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ABSTRACT
Background Progression-free survival (PFS) exhibits
suboptimal performance as the surrogate endpoint for overall
survival (OS) in trials studying immune checkpoint inhibitors
(ICIs). Here we propose a novel surrogate endpoint, modified
PFS (mPFS), which omits the events of disease progression
(but not deaths) within 3 months after randomization.
Methods PubMed, EMBASE, and the Cochrane Central
Register of Controlled Trials were searched for randomized
trials studying ICIs in advanced solid tumors with available
PFS and OS data up to May 2020. Individual patient-level
data (IPD) for PFS and OS were reconstructed for eligible
trials. A simulation-based algorithm was used to match
the reconstructed, disconnected PFS and OS IPD, and
1000 independent simulated datasets of matched PFS-OS
IPD were generated for each trial. mPFS durations and
statuses were then measured for each of the matched
PFS-OS IPD. Trial-level correlation between Cox HRs for
PFS or mPFS and HRs for OS was assessed using Pearson
correlation coefficient (rp) weighted by trial size; patient-
level correlation between PFS or mPFS and OS was
assessed using Spearman’s rank correlation coefficient
(rs). Findings were further validated using the original IPD
from two randomized ICI trials.
Results Fifty-seven ICI trials totaling 29,429 participants
were included. PFS HR showed moderate correlation with
OS HR (rp=0.60), and PFS was moderately correlated
with OS at the patient level (median rs=0.66; range,
0.65–0.68 among the 1000 simulations). In contrast,
mPFS HR achieved stronger correlation with OS HR
(median rp=0.81; range, 0.77–0.84), and mPFS was more
strongly correlated with OS at the patient level (median
rs=0.79; range, 0.78–0.80). The superiority of mPFS over
PFS remained consistent in subgroup analyses by cancer
type, therapeutic regimen, and treatment setting. In both
trials with the original IPD where experimental treatment
significantly improved OS, mPFS successfully captured
such clinical benefits whereas PFS did not.
Conclusions mPFS outperformed PFS as the surrogate
endpoint for OS in ICI trials. mPFS is worthy of further
investigation as a secondary endpoint in future ICI trials.

INTRODUCTION
Over the past decades, there have been significant advances in immunotherapy to treat

various cancer types, among which immune
checkpoint inhibitors (ICIs) are the most
promising.1 2 ICIs employ unique mechanisms
to activate or rehabilitate self-immunity toward
tumors, which may result in delayed clinical
term survival benefits.3 4 If
effects and long-
these characteristics of ICIs are not accounted
for in the trial design stage, loss of statistical
power and substantially prolonged follow-up
may occur.5–7 This represents a marked challenge in the development and approval of
effective ICIs, especially for trials in which
overall survival (OS) is the primary endpoint.
For clinical trials of advanced solid tumors,
RECIST-based progression-free survival (PFS)
and objective response rate (ORR) are widely
applied as surrogate endpoints to detect
early signals of drug activity. However, meta-
analyses of trials involving ICIs showed that
the treatment effects, as assessed using PFS
and ORR, correlated moderately to poorly
with OS,8 9 questioning the continued use
of PFS and ORR as surrogate endpoints in
ICI trials. Some investigators suggest using
immune-
related tumor response evaluation
criteria to refine the definition of tumor
response and progression.10–12 However, as
these criteria lack consensus and are still
not widely used in ICI trials, there is a lack
of sufficient data to evaluate the reliability of
immune-related ORR and PFS as surrogate
endpoints for ICIs.
The suboptimal correlation between PFS
and OS in ICI trials may be attributed to
disease progression (PD) followed by either
tumor shrinkage (pseudoprogression),13–15 or
a long post-PD survival, both of which suggest
delayed effects of ICIs. We define such PD
events as “low-quality PD events” here, but
they cannot be accurately identified due to
the deficiency in robust biomarkers and in
the understanding of underlying molecular
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mechanisms for these clinical phenomena. Nevertheless,
in view of the unique patterns of survival curves under
delayed effects of ICIs (eg, delayed separation of curves
after 3–6 months from randomization),16 we speculate
that “low-quality PD events” are more likely to occur in
the early period (eg, first 3–6 months) after randomization (figure 1A). Thus, by omitting these early PD events
(but not deaths) before appropriate timepoints, we may
remove the majority of “low-quality PD events” (figure 1B)
and improve the agreement with OS.
In this study of reconstructed and original individual
patient-
level data (IPD) from ICI trials, we propose
2

