was deemed most empirically powerful. The differ-
ence in proportions was tested using the exact McNemar
test; 95%-confidence intervals for the difference in pro-
portions are reported by Wald intervals. Additional sub-
group analyses were done for (i) trials without evidence
of non-proportionality, by (ii) original summary measure,
and by (iii) magnitude of the event risks. For the latter, we
firstly estimated the median survival at t.y;, in the control
arm for all trials, after which trials were categorised as a
low/high event risk if the survival at 7.j;,, was above/below
the median value across trials.

All analyses were performed in R, version 4.4.0 [19].
Flexible parametric survival models were fitted using
flexsurv, version 2.3.2 [20]. The survival package, version
3.7.0, was used for KM and Cox proportional hazards
model estimation [21]. Non-inferiority testing was done
using the dani package, available from GitHub [18]. The
reconstructed data and R code concerning the analysis
can be found on GitHub [22]. While we pre-planned our
analyses internally, because of the exploratory nature of
this work we did not feel it was necessary to publish the
pre-specified analysis plan.

Results

The literature search resulted in 106 published arti-
cles between January 1%t 2021 and March 15% 2024; 69
manuscripts were considered before inclusion was con-
cluded at 29 trials with 30 suitable time-to-event out-
comes that had a published KM curve and corresponding

Page 4 of 25

non-inferiority margin (see Appendix D for the recon-
structed curves). After addition of the 35 trials identi-
fied by Weir and Trinquart, a total of 65 datasets were
considered for analysis. Characteristics of the trials
can be found in Table 1; all 65 outcomes analysed were
unfavourable.

Non-inferiority margins were defined equally often for
the HR (n = 15) as for the DS (n = 14) in the newly iden-
tified trials, with only one trial defining a non-inferiority
margin for the DRMST. This is in contrast with the distri-
bution seen in the 35 trials identified by Weir and Trin-
quart, where the HR was more commonly used (n = 25
for the HR, n = 10 for the DS). Reconstructed summary
measures for the 30 newly included trials can be found
in Appendix F; we refer to Weir and Trinquart for more
in-depth information on the 35 previously digitised tri-
als. Converted margins for all 65 trials can be found in
Appendix G. Margin conversion using flexible paramet-
ric regression did not converge for the NPC-CT Vn trial
when using the pre-defined quantiles, therefore the inter-
nal knots were manually placed at 2.7 and 3.2 months to
achieve convergence. Evidence of non-proportionality
was found for eight of the 65 trials.

The main analysis focused on the DRMST and DS
estimated with a flexible parametric survival model
under proportional hazards where the margin conver-
sion was done with 7., and showed a power advantage
of the DRMST over both the DS and the HR (Table 2).
An empirical power increase of 7.7 percentage points
was observed between the DRMST and HR (p = 0.06),
although the confidence interval included the null (95%
-confidence interval: —5.4,20.7). This advantage of the
DRMST was maintained when the margin was converted
using 7,4, and under non-parametric estimation. A simi-
lar empirical power advantage over HR was observed for
the DS, although non-parametric estimation of DS was
found to be comparable to the HR and variable under the
choice of 7.

Three (4.6%) trials presented a different conclusion
between the HR and DS (Tang2022, ACTI, SIOP WT
2001). Two (3.08%) additional trials had disagreeing con-
clusions between the HR and DRMST (Oral (a), MERTH).
Evidence of non-proportionality was found for one of
these five trials (ACTI). These outcomes, which were
observed when estimation was done under proportional
hazards, held true regardless of which t was used. Further
investigation into the non-parametric estimation showed
more discordance than under proportional hazards.

A negative relationship was found between the power
and average p-values, such that, as expected, the trials
with the highest empirical power had the lowest aver-
age p-values. Figure 1 shows the relationship between
the p-values estimated using the different summary



Broer et al. BMC Medical Research Methodology

Table 1 Characteristics of the included trials

(2025) 25:139
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Journal
NEJM
JAMA
Lancet
BWUJ
Nature Medicine
Clinical application
Oncology
Cardiovascular disease
Transplantation
Diabetes
Infectious disease
Rheumatoid Arthritis
Surgery
Asthma or COPD
HIV
Obesity
Analysis
ITT
PP
mITT
Not reported
Randomization ratio
1:1
1:2
1:3
Sample size (median (IQR))

Original margin

HR

DS

DRMST
Concluded non-inferiority

No

Yes

Yes, concluded superiority
Event risk (median (IQR))

New included trials (n = 29)

12 (41.4)
9(31.0)
6(20.7)
1(34)
1(34)

14 (483)
9(310)
2(6.9)
1(34)
1(34)
1(34)
1(34)
0(0.0)
0(0.0)
0(0.0)

22(75.9)
4(138)
2(6.9)
1(34)

25(86.2)

3(103)

1(34)

913 (571,1525)

Included curves (n = 30?)

15(50.0)
14 (46.7)
1(3.3)

7(233)

20 (66.7)
3(10.0)

0.88 (0.74,0.94)

Trials included by [13] (n = 35
)

24 (68.6)
4(114)
7(200)
0(0.0)
0(0.0)

10 (286)
12(34.3)
0(0.0)
4(114)
129)
0(0.0)
0(0.0)
6(17.1)
1(29)
129)

26 (74.0)
4(11.0)
5(14.0)
0(0.0)

33(94.3)

1(29)

1(29)

1905 (733,3330)

Included curves by [13]
(n = 35)

25(714)
10 (28.6)
0(0.0)

6(17.1)
27.(77.1)
2(5.7)

087 (0.71,0.94)

2 One trial reported two Kaplan-Meier curves with a non-inferiority margin

Statistics are presented as n (%) unless otherwise indicated

Abbreviations: NEJM New England Journal of Medicine, JAMA Journal of the American Medical Association, BMJ British Medical Journal, COPD chronic obstructive
pulmonary disease, HR hazard ratio, DS difference in survival, DRMST difference in restricted mean survival time, (m)ITT (modified) intention to treat, IQR interquartile

range

measures, with the dark coloured points indicating tri-
als for which the summary measures were in disagree-
ment. The green rectangles show the area in which the
two margins would disagree for a significance level of
0.05, the blue rectangles indicate the area for which the

margins would disagree with a significance level of 0.025.
P-values were transformed to p'/1° for visualisation pur-
poses. The figure shows consistently lower p-values for
the DRMST and DS, compared to the HR. All discrepan-
cies between the summary measures disfavour the HR.
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Table 2 Primary outcomes using margin conversion under flexible parametric regression
Summary measure Model T Empirical power P-value characteristics

mean median minimum maximum
DRMST flexsurv (PH) clinical 0.862 0.031 133.107% 233.10736 630-107"
DRMST flexsurv (PH) maximum 0.862 0.031 145.10~% 233.10736 630-107"
DRMST KM maximum 0.862 0.032 277-1074 234.1073! 85610~
DRMST KM clinical 0.846 0.033 2.77-107* 2341073 856-107"
DS flexsurv (PH) clinical 0.831 0.035 130-107% 222-10733 570-10""
DS flexsurv (PH) maximum 0.831 0.037 213.107% 222.10733 570-10""
HR Cox - 0.785 0.043 251.1073 6.05-10~% 551107
DS KM clinical 0.785 0.059 138.10~4 985.10733 6.44 - 107"
DS KM maximum 0.754 0.063 721-1074 985.1073 644 -107"

Standard errors for the empirical power ranged between 0.043 and 0.053

Abbreviations: HR hazard ratio, DS difference in survival, DRMST difference in restricted mean survival time, PH proportional hazards, KM Kaplan-Meier
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Fig.1 P-values by summary measure, using a Box—Cox transformation [23] with 2 = %

Margin conversion under the exponential distribu-
tion provided less strong evidence for a power gain when
using DRMST; the DS estimated under proportional haz-
ards outperformed the DRMST by one trial and came
out as most powerful (Table 10, Appendix H). Similarly
to the conversion using flexible parametric regression,
the DRMST was robust between estimation methods and
consistently had higher power than the HR. The DRMST
regardless of estimation method, and DS estimated using
the flexible parametric survival model performed compa-
rably. Overall, a less clear pattern of behaviour in the rela-
tive performance of the summary measures was observed
in this scenario. Further analysis of the p-values, as can
be found in Fig. 6 in Appendix H, showed disagreement
between measures in both directions for all three pairs
of summary measures, with a generally wider spread
of p-values, although lower p-values remained for the
DRMST and DS as compared to the HR. Contradicting

this, the average p-value was lowest for the HR, regard-
less of it having the lowest empirical power.

All subgroup analyses provided evidence of an
increased empirical power when using the DRMST
under proportional hazards (Table 10, Appendix H).
The subgroup analysis in which trials with evidence of
non-proportionality were excluded gave directly analo-
gous results to the main analysis; this also holds for the
low event risk group and the group which had an origi-
nal non-inferiority margin on the HR scale, although an
absolute increase in the power of the HR was observable.
In case of a high event risk, all summary measures per-
formed similarly: all five estimations performed under
proportional hazards had identical power. The median
(interquartile range) survival at 7., in the control group,
which was used as the cut-off point between the low and
high event risk groups, was 0.88 (interquartile range:
0.74, 0.94). Trials for which the non-inferiority margin
was originally defined as a DS performed the worst on
the HR scale, but equivalently for the DRMST and DS,
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regardless of the estimation method. As in the primary
analysis, while empirical power increases were observed
in the subgroup analyses, 95%-confidence intervals
around the differences in power all included the null.

Discussion
We found the DRMST estimated using a flexible paramet-
ric survival model under proportional hazards to be the
most powerful summary measure for non-inferiority clin-
ical trials with a time-to-event outcome. This remained
consistent whether v was defined clinically or based on
the maximum follow-up time. Non-parametric estima-
tion of the DRMST at 7,,,4, was equivalent to flexible par-
ametric estimation of DRMST in all analyses. Using 7,
for the KM estimation of the DRMST reduced empirical
power in most analyses, indicating that, for non-para-
metric estimation, using the longest available follow-up
time is beneficial. Moreover, we found the estimation of
DS under proportional hazards to outperform its non-
parametrically estimated counterpart in all scenarios.
The former performed slightly worse than the DRMST
overall. Additionally, the HR never outperformed the DS
under proportional hazards, although it frequently out-
performed the non-parametrically estimated DS. Thereby,
the DS was observed to benefit strongly from the propor-
tional hazards framework. The HR was outperformed by
the DRMST in all scenarios, with exception of the high
event risk group, where the empirical power was identical.
Our estimates of empirical power when the margin was
converted using the exponential distribution were less
conclusive about the difference in performance between
DS and DRMST, but showed that both outperformed
the HR regardless of the estimation method. We hypoth-
esise that the differences in empirical power between the
two conversion methods are attributable to the trials for
which the expected event rate deviated from the observed
event rate. For these trials, the exponential distributions
were an inaccurate approximation of the observed data
in the control arm (see Appendix K). This leads to an
incompatible conversion of the non-inferiority margin.
The variability observed when using the exponential dis-
tribution as compared to the flexible parametric model
for the margin conversion highlights the importance
of correct margin matching between summary meas-
ures. Theoretically, using the expected event rate rather
than the observed is preferable, but our simulations (yet
to be published) show that incorrect specification of
the expected survival curve leads to large reductions in
power or inflation of type I error rate. Therefore, we gave
preference to estimation of the survival curve using the
observed data. While it has been shown that converting
the margin based on observed data can inflate error rates
with binary data [24], after exploratory simulations, we
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expect this choice to have little effect on the type I error
rate in these settings.

The definition of the non-inferiority margin is an
important aspect in both the comparison between sum-
mary measures and the design of non-inferiority trials
[25]. Because the non-inferiority margin is the mini-
mum non-acceptable boundary of the (1-«)-100%-con-
fidence interval, where « is the significance level, the
margin is inherently tied to the chosen summary meas-
ure, meaning that margins need to be correctly matched
for a fair comparison. Incorrect conversion of a mar-
gin between measures could give a false benefit to one
measure as a mere consequence of the margins being
incomparable [26]. As such, accurate translation of one
margin to another is of vital importance for a power
comparison between summary measures. Tables 6 and 7
in Appendix suggest, though, that margins are on aver-
age different depending on if the original scale was the
HR or DS. For example, the average non-inferiority mar-
gin when the original scale was HR (Table 6 in Appen-
dix) is approximately 1.5, with an average DS of around
five percentage points. However, when the original scale
was DS (Table 7 in Appendix), we find an average mar-
gin of seven percentage points, with an average HR of 2.

The importance of properly defining the non-inferiority
margin is further highlighted in guidelines published by
the Food and Drug Administration (FDA) and European
Medicines Agency (EMA) [27, 28]. FDA’s 2016 guideline
outlines key considerations in the design and analysis of
non-inferiority trials. They stress that margin choices
define the validity of the conclusions drawn from non-
inferiority trials. They additionally emphasize that mar-
gins should be defined during the design phase based
on prior knowledge. EMA’s 2004 guideline, focused spe-
cifically on the non-inferiority margin, similarly remarks
how statistical reasoning and clinical judgement should
be the basis for margin definition. Notably, neither guide-
line addresses how to appropriately choose a summary
measure. The FDA discusses measures for both absolute
and relative risk differences, but focuses mainly on the
hazard ratio with respect to time-to-event data, while the
EMA guideline does not discuss summary measures.

While for the purpose of this study, it was important
to convert the margins correctly, in order to make the
comparisons as fair as possible, in reality when design-
ing non-inferiority trials, margins should be designed on
the original scale following clinical guidance, such that it
has a meaningful interpretation for the chosen summary
measure. This advice is given despite elongation of fol-
low-up increasing power in the non-parametric setting.
Since power gain was marginal, while clinical interpret-
ability is vital, the recommendation remains to define the
non-inferiority margin as the most clinically meaningful
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in the first instance, and to only resort to considerations
around power when more than one summary measure is
considered clinically appropriate.

Of note, conversion of the margin is only necessary for (i)
methodological comparisons of summary measures, as in
this work, or (ii) situations where the summary measure was
changed from the original plan after the design has been
finalised. For the latter situation, we plan to publish guide-
lines on correctly matching the margins, where we plan to
include a simulation comparison of various approaches.