and validate a novel surrogate endpoint, modified PFS
(mPFS), which applies the same definition of traditional
PFS except it purposefully omits the PD events within 3
months after randomization.
METHODS
Selection of randomized clinical trials
We searched PubMed, EMBASE, and the Cochrane
Central Register of Controlled Trials for published
trial reports from January 1, 2000 to May 31, 2020. We
combined both MeSH and free-
text words to identify
Wang Z-X, et al. J Immunother Cancer 2021;9:e002114. doi:10.1136/jitc-2020-002114
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Figure 1 Rationale for and measurement of modified progression-free survival (mPFS). (A) With the presence of delayed
effects of checkpoint inhibitors, low-quality disease progression (PD) events are more likely to occur in the early period (eg, first
3–6 months) after randomization. (B) By not taking into account the PD events (but not deaths) before a certain timepoint (month
i), we may remove the majority of low-quality PD events. (C) For a patient with PD within i months, this PD event was omitted
while the follow-up continued until death; hence, the PFS duration for this patient equaled the time to PD, whereas the mPFS
duration equaled the time to death or last follow-up. Exemplar scenario 1: PD and death within i months; scenario 2: PD within
i months and censored within i months at the time of last follow-up; scenario 3: PD within i months and death beyond i months;
scenario 4: PD within i months and censored beyond i months at the time of last follow-up. A status of 1 indicates occurrence of
a PFS or mPFS event.
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Reconstruction of IPD and definition of mPFS
We reconstructed de-identified IPD for PFS and OS based
on digitized survival curve data (online supplemental
figure S1A).17 We used DigitizeIt software V.2.2 (http://
www.
digitizeit.
de/) to measure the time and survival
probability coordinates on the Kaplan-Meier curves. The
number of patients at risk and the total number of events
were also extracted. The data were then input into an algorithm on the basis of iterative numerical methods to solve
the inverted Kaplan-Meier equations.17 We then applied
the Cox proportional hazards model to the reconstructed
IPD to evaluate HRs for OS (HROS) and PFS (HRPFS). As
shown in figure S2, HROS and HRPFS obtained from the
reconstructed IPD had excellent agreement with HROS
and HRPFS obtained from the original IPD.
To identify the optimal cut-
off timepoint to define
mPFS, we modified the measurement of PFS by omitting
the PD events (but not deaths) within i (i=2, 3, 4, 5, 6)
months from randomization. Figure 1C illustrates the
difference in measuring traditional PFS and mPFS durations and statuses. For a patient with PD within i months,
this PD event was omitted while the follow-up continued
until death; hence, the traditional PFS duration for this
patient equaled the time to PD, whereas the mPFS duration equaled the time to death or the last follow-up. For a
patient with PD after i months, traditional PFS and mPFS
durations and statuses are identical.
The reconstructed PFS and OS IPD were de-identified
and disconnected with each other; therefore, matched
PFS-OS IPD were required to evaluate the mPFS duration and status, as well as the HR for mPFS (HRmPFS). We
applied a simulation-based algorithm to match the reconstructed PFS IPD to the OS IPD (online supplemental
methods and figure S1C). The algorithm generated datasets of matched PFS-OS IPD that must fulfill the following
rules: (1) For a given patient, the PFS duration should
be no longer than the OS duration; and (2) the patients
with events in the OS IPD dataset should be a subgroup
of the patients with events in the PFS IPD dataset.
Considering that these requirements are insufficient for
capturing the original, matched PFS-OS IPD, for each
trial we performed 1000 simulations and generated 1000
Wang Z-X, et al. J Immunother Cancer 2021;9:e002114. doi:10.1136/jitc-2020-002114