Direct interpretation of the average p-values is compli-
cated, because of a non-uniform and non-normal distri-
bution of the observed p-values with a tendency towards
zero with occasional outliers of high (> 0.4) p-values.
Therefore, descriptive statistics were reported along-
side the average p-values (also see Appendix I). Regard-
less, a clear trend was observed in the primary analysis:
p-values of the DRMST and DS were consistently lower
than the corresponding p-values of the HR. This was
not observed in the comparison of the DS and DRMST.
Additionally, the lowest average p-value was in line with
the highest empirical power, for all analyses performed
under the margin conversion with a flexible parametric
model. In case of equivalence between summary meas-
ures in terms of power, the DRMST was generally favour-
able in terms of p-values. This gives an extra advantage to
the DRMST, even under equivalent power.

Outcomes of the subgroup analyses were consistent with
the primary analysis, strengthening the conclusion of a
power advantage for the DRMST. Analysis solely on trials
for which no evidence of non-proportionality was found
were completely in line with the full analysis. As expected,
under stratification by original summary measure, power
performance increased for the corresponding summary
measure. This again highlights the importance of correct
margin conversion. Note that while the margin for the
DRMST was calculated through the HR, even when the
original margin was defined for the DS, the DRMST per-
forms equivalently to the DS while the HR considerably
drops in power for the analysis of the DS subgroup. No
such behaviour was observed for the HR subgroup, with
outcomes equivalent to the primary analysis.

The most noticeable difference between subgroups was
observed between event risks. In the case of a low event
risk, the DRMST clearly outperformed the DS and HR,
but performance was similar for all summary measures
when the event risk was high. This outcome is in line with
the fact that estimation of the HR is dependent on the
number of events, meaning that when the event risk is
high — and more events occur — the HR is more informa-
tive and can be estimated more precisely. Thereby, per-
formance of the HR in terms of power increases.
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The main challenge in the use of the DS and DRMST
is the choice of t [26, 29]. Namely, 7 should be chosen
such that the follow-up period is long enough to evalu-
ate the outcome reliably, while at the same time opti-
mised as to not have unnecessarily long follow-up times.
The optimal method for determining the appropriate
value of t remains unclear. In our study, little difference
in performance between the two explored options of T
were observed. Because the maximum t was defined dif-
ferently from the clinical 7 only for trials with additional
follow-up over the pre-specified moment of evaluation,
it held that 7,,,4x # 7., for only 18 (27.7%) trials. There-
fore, Tjuax equalled .y, for the majority of trials, leading
to identical outcomes. This might have caused the mar-
ginal changes between different definitions of t. Analys-
ing both possibilities was done for exploration purposes,
because equivalent margins between summary measures
were not readily available. In line with previous recom-
mendations [30], we recommend choosing 7 as a clini-
cally meaningful moment of evaluation.

Furthermore, we acknowledge that true follow-up times
may have exceeded those reported, since it is common for
trials to omit full follow-up to avoid long tails. This has
some implications for all three summary measures. If the
reported follow-up time was arbitrary such that enough
data was presented without showing long tails with few
events, our definition of T (whether undefined at the
moment of evaluation, or set as 7,,,, otherwise) holds little
clinical meaning. This raises the question of how to appro-
priately choose a 7 suitable for the situation at hand, as
pointed out by Freidlin, Hu and Korn [26]. Omitting longer
follow-up also affects estimates of the HR, because of pos-
sible deviations from proportional hazards and different
behaviour of the event rate at different times after baseline.

In line with Weir and Trinquart [13], we found an empiri-
cal power advantage of the DRMST over the HR. As com-
pared to their findings, we found a larger discrepancy
between the HR and DRMST - i.e. more trials with a dif-
ferent conclusion between the HR and DRMST - possibly
showing the additional benefit of estimation of DRMST
under proportional hazards. However, difference between
non-parametric and parametric estimation of DRMST only
gave marginal differences, suggesting the stronger differ-
ences might just be due to chance. In their study, they found
a different conclusion between the summary measures only
for one trial. In this subset of the 35 trials, we found an addi-
tional two trials with opposing conclusions. Even with the
non-inferiority margin as defined by Weir and Trinquart,
who used the Weibull distribution for margin conversion,
these discrepancies remain. Furthermore, our findings were
in line with the simulation results of Quartagno et al. [10].

Our study has a number of limitations, the first one being
the limited sample size of 65 trials. This was the number of
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trials we could realistically include. The limited sample size
is especially apparent in the subgroup analyses, where sub-
groups became as small as 24 trials. The difference in empir-
ical power between HR and DRMST, while confirming the
results of previous simulation studies, are not statistically
significantly different from 0. However, the pattern of a
power benefit when using DRMST across analyses confirms
the plausibility that there is such an effect or even larger.
With respect to the subgroup analysis for the trials with-
out evidence of a violated proportional hazards assump-
tion, it should be noted that trials were categorised solely
on the Grambsch—Therneau test. As such, some trials por-
trayed clear evidence of non-proportionality (e.g. because
of crossing Kaplan—Meier curves), but were not excluded in
the subgroup analysis due to a non-significant Grambsch—
Therneau test. This is further highlighted by the fact that we
found additional trials to violate the proportional hazards
assumption in the 35 previously reconstructed trials by Weir
and Trinquart [13], and vice versa. Thus, one may wonder if,
since the absence of evidence for non-proportionality is not
evidence of proportionality, clinical considerations should
be taken into account when determining adherence to the
proportional hazards assumption.

Moreover, reconstructed data were used rather than
the original; as a results, our data may have deferred from
the actual underlying trial data. In doing so, all informa-
tion on patient characteristics were lost, excluding the
possibility of adjusted estimations. To ensure comparabil-
ity, the reconstructed summary measure was compared
with the original summary measure for all trials such that
the reconstruction was within an acceptable range. If the
original summary measure could not be reconstructed
within a margin of 0.05 for the HR and DS, and 0.1 for
the DRMST, the trial was excluded.

Lastly, as previously acknowledged, another limitation is
the margin conversion. Since performing the margin con-
version under an incorrect distribution may lead to large
biases, ensuring the conversion was done correctly was a
crucial aspect of this study. To ensure correct specifica-
tion of the survival curve, we used observed data, thereby
using the observed data twice - both in the margin con-
version and later in the analyses. However, employing
this approach avoids misspecification of the distribution,
strengthening comparability between summary measures.

In the design of non-inferiority trials, margins should be
defined directly for the chosen summary measure, without
intermediate conversion between measures such that the
margin is clinically meaningful. To this end, further explo-
ration should be done on how to choose a 7 that is both
clinically relevant and optimises the length of follow-up.
Additionally, further investigation into robustness against
violation of the proportional hazards assumption is needed.

Page 9 of 25

Conclusion

In non-inferiority clinical trials, the DRMST gives a
power advantage over the popular HR as estimated with
a Cox proportional hazards model. The DRMST and DS
show power benefits when estimated under proportional
hazards using a flexible parametric survival model, both
compared to their non-parametrically estimated coun-
terparts and the HR; in turn, the DRMST consistently
outperformed the DS. Outcomes were variable under
different methods of margin conversion, highlighting the
importance of correct conversion of non-inferiority mar-
gins between summary measures for a fair comparison.
In practice, margins should be designed for the appropri-
ate summary measure with a clinically meaningful time
7 at which the DS or DRMST is to be evaluated. When
clinically justifiable, we recommend implementation of
the DRMST in non-inferiority clinical trials with time-to-
event outcomes, specifically with estimation under pro-
portional hazards if appropriate.