qualified datasets of matched PFS-OS IPD. The reason for
considering 1000 simulations as adequate is detailed in
Statistical analysis section.
Statistical analysis
For multi-
arm trials, treatment effects from pairwise
comparisons were pooled according to the Cochrane
Collaboration’s recommendation to form a single effect.
The validity of PFS and mPFS as surrogate endpoints
for OS was assessed at both the trial level and patient
level.18 For trial-level correlation, we calculated Pearson
correlation coefficient (rp) on the basis of the natural log-
transformed HRPFS or HRmPFS and HROS, weighted by trial
sample size. We also calculated the surrogate threshold
effect (STE), defined as the minimum treatment effect
on PFS or mPFS necessary to predict a non-zero effect on
OS.19 A STE greater than 1.00 indicates a trend of underestimating the treatment effect on OS by PFS or mPFS,
and vice versa. At the patient level, the bivariate Copula
distribution of PFS or mPFS and OS was estimated using
Plackett’s Copula model.20 The strength of the association between the PFS or mPFS and OS was then quantified using Spearman’s rank correlation coefficient (rs)
estimated by the bivariate Copula distribution.20
For mPFS defined by a given cut-off timepoint, the 1000
independent datasets of matched PFS-OS IPD gave rise
to one HROS and 1000 independent HRmPFS for each trial.
We randomly divided these datasets into 1000 groups,
each group including one dataset for each trial. Within
each group, we then calculated the weighted rp for trial-
level correlation between HRmPFS and HROS, as well as rs
for patient-level correlation between mPFS and OS, thus
resulting in 1000 independent rp, STE, and rs. For PFS,
only one rp and STE was obtained for trial-level correlation between HRPFS and HROS, whereas 1000 independent
rs were obtained for patient-level correlation between PFS
and OS. As shown in online supplemental figure S3, the
distribution of rp and rs were stabilized after cumulating
1000 matched PFS-OS datasets for each trial, suggesting
that 1000 simulations were adequate to inform the
comparative surrogacy of mPFS versus PFS.
For the original IPD from ICI trials, we applied the Cox
models to measure HROS, HRPFS, and HRmPFS. We also evaluated patient-level correlation between PFS or mPFS and
OS using the Copula-based rs.
A two-sided p value <0.05 or one-sided p value <0.025
was considered statistically significant. All statistical analyses were performed using R software V.3.6.0 (http://
www.r-project.org).