Appendices
1 Literature search terms
(“The New England journal of medicine”[Journal] OR
“Lancet (London, England)’[Journal] OR “The Lan-
cet. Oncology”[Journal] OR “The Lancet. Infectious
diseases”[Journal] OR “The Lancet. Neurology”[Journal]
OR “The Lancet. Global health”’[Journal] OR “British medi-
cal journal’[Journal] OR “BMJ”[Journal] OR “BM]J (Clinical
research ed.)”[Journal] OR “BM]J open”[Journal] OR “BM]J
case reports”[Journal] OR “BM]J global health”[Journal] OR
“BM] quality safety”’[Journal] OR “Nature”’[Journal] OR
“Nature medicine”[Journal] OR “Nature genetics”[Journal]
OR “JAMA’[Journal] OR “JAMA network open”[Journal]
OR “JAMA internal medicine’[Journal]l OR “JAMA
ophthalmology”[Journal] OR “JAMA surgery”[Journal])

AND

(“non-inferiority” OR “non-inferior” OR “noninferior-
ity” OR “noninferior” OR “non inferiority” OR “non infe-
rior” OR “equivalence”)

AND

(“Kaplan-Meier” OR “Kaplan Meier” OR “cumulative
incidence” OR “hazard ratio” OR “hazard” OR “hazards”
OR “Cox” OR “time to” OR “survival” OR “median fol-
low-up” OR “median follow up”)

AND

(“2021/01/01”[PDAT] : “2024/03/15”[PDAT))

NOT

(“protocol”’[Title] OR “systematic review”[Title] OR
“systematic-review”[Title] OR “meta-analysis”[Title] OR
“meta analysis”[Title])
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2 Consort diagram of literature search

Articles considered in
literature search
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Expected event rate unavailable (n = 3)

NI margin not HR/DS/DRMST (n=1)

(n=69)
Excluded, due to:
e No KM related to NI margin (n = 17)
e Wrong type of trial (n = 8)
L ]
e  Secondary analysis (n = 3)
¢  Competing risks framework (n = 2)
e Norisk table (n=1)
e No NI margin (n=1)
L]
e Duplicate (n=1)
Eligible for
data reconstruction
(n=32)

Excluded, due to:

s KM or summary measure not
reproducible (n = 2)
e <2events(n=1)

Included in analysis
(n=29)

Fig. 2 Consort diagram of literature search

3 References to included trials Study ID

Reference

References to the 29 included trials. One trial (ORAL)

reported two Kaplan-Meier curves with a corresponding RS
non-inferiority margin and was therefore included twice,

leading to a total of 30 datasets.

Table 3 References to included trials

Study ID Reference BioVasc

Altorki2023 Altorki N, Wang X, Kozono D, Watt
C, Landrenau R, Wigle D, et al. Lobar
or sublobar resection for peripheral
stage IA non-small-cell lung cancer.
New England Journal of Medicine.
2023;388(6):489-98.

Mehra MR, Netuka |, Uriel N, Katz JN,
Pagani FD, Jorde UP, et al. Aspirin
and hemo- compatibility events
with a left ventricular assist device
in advanced heart failure: the ARIES-
HM3 randomized clinical trial. JAMA.
2023;330(22):2171-81.

Diletti R, den Dekker WK, Ben-
nett J, Schotborgh CE, van der
Schaaf R, Sabaté M, et al. Imme-
diate versus staged complete
revascularisation in patients
presenting with acute coronary
syndrome and multivessel coronary
disease (BIOVASC): a prospec-
tive, open-label, non-inferiority,
randomised trial. The Lancet.
2023;401(10383):1172-82.
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Study ID Reference Study ID Reference

CLASS-01 Huang C, Liu H, Hu'Y, Sun', Su LIFE-BTK Varcoe RL, DeRubertis BG, Kolluri
X, Cao H, et al. Laparoscopic vs R, Krishnan P, Metzger DC, Bonaca
open distal gastrectomy for locally MP, et al. Drug-eluting resorb-
advanced gastric cancer: five-year able scaffold versus angioplasty
outcomes from the CLASS-01 rand- for infrapopliteal artery disease.
omized clinical trial. JAMA Surgery. New England Journal of Medicine.
2022;157(1):9-17. 2024;390(1):9-19.

DYNAMIC Tie J, Cohen JD, Lahouel K, Lo SN, Limaye2023 Limaye AP, Budde K, Humar A,
Wang Y, Kosmider S, et al. Circulating Vincenti F, Kuypers DR, Carroll RP,
tumor DNA analysis guiding adju- et al. Letermovir vs valganciclovir
vant therapy in stage Il colon cancer. for prophylaxis of cytomegalovi-
New England Journal of Medicine. rus in high-risk kidney transplant
2022:386(24):2261-72. recipients: a randomized clinical

Etoh2023 Etoh T, Ohyama T, Sakuramoto S, trial. JAMA. 2023;330(1):33-42.

Tsuji T, Lee SW, Yoshida K, et al. Ma02023 Mao YP, Wang SX, Gao TS, Zhang
Five-year survival outcomes N, Liang XY, Xie FY, et al. Medial

of laparoscopy-assisted vs open retropharyngeal nodal region spar-
distal gastrectomy for advanced ing radiotherapy versus standard
gastric cancer: the JLSSG0901 rand- radiotherapy in patients with naso-
omized clinical trial. JAMA Surgery. pharyngeal carcinoma: open
2023;158(5):445-54. label, non-inferiority, multicentre,

FAME 3 Fearon WF, Zimmermann FM, De randomised, phase 3 trial. BMJ.
Bruyne B, Piroth Z, van Straten 2023;380.

AH, Szekely L, et al. Fractional flow NPC-CTVn Tang LL, Huang CL, Zhang N, Jiang
reserve-guided PCl as compared W, Wu'YS, Huang SH, et al. Elective
with coronary bypass surgery. upper-neck versus whole-neck
New England Journal of Medicine. irradiation of the uninvolved neck
2022,386(2):128-37. in patients with nasopharyngeal

FOCUS Yu J, Gao Y, Chen L, Wu D, Shen Q, carcinoma: an open-label, non-
Zhao Z, et al. Effect of $-1 plus oxali- |nferlorlty,»multlcentre, randomised
platin compared with fluorouracil phase 3 trial. The Lancet Oncology.
leucovorin plus oxaliplatin as perio- 2022;23(4):479-90.
perative chemotherapy for locally ODYSSEY Turkova A, White E, Mujuru HA,
advanced, resectable gastric cancer: Kekitiinwa AR, Kityo CM, Violari A,

a randomized clinical trial. JAMA et al. Dolutegravir as first-or second-
Network Open. 2022;5(2):e220426-6. line treatment for HIV-1 infection

IMPORT HIGH Coles CE, Haviland JS, Kirby AM, in children. New England Journal
Griffin CL, Sydeﬂham MA, Tltley JC, of Medicine. 2021,385(27)2531 -43.
et al. Dose-escalated simultane- ORAL? Ytterberg SR, Bhatt DL, Mikuls TR,
ous integrated boost radiotherapy Koch GG, Fleischmann R, Rivas JL,
in early breast cancer (IMPORT et al. Cardiovascular and cancer risk
HIGH): a multicentre, phase 3, non- with tofacitinib in rheumatoid arthri-
inferiority, open-label, randomised tis. New England Journal of Medi-
controlled trial. The Lancet. cine. 2022:386(4):316-26.
2023;401(10394):2124-37. Plante2024 Plante M, Kwon JS, Ferguson S,

INSURE Pan Y, Meng X, Yuan B, Johnston Samouélian V, Ferron G, Maulard A,
SC, Li H, Bath PM, et al. Indobufen et al. Simple versus Radical Hysterec-
versus aspirin in patients with acute tomy in Women with Low-Risk Cer-
ischaemic stroke in China (INSURE): vical Cancer. New England Journal
A randomised, double-blind, of Medicine. 2024;390(9):819-29.
double-dummy, active control, POISE-3 Devereaux P, Marcucci M, Painter
non-inferiority trial. The Lancet TW, Conen D, Lomivorotov V, Sessler
Neurology. 2023;22(6):485-93. DI, et al. Tranexamic acid in patients

INVICTUS-VKA Connolly SJ, Karthikeyan G, Ntsekhe undergoing noncardiac surgery.

M, Haileamlak A, El Sayed A, El New England Journal of Medicine.
Ghamrawy A, et al. Rivaroxaban 2022:386(21):1986-97.
In rheumatic heart disease- PROSPECT Schrag D, Shi Q, Weiser MR, Gol-

associated atrial fibrillation. New
England Journal of Medicine.
2022,387(11):978-88.

lub MJ, Saltz LB, Musher BL, et al.
Preoperative Treatment of Locally
Advanced Rectal Cancer. New
England Journal of Medicine.
2023;389(4):322-34.
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Study ID Reference Study ID Reference
Ruff2022 Ruff CT, Baron M, Im K, O'Donoghue Tang2022 Tang LL, Guo R, Zhang N, Deng
ML, Fiedorek FT, Sabatine MS. B, Chen L, Cheng 7B, et al. Effect
Subcutaneous infusion of exena- of radiotherapy alone vs radiother-
tide and cardiovascular outcomes apy with concurrent chemoradio-
in type 2 diabetes: a non-inferiority therapy on survival without disease
randomized controlled trial. Nature relapse in patients with low-risk
Medicine. 2022:28(1):89-95. nasopharyngeal carcinoma: a ran-
$aji2022 Saji H, Okada M, Tsuboi M, Nakajima domized clinical trial. JAMAama.
R, Suzuki K, Aokage K, et al. Seg- 2022;328(8):728-36.
mentectomy versus lobectomy TRAVERSE Lincoff AM, Bhasin S, Flevaris P,
in small-sized peripheral non- Mitchell LM, Basaria S, Boden WE,
small-cell lung cancer (JCOG0802/ et al. Cardio- vascular safety of tes-
WJOG4607L): a multicentre, tosterone-replacement therapy.
open-label, phase 3, randomised, New England Journal of Medicine.
controlled, non-inferiority trial. The 2023:389(2):107-17.
Lancet. 2022;399(10335):1607-17. UK TAVI Investigators TUTT. Effect of Tran-
Schroder2023 Schroder JN, Patel CB, Devore AD, scatheter Aortic Valve Implantation
Bryner BS, Casalinova S, Shah A, vs Surgical Aortic Valve Replacement
et al. Trans- plantation outcomes on All-Cause Mortality in Patients
with donor hearts after circulatory With Aortic Stenosis: A Ran-
death. New England Journal of Med- domized Clinical Trial. JAMA. 2022
icine. 2023;388(23):2121-31. 05;327(19):1875-87.
SHARE Min PK, Kang TS, Cho YH, Cheong Yuan2023 Yuan P, Kang Y, Ma F, Fan Y, Wang
SS, Kim BK, Kwon SW, et al. P2Y12 J,Wang X, et al. Effect of Epiru-
Inhibitor Monotherapy vs Dual Anti- bicin Plus Paclitaxel vs Epirubicin
platelet Therapy After Deployment and Cyclophosphamide Followed
of a Drug-Eluting Stent: The SHARE by Paclitaxel on Disease-Free Sur-
Randomized Clinical Trial. JAMA vival Among Patients With Operable
network open. 2024;7(3).e240877-7. ERBB2-Negative and Lymph Node-
STAR Brown JE, Royle KL, Gregory W, Positive Breast Can- cer: A Rand-

Ralph C, Maraveyas A, Din O, et al.
Temporary treatment cessation
versus continuation of first-line
tyrosine kinase inhibitor in patients
with advanced clear cell renal cell
carcinoma (STAR): An open-label,
non-inferiority, randomised, con-
trolled, phase 2/3 trial. The Llancet
Ooncology. 2023;24(3):213-27.

omized Clinical Trial. JAMA Network
Open. 2023;6(2):e230122-2.

2Two curves were included from this trial
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4 Reconstructed Kaplan-Meier curves
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Fig. 3 A selection (Curves 1-12) of reconstructed Kaplan-Meier curves for trials included in this study
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Fig. 5 A selection (Curves 25-30) of reconstructed Kaplan-Meier curves for trials included in this study
5 Reported significance level and power
Table 4 Reported significance level and power
Study ID Significance One/twosided Power Study ID Significance One/twosided Power
level level
Altorki2023 0.05 onesided 08 NPC-CTVn 0.025 onesided 0.8
ARIES-HM3 0.025 onesided 038 ODYSSEY 0.05 twosided 09
BioVasc 0.05 twosided 0.8 ORAL 0.05 twosided 0.8
CLASS-01 0.05 onesided 09 Plante2024 0.05 onesided 0.85
DYNAMIC 0.05 twosided 0.8 POISE-3 0.025 onesided 0.98
Etoh2023 0.05 onesided 0.75 PROSPECT 0.098 twosided 0.85
FAME 3 0.025 onesided 0.9 Ruff2022 0.046 twosided 0.9
FOCUS 0.025 onesided 0.8 Saji2022 0.05 onesided 0.8
IMPORT HIGH 0.025 onesided 08 Schroder2023 0.1 twosided 0.8
INSURE 0.025 onesided 0.8 SHARE 0.05 twosided 0.8
INVICTUS-VKA 0.025 onesided 0.86 STAR 0.05 twosided 0.8
LIFE-BTK 0.025 onesided 0.84 Tang2022 0.05 onesided 0.8
LIFE-BTK 0.025 onesided 0.84 TRAVERSE 0.05 twosided 0.9
Limaye2023 0.05 twosided 09 UKTAVI 0.025 onesided 0.8
Mao2023 0.025 onesided 0.8 Yuan2023 0.05 onesided 0.8
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6 Reconstructed effect sizes