RESULTS
Characteristics of the eligible trials
A total of 57 trials met the selection criteria and were
included in this study (online supplemental figure S4).
The trial characteristics are summarized in online supplemental table S1. A total of 29,429 patients were enrolled
in these trials. Ten different tumor types were examined,
3
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relevant studies. The detailed search strategy is available
in online supplemental methods. Randomized trials
investigating ICIs for advanced solid cancers with available Kaplan-Meier curves for OS and PFS were all potentially eligible. We excluded single-arm phase I or phase
II trials, dose-finding trials, and neoadjuvant or adjuvant
setting trials. We also excluded trials reporting PFS data
solely based on immune-
related criteria for assessing
tumor response. For eligible studies, we further reviewed
the full text and supplemental materials of relevant publications to look for open access IPD.
Two authors (Z-
XW and H-
XW) screened the trials
independently for eligibility and extracted the data from
each included trial. Any discrepancies were resolved by
consensus.
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Performance of PFS as a surrogate endpoint in ICI trials
As shown in figure 2A, HRPFS exhibited moderate trial-level
correlation with HROS (rp=0.60 (95% CI 0.39 to 0.74)). HRPFS
showed a pattern of underestimating treatment effects, particularly when HROS was between 0.75 and 1, which resulted
in a STE of 1.21 (figure 2A). For patient-level correlation
between PFS and OS, the median rs was 0.66 (95% CI 0.65 to
0.67; range, 0.65 (95% CI 0.64 to 0.66) to 0.68 (95% CI 0.67
to 0.69) among the 1000 simulations).
Performance of mPFS as a surrogate endpoint in ICI trials
Figure 2B illustrates the trial-level correlation between HRmPFS
and HROS, and patient-level correlation between mPFS and
OS when the cut-off timepoint to define mPFS was changed
from months 2 to 6. The correlation between HRmPFS and
HROS dramatically improved when the cut-off was changed
from months 2 to 3, and reached a stabilized plateau at the
later cut-off timepoints (figure 2B, left panel); this pattern
remained consistent after stratified by cancer type, therapeutic regimen, and treatment setting (online supplemental
figure S5). Notably, when the cut-off was at month 3 or later
timepoints, the correlation between HRmPFS and HROS was
markedly stronger than that between HRPFS and HROS. The
median rp was 0.81 (95% CI 0.69 to 0.90; range, 0.77 (95% CI
0.58 to 0.87) to 0.84 (95% CI 0.75 to 0.91)) when the cut-off
was at month 3; the median STE was 1.01 (range, 0.99–1.04)
at this cut-off timepoint.
At the patient level, the correlation between mPFS and OS
was stronger than that between PFS and OS at all examined
cut-off timepoints (figure 2B, right panel). The median rs
was 0.79 (95% CI 0.78 to 0.80; range, 0.78 (95% CI 0.77 to
0.79) to 0.80 (95% CI 0.80 to 0.81)) when the cut-off was at
month 3, although rs increased proportionally at the later
cut-off timepoints. However, the number of mPFS events
diminished continuously when the cut-off was elevated from
months 3 to 6 (online supplemental figure S6). When the
cut-off was at month 3, the maximum of the relative reduction in the number of events (ie, the difference in mPFS and
PFS event numbers divided by PFS event number) varied
from 1.7% to 33.5% by trial. More importantly, the number
of mPFS (cut-off at month 3) events was consistently greater
than that of OS events for all trials (online supplemental
figure S6).
By weighing the improvement in the trial-level and patient-
level correlation between mPFS and OS against the reduction in the number of events when the cut-off was elevated
from months 3 to 6, we eventually selected month 3 as the
cut-off to define mPFS. For conciseness, “mPFS” is still used
to indicate this concept in the following text. Figure 2C
shows a representative example of the excellent agreement
4

Figure 2 Performance of progression-free survival (PFS)
and modified PFS (mPFS) as surrogate endpoints for overall
survival (OS) in immuno-oncology trials. (A) Trial-level
correlation between HRs for PFS and OS. Size of circles is
proportional to trial sample size. (B) Trial-level correlation
between HRs for mPFS and OS, as well as patient-level
correlation between mPFS and OS by cut-off timepoint for
defining mPFS among the reconstructed, matched PFS-OS
datasets. (C) Trial-level correlation between HRs for mPFS
(cut-off at month 3) and OS in an exemplar simulation where
the correlation coefficient equals its median. Size of circles is
proportional to trial sample size.

between HRmPFS and HROS when rp was equal to its median.
In order to investigate whether the decrease in the number
of events would lead to the decrease in the statistical power
Wang Z-X, et al. J Immunother Cancer 2021;9:e002114. doi:10.1136/jitc-2020-002114
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predominantly non-
small cell lung cancer (NSCLC, 21
trials) and melanoma (10 trials). Twenty-five trials were in
the first-
line setting. Forty-
eight trials studied anti-
PD-1/
PD-
L1 containing regimens and 14 studied anti-
CTLA4
containing regimens (anti-PD-1/PD-L1 plus anti-CTLA4, 5
trials). Twenty-seven trials studied ICI monotherapy and 12
investigated an ICI plus chemotherapy.
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with mPFS, we further analyzed the log-rank test Z statistic of
mPFS versus PFS in 32 trials where the experimental treatment significantly improved OS. As shown in online supplemental figure S7, mPFS showed a greater Z statistic than PFS
in 19 (59.4%) of these trials.
Subgroup analysis
As shown in figure 3, the superiority of mPFS over PFS was
consistent in subgroup analyses by cancer type, therapeutic
regimen, and treatment setting. Notably, the correlation
between PFS HR and OS HR was found to be much worse in
trials involving anti-CTLA4 therapy than in those involving
anti-PD-(L)1 therapy, with PFS HR either underestimating
or overestimating treatment effects in the former subgroup
(online supplemental figure S8). Five of the included trials
involved anti-CTLA4 and anti-PD-(L)1 combination therapy.
In comparison with PFS HR, mPFS HR was closer to OS HR
in four of these trials (online supplemental figure S9).
Validation of the utility of mPFS using original IPD from ICI
trials
Two randomized ICI trials for advanced NSCLC (POPLAR21
and OAK22) provided open access original IPD.23 For the
POPLAR study, there were more OS and PFS events in the
open access original IPD than in the initial publication,21
owing to a longer follow-up duration (median, 21.8 vs 14.8
Wang Z-X, et al. J Immunother Cancer 2021;9:e002114. doi:10.1136/jitc-2020-002114