Table 5 Reconstructed effect size estimates and evidence of non-proportionality

Study ID Summary Effect estimate Time horizon  Adjusted NI Concluded  Evidence of non-
measure proportionality
Reported Reconstructed Time  Unit
Altorki2023 HR 1.01 1.02 7 y Yes Yes No
BioVasc HR 0.78 0.78 365 d No Yes Yes
Etoh2023 HR 0.96 0.94 5 y Yes Yes No
FAME 3 HR 15 1.55 365 d Yes No No
INSURE HR 1.23 122 90 d Yes No No
INVICTUS-VKA HR 1.25 1.25 54 m Yes No Yes
ORAL (a) HR 133 1.33 72 m No No No
ORAL (b) HR 148 148 72 m No No No
POISE-3 HR 1.02 1.02 30 d Yes No No
PROSPECT HR 0.92 0.90 60 m Yes Yes No
Ruff2022 HR 1.21 1.21 900 d Yes Yes No
Saji2022 HR 0.663 0.71 5 y Yes Yes No
STAR® HR 1.03 1.01 24 m Yes No No
TRAVERSE HR 0.96 0.92 48 m No Yes No
Yuan2023 HR 0.82 0.82 60 m No Yes Yes
ARIES-HM3 DS -0.06 -0.0685 12 m No Yes No
DYNAMIC DS -0.011 -0.0228 24 m No Yes No
FOCUS DS -0.074 -0.0780 36 m No Yes No
IMPORT HIGH DS -0.001 -0.0010 5 y No Yes No
LIFE-BTK DS -0.3 -0.2539 365 d No Yes, superiority ~ No
Limaye2023 DS -0.014 -0.0094 52 w Yes Yes No
Ma02023 DS -0.002 -0.0011 36 m Yes Yes No
NPC-CTVn DS -0.014 -0.0143 36 m No Yes No
ODYSSEY DS -0.08 -0.0851 96 w Yes Yes, superiority ~ No
Plante2023 DS -0.0035 -0.0037 3 y No Yes No
Schroder2023 DS -0.03 -0.0778 6 m Yes No No
SHARE DS -0.0136 -0.0137 12 m No Yes No
Tang2022 DS -0.014 -0.0148 36 m No Yes No
UKTAVI DS -0.02 -0.0044 12 m Yes Yes No
CLASS-01 DRMST 117 1.07 60 m No Yes No

2 Inverse of the reported effect estimate is given here for uniformity.

Abbreviations: N/ non-inferiority, HR hazard ratio, DS difference in survival, DRMST difference in restricted mean survival time, d day, w week, m month, y year
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Study ID Original margin Conversion under flexible Conversion under exponential Telin
parametric model distribution
Type Margin DS DRMST A DS DRMST Time Unit

Altorki2023 HR 1.306 -0.09 -042 0.0862 -0.09 -041 7 y
BioVasc HR 1.39 -0.03 -10.23 0.0003 -0.04 -7.56 365 d
Etoh2023 HR 1.31 -0.07 -0.24 0.0862 -0.08 -0.24 5 y
FAME 3 HR 1.65 -0.04 -11.86 0.0003 -0.06 -11.39 365 d
INSURE HR 1.25 -0.02 -0.98 0.0010 -0.02 -0.99 90 d
INVICTUS-VKA HR 146 -0.11 -3.46 0.0017 -0.04 -1.05 54 m
ORAL (a) HR 1.8 -0.03 -1.23 0.0009 -0.21 -11.37 72 m
ORAL (b) HR 1.8 -0.03 -1.28 0.0009 -0.21 -11.37 72 m
PROSPECT HR 1.29 -0.05 -1.86 0.0050 -0.08 -3.01 60 m
POISE-3 HR 1.125 -0.02 -044 0.0084 -0.02 -0.25 30 d
Ruff2022 HR 1.8 -0.05 -22.59 0.0000 -0.01 -5.27 900 d
Saji2022 HR 1.54 -0.05 -0.10 0.0211 -0.05 -0.13 5 %
STAR? HR 1.232 -0.07 -1.00 0.0302 -0.07 -1.20 24 m
TRAVERSE HR 15 -0.05 -1.22 0.0013 -0.03 -0.69 48 m
Yuan2023 HR 1.30 -0.05 -144 0.0031 -0.05 -1.46 60 m
AUSTRI HR 2 -0.01 -0.02 0.0013 -0.01 -0.02 6 m
CHORUS HR 1.18 -0.06 -1.71 0.0193 -0.06 -1.38 36 m
COMPARZ HR 1.25 -0.07 -1.63 0.0630 -0.07 -1.59 24 m
ELIXA HR 13 -0.02 -0.15 0.0088 -0.03 -0.18 12 m
EXAMINE HR 13 -0.04 -0.81 0.0052 -0.04 -0.62 30 m
FIREandICE HR 143 -0.11 -21.70 0.0010 -0.10 -21.09 365 d
FLAME HR 1.15 -0.04 -2.30 0.0006 0.00 -0.12 52 w
HOKUSAI-VTE HR 15 -0.02 -4.03 0.0001 -0.01 -2.71 365 d
Hussain-NEJM HR 1.2 -0.06 -043 02374 -0.04 -048 9 y
IBIS-II DCIS HR 1.25 -0.01 -0.02 0.0161 -0.02 -0.05 5 y
JASPAC 01 HR 1.25 -0.08 -0.16 0.3406 -0.08 -0.19 3 y
MERTH HR 1.7 -0.05 -0.09 0.1054 -0.14 -0.25 3 y
NBCVOT HR 14 -0.01 -0.55 0.0003 -0.01 -0.61 104 w
PARTNER2 HR 1.2 -0.04 -0.68 0.0149 -0.05 -0.66 24 m
Peters-NEJM HR 2 -0.01 -0.71 0.0000 -0.01 -0.68 182.5 d
PET-NECK HR 15 -0.08 -1.04 0.0120 -0.10 -1.36 24 m
PROTECT AF HR 2 -0.14 -4.55 0.0051 -0.02 -7.73 60 m
REDUCE HR 1515 -0.13 -18.90 0.0011 -0.15 -18.66 182.5 d
RE-SONATE HR 2.85 -0.02 -0.22 0.0038 -0.04 -0.33 18 m
Rummel-Lancet HR 1.32 -0.10 -2.35 0.0193 -0.10 -2.38 36 m
SIMPLE HR 15 -0.03 -0.05 0.0513 -0.05 -0.07 25 y
SUSTAING HR 1.8 -0.06 -3.50 0.0004 -0.03 -1.60 104 w
TECOS HR 13 -0.04 -1.04 0.0023 -0.03 -0.74 48 m
VESTRI HR 2675 -0.01 -0.03 0.0012 -0.01 -0.03 6 m
WISDOM HR 1.2 -0.06 -242 0.0015 -0.01 -2.02 52 w

2 Inverse of the reported non-inferiority margin is given here for uniformity.

Abbreviations: HR hazard ratio, DS difference in survival, DRMST difference in restricted mean survival time, d day, w week, m month, y year
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Table 7 Converted non-inferiority margins, original summary measure: difference in survival

Study ID Original margin Conversion under Conversion under exponential Telin
flexible parametric distribution
model
Type Margin HR DRMST A HR DRMST Time Unit

ARIES-HM3 DS -0.1 142 -0.86 0.0285 1.44 -0.69 12 m
DYNAMIC DS -0.085 232 -0.98 0.0073 161 -1.10 24 m
FOCUS DS -0.08 133 -1.54 0.0107 132 -1.68 36 m
IMPORT HIGH DS -0.03 249 -0.08 0.0103 1.63 -0.08 5 y
LIFE-BTK DS -0.1 1.35 -21.78 0.0012 1.39 -21.81 365 d
Limaye2023 DS -0.1 191 -1.73 0.0036 1.69 -2.83 52 w
Mao2023 DS -0.08 337 -1.50 0.0017 244 -1.49 36 m
NPC-CTVn DS -0.08 373 -142 0.0008 383 -148 36 m
ODYSSEY DS -0.1 1.58 -4.33 0.0021 1.66 -5.25 96 w
Plante2024 DS -0.04 2.89 -0.05 0.0136 204 -0.06 y
Schroder2023 DS -0.2 292 -0.94 0.0121 4.34 -0.64 6 m
SHARE DS -0.03 1.94 -0.16 0.0043 1.63 -0.18 12 m
Tang2022 DS -0.1 238 -1.51 0.0029 212 -1.90 36 m
UKTAVI DS -0.05 1.81 -0.37 0.0065 1.71 -0.31 12 m
ACTI DS -0.03 1.90 -8.93 0.0001 1.69 -5.59 365 d
ARROW DS -0.055 151 -3.09 0.0010 1.67 -2.76 96.2 w
BEST DS -0.04 1.56 -0.06 0.0639 1.36 -0.04 2 y
EXCEL DS -0.042 132 -1.25 0.0032 141 -0.79 36 m
Johnson-NEJM DS -0.05 139 -1.07 0.0014 2.05 -0.92 36 m
LEADERS FREE DS -0.032 1.28 -8.50 0.0002 142 -6.04 365 d
OPTIMIZE DS -0.027 1.48 -6.98 0.0003 1.32 -5.11 365 d
RAPID DS -0.07 240 -1.85 0.0014 249 -1.30 36 m
SIOPWT 2001 DS -0.1 253 -1.39 0.0063 1.82 -1.29 24 m
US Core Valve® DS -0.075 146 -0.62 0.0186 144 -0.49 12 m

2The margin reported here differs from the margin reported by Weir and Trinquart [13].

Abbreviations: HR hazard ratio, DS difference in survival, DRMST difference in restricted mean survival time, d day, w week, m month, y year

Table 8 Converted non-inferiority margins, original summary measure: difference in restricted mean survival time

Study ID Original margin Conversion under Conversion under exponential Telin
flexible parametric distribution
model
Type Margin HR DS A HR DS Time Unit
CLASS-01 DRMST -10 253 -0.28 0.0090 2.04 -0.25 60 m

Abbreviations: HR hazard ratio, DS difference in survival, DRMST difference in restricted mean survival time, m month
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Table 9 Converted non-inferiority margins for trials where tgin # Tmax

Study ID Original margin Conversion under flexible Conversion under exponential Trmax
parametric model distribution
Type Margin DS DRMST A DS DRMST Time Unit

Etoh2023 HR 1.31 -0.08 -0.71 0.0862 -0.10 -0.85 5 y
PROSPECT HR 1.29 -0.07 -3.67 0.0084 -0.09 -5.60 60 m
Saji2022 HR 1.54 -0.10 -0.56 0.0211 -0.09 -0.57 5 y
STAR? HR 1.232 -0.05 -5.15 0.0302 -0.03 -4.84 84 m
Yuan2023 HR 1.30 -0.07 -7.06 0.0031 -0.08 -7.23 60 m
CHORUS HR 1.18 -0.02 -4.29 0.0193 -0.04 -498 102 m
COMPARZ HR 1.25 -0.04 -249 0.0630 -0.04 -240 39 m
ELIXA HR 1.3 -0.04 -1.12 0.0088 -0.07 -1.61 40 m
FIREandICE HR 143 -0.13 -100.73 0.0010 -0.13 -99.51 1000 d
Hussain-NEJM HR 1.2 -0.04 -0.76 0.2374 -0.01 -0.63 15 y
[BIS-II DCIS HR 1.25 -0.02 -0.09 0.0161 -0.03 -0.18 10 y
JASPAC 01 HR 1.25 -0.07 -0.32 0.3406 -0.06 -0.34 5 y
NBCVOT HR 14 -0.01 -1.13 0.0003 -0.02 -1.37 156 w
Peters-NEJM HR 2 -0.01 -0.90 0.0000 -0.01 -0.90 210 d
PET-NECK HR 15 -0.11 -4.53 0.0120 -0.15 -6.09 60 m
RE-SONATE HR 2.85 -0.05 -0.85 0.0011 -0.07 -1.23 35 m
Rummel-Lancet HR 1.32 -0.08 -7.62 0.0193 -0.07 -7.60 93 m
SIMPLE HR 1.5 -0.04 -0.09 0.0513 -0.07 -0.15 4 y

2 Inverse of the reported effect estimate is given here for uniformity.

Abbreviations: HR hazard ratio, DS difference in survival, DRMST difference in restricted mean survival time, d day, w week, m month, y year

8 Complete overview of outcomes
Outcomes of all sub-analyses

Table 10 Estimated empirical power for all analyses

Summary Model T Margin conversion Subgroups
measure

Flexsurv Exponential PH Original margin Event risk

HR DS Low High

n==65 n==65 n=>57 n =40 n=24 n=233 n=32
DRMST flexsurv (PH)  clinical 0.862 0.831 0.842 0.875 0.833 0.818 0.906
DRMST flexsurv (PH) ~ maximum 0.862 0.815 0.842 0.875 0.818 0.906
DRMST KM clinical 0.846 0.831 0.825 0.850 0.833 0.818 0.875
DRMST KM maximum 0.862 0.831 0.842 0.875 0.818 0.906
DS flexsurv (PH)  clinical 0.831 0.846 0.807 0.825 0.833 0.758 0.906
DS flexsurv (PH) ~ maximum 0.831 0.815 0.807 0.825 0.758 0.906
DS KM clinical 0.785 0.800 0.772 0.750 0.833 0.758 0.812
DS KM maximum 0.754 0.769 0.754 0.700 0.727 0.781
HR Cox - 0.785 0.754 0.772 0.825 0.708 0.667 0.906

Bold-faced values indicate the highest estimated empirical power in the column.
Abbreviations: HR hazard ratio, DS difference in survival, DRMST difference in restricted mean survival time, PH proportional hazards, KM Kaplan-Meier
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Table 11 Average p-values for all analyses

Summary Model Margin conversion Subgroups
measure
T Flexsurv Exponential PH Original margin Event risk
HR DS Low High
n==65 n =65 n=>57 n =40 n=24 n=33 n=32

DRMST flexsurv (PH)  clinical 0.031 0.067 0.035 0.022 0.047 0.053 0.008
DRMST flexsurv (PH) maximum 0.031 0.069 0.035 0.022 0.054 0.008
DRMST KM clinical 0.033 0.063 0.037 0.019 0.057 0.053 0.012
DRMST KM maximum  0.032 0.065 0.036 0.018 0.053 0.011
DS flexsurv (PH) ~ clinical 0.035 0.049 0.040 0.027 0.049 0.060 0.009
DS flexsurv (PH)  maximum 0.037 0.056 0.041 0.030 0.060 0.012
DS KM clinical 0.059 0.062 0.063 0.067 0.049 0.085 0.033
DS KM maximum  0.063 0.065 0.065 0.072 0.093 0.031
HR Cox - 0.043 0.047 0.047 0.033 0.061 0.073 0.012

Bold-faced values indicate the lowest average p-value in the column.