months). For the OAK study, the numbers of OS and PFS
events in the open access original IPD were identical to
those reported in the initial publication.22
In both the POPLAR and OAK studies, atezolizumab
significantly improved OS compared with docetaxel
(unstratified HR 0.68 (95% CI 0.51 to 0.89), two-sided
log-rank test p=0.006, and HR 0.73 (95% CI 0.62 to 0.86),
p<0.001, respectively; figure 4A,B). However, PFS did
not differ between treatment arms in the POPLAR (HR
0.91 (95% CI 0.71 to 1.17), p=0.471) and OAK (HR 0.94
(95% CI 0.81 to 1.08), p=0.381) studies (figure 4C,D). In
contrast, we observed a significant difference in mPFS
in favor of atezolizumab in both the POPLAR (HR 0.74
(95% CI 0.57 to 0.96), p=0.021) and OAK (HR 0.64 (95%
CI 0.55 to 0.84), p<0.001) studies (figure 4E,F).
For patient-level correlation between mPFS and OS,
the rs was 0.80 (95% CI 0.74 to 0.86) in the POPLAR
study and 0.80 (95% CI, 0.76 to 0.83) in the OAK study,
greater than the rs between PFS and OS (0.70 (95% CI
0.62 to 0.77) in POPLAR and 0.64 (95% CI 0.59 to 0.69)
in OAK).
DISCUSSION
In this large-
scale analysis of reconstructed IPD from
up-to-date ICI trials, we demonstrated that the proposed
5
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Figure 3 Correlation between HRs for progression-free survival (PFS) and overall survival vs correlation between HRs for
modified PFS (mPFS) and overall survival by cancer type, therapeutic regimen, and treatment setting. The x-axis shows the
trial-level correlation between PFS HRs and OS HRs as well as between mPFS HRs and OS HRs. Anti-PD-1/PD-L1 plus anti-
CTLA4 trials (n=5) were only included in the subgroup analysis of anti-CTLA4 trials. One-sided Wilcoxon signed-rank test p
values are shown for examined subgroups.

Open access

mPFS achieved stronger correlation with OS than PFS at
both the trial level and patient level. The superiority of
mPFS was further verified using the original IPD from two
NSCLC ICI trials. Together, these findings indicate that
mPFS outperforms PFS as the surrogate endpoint for OS
in ICI trials.
The RECIST-based PFS has been commonly used as the
surrogate endpoint for OS to evaluate novel anti-cancer
therapies in clinical trials, as well as in the accelerated
6