Abbreviations: HR hazard ratio, DS difference in survival, DRMST difference in restricted mean survival time, PH proportional hazards, KM Kaplan-Meier

Primary outcomes of margin conversion under the exponential distribution

Table 12 Descriptive statistics of p-values for primary analyses done with margin conversion under the exponential distribution

Summary measure Model T P-value characteristics

mean median minimum maximum
DRMST flexsurv (PH) clinical 0.067 391-.10° 233.1073¢ 9.15.107!
DRMST flexsurv (PH) maximum 0.069 391.107° 233.1073¢ 9.15. 10!
DRMST KM clinical 0.063 244 .10~% 234.1073 905-107"
DRMST KM maximum 0.065 135.107% 2341073 9.05-107"
DS flexsurv (PH) clinical 0049 440-107° 277-107% 841-107"
DS flexsurv (PH) maximum 0.056 493.107° 277 -107% 841107
DS KM clinical 0.062 1071074 9.28-107% 9.87- 107"
DS KM maximum 0.065 219.107% 928.107% 9.87-107"
HR Cox - 0.047 1771073 16410790 6.98 107"

Abbreviations: HR hazard ratio, DS difference in survival, DRMST difference in restricted mean survival time, PH proportional hazards, KM Kaplan-Meier
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10 Margin conversion: further details and examples

This appendix further elaborates on how margin conver-
sion was performed, with in particular two worked out
examples that illustrate our methodology practically.
Firstly, we note that the estimated survival functions used
for margin conversion are not the survival functions used
for the analyses. Therefore, we denote the survival func-
tions used for margin conversion with the superscript ¢

Using the proportional hazards assumption, we can
substitute Sﬂ/lc(r) with S/C\/[C(r) and rewrite Egs. (1) and
(2) as

DS(t) = (s’gc(r))HR — SMC(¢); (3)

DRMST(@) = [ (s20) de— [ 50 duy
0 0

To convert margins, we therefore only need to esti-
mate the survival function of the control arm. Using the
known parameters, i.e. the non-inferiority margin,  and
an estimation of the survival function, we can solve for
the two unknown margins. In the case where the non-
inferiority margin was defined as a HR, it is straightfor-
ward to obtain the DS and DRMST margins from the
above equations. To obtain the HR margin from a DS, we

hat since DS(r) = (SM€(1))™ = SMC(7), it |
use that since (r) = ( c (r)) — 8¢~ (1), it imme-
diately follows that

HR
DS(r) +S¥C(0) = (SM°m)
and therefore
HR = loggyc ) (DS(7) + S¢ (). (5)

Using Egs. (3), (4) and (5), we can convert all margins
between the three different measures.

In our study, we compared two types of margin conver-
sion. The first approach assumes an exponential distribu-
tion for Sg’c(r), while the second approximates S]CV[C(T)
using flexible parametric regression. To illustrate how to
convert margins, we work through two examples using an
exponential distribution for the survival function. Mar-
gin conversion using the flexible parametric approach is
done analogously, with the only difference being the esti-
mation of SAC/IC(I). Because of identical methodology and
the impracticality of writing out the estimated flexible
parametric survival function, we will not further illus-
trate an example of the approach under flexible paramet-
ric estimation.
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Additionally, we note that conversion from the DRMST
margin to the HR and DS margins require numerical
optimisation methods. To obtain the HR margin, we let R
numerically solve Eq. (4) for the HR. This estimate is then
used to also calculate the DS margin using the methodol-
ogy illustrated in example 1 below.

Example 1: conversion from an HR margin to the DS and
DRMST margins

In this example, we show how to obtain the DS and
DRMST margins for trials that defined the non-inferior-
ity margin on the HR scale. We will use the Altorki2023
trial for this demonstration [31]. The non-inferiority mar-
gin for this trial was 1.306 years with t = 7 years. From
the manuscript, we obtain the event rate 4 = 0.0862. The
DS at 7 years then follows as,

DS(v) = SMC(v) — SMC (1)

— SgC(T)HR _ S]C\{[C(_L.)

=exp(—4-7-HR) —exp(—4-1)
exp(—0.0862 - 7 - 1.306) — exp(—0.0862 - 7)
= —0.0922.

We obtain the DRMST () in a similar fashion,

DRMST (t) = / ' SYC (&) — SMC(t) dt
0

= / SMC (1R _ SMC (1) dt
0

= / exp(—4-t-HR) —exp(—4-t)dt
0

7

= / exp(—0.0862 - t - 1.306) — exp(—0.0862 - t) dt
0

= —0.4123 years.

Example 2: conversion from a DS margin to the HR and
DRMST margins

Next, using the ARIES-HM3 trial, we illustrate how to
obtain the HR and DRMST margins for trials that defined
the non-inferiority margin as a DS. They defined their DS
margin as —0.1 at T = 12 months, with an event rate of
A =0.0285. The corresponding HR margin can then be
calculated as

HR = logsré/[c(r) (DS(‘L’) + SIE/IC(-L—)>

= 108exp(— 1.0y (DS(T) + exp(—4 - 7))
= 108.xp(—0.0285.12) (—0.1 + exp(—0.0285 - 12))
= 1.4436.
To obtain the DRMST margin, it is easiest to use the
newly calculated HR margin. Note that in the computa-

tions, we used the non-rounded HR margins (as far as the
software allows this). The DRMST margin then follows as,
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DRMST(:):/ SHC () — SMC (t) dt
JO

T
=/ SME @yHR — SMC () dt
0

:/ exp(—4-t-HR) —exp(—/4-t)dt
0

12
= / exp(—0.0285 - t - 1.443642) — exp(—0.0285 - t) dt
0

= —0.6927 months.

11 Best and worst fitting exponential distributions

This appendix demonstrates how misspecification of the
exponential distribution leads to incorrect margin conver-
sion. Each plot contains the Kaplan-Meier curve based
on the reconstructed data (i.e. the ‘real’ survival curve),

---- Kaplan-Meier

-=-= Flexible parametric regression

Mao2023
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accompanied by the survival curve as estimated by (i) an
exponential distribution, and (ii) flexible parametric regres-
sion. The rate parameter of the exponential distribution was
based on the reported event rate. Figure 9 shows the three
trials for which the exponential distribution was most accu-
rately specified, while Fig. 10 shows the three trials for which
the exponential distribution was most inaccurately specified.

Since margin conversion was based on the estimated
survival curves, incorrect specification of the sur-
vival curve leads to margins which are not compara-
ble between summary measures. Comparison between
Figs. 9 and 10 demonstrate the robustness of the flex-
ible parametric regression as compared to an exponen-
tial distribution, leading to the former having been our
preferred method for margin conversion.

— Exponential distribution

Yuan2023
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Abbreviations

DRMST  Difference in restricted mean survival time
DS Difference in survival

HR Hazard ratio

KM Kaplan-Meier
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