approval process of new therapies.24 However, for ICI
trials, the treatment effects on PFS exhibited moderate-
to-poor correlation with OS.8 9 Specifically, PFS can fail to
capture the OS benefits of ICIs, as seen in the POPLAR
and OAK studies.21 22 In such cases, effective therapies
may not have been approved if PFS was adopted as the
primary endpoint. Notably, with simple modification to
the definition of PFS events, the proposed mPFS gained
an improved ability to predict OS benefits while retaining
Wang Z-X, et al. J Immunother Cancer 2021;9:e002114. doi:10.1136/jitc-2020-002114
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Figure 4 Kaplan-Meier curves for overall survival (A, B), progress-free survival (C, D), and modified progress-free survival (E, F)
in the POPLAR and OAK studies. P values from two-sided, unstratified log-rank tests are shown.
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large-scale ICI trial data across multiple cancer types and
treatment settings, may serve as a simple and practical
endpoint in ICI trials.
It should be noted that mPFS was developed only for
the design and data analysis of ICI trials. Therefore, using
mPFS as the endpoint does not suggest that ICIs should
always be continued beyond PD within 3 months; instead,
a trial can employ mPFS as an endpoint to quantify the
efficacy of ICIs, meanwhile complementing RECIST with
the immune-related criteria to guide clinical decision-
making on the (dis)continuation of these therapies for
patients. The ultimate solution to precise identification
of “low-
quality PD” may rely on the breakthrough in
predictive biomarkers, particularly liquid biopsies and
plasma-based markers that are useful for on-treatment
monitoring.27–29
Subgroup analysis suggested much poorer surrogacy of
PFS in trials investigating anti-CTLA4 therapy compared
with those investigating anti-PD-(L)1 therapy, with PFS
HR either underestimating or overestimating treatment
effects in the former subgroup. The underestimation
of treatment effects by PFS HR is possibly due to the
delayed effects with ICIs, whereas the overestimation
of treatment effects might be attributed to the higher
toxicity of anti-CTLA4 therapy than that of anti-PD-(L)1
therapy. As a representative example, in the CA184-043
study where the PFS HR was smaller than OS HR (0.70
vs 0.85), the PFS curves overlapped in the first 3 months,
whereas on-study deaths in the first 6 months were more
common in the ipilimumab group than in the placebo
group.30 By omitting the early PD events, mPFS effectively mitigated the underestimation and overestimation
of treatment effects in trials investigating anti-CTLA4
therapy.
A limitation of this study is that we analyzed reconstructed IPD rather than the original IPD. However, the
methods we used for IPD reconstruction were verified
with excellent accuracy and reproducibility in previous
studies.31–33 In addition, our findings based on reconstructed IPD and simulations were only validated using
original IPD from NSCLC trials, and hence further validation is required among other cancer types. Still, our
subgroup analysis consistently showed the superior surrogacy of mPFS versus PFS across cancer type, suggesting
that the delayed clinical effect of ICIs is a pan-cancer
generic phenomenon and mPFS might be useful across
multiple cancer types. Finally, as only a small number of
the published ICI trials employed both the traditional
PFS and immune-related PFS as trial endpoints, it is not
feasible to evaluate the comparative surrogacy of mPFS
versus immune-related PFS.
In summary, the proposed mPFS is superior to PFS
as the surrogate endpoint for OS in ICI trials. mPFS is
worthy of further investigation as a secondary endpoint in
future ICI trials. We also call for efforts from investigators
of published ICI trials to proactively validate mPFS using
the original IPD. Once validated, mPFS could be used in
future ICI trials to shorten trial durations, save time and
7
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the advantages of PFS, as it accounts for a greater number
of events than OS and is unlikely to be affected by subsequent therapies after progression. As such, using mPFS
as the surrogate endpoint for OS may shorten trial durations and accelerate the discovery of efficacious ICI-based
therapies.
The improved correlation between mPFS and OS may
be explained by the removal of “low-quality PD events”
within 3 months from randomization. We observed a
dramatic increase in rp between mPFS and OS when the
cut-off was changed from months 2 to 3, followed by a
stabilized plateau thereafter despite a continuous reduction in the number of events, which is consistent with
prior observations that pseudoprogression generally
occurred within 3 months after randomization,25 26 and
supports our speculation that “low-
quality PD events”
(either pseudoprogression or PD followed by a long
post-PD survival) mainly occur in the first 3 months after
randomization. It is true that the biological rationale for
omitting all the PD events within 3 months is not definite,
as these PD events may not necessarily be low-quality PD
events. However, mPFS can still be readily interpreted in
a biologically reasonable manner, which is an important
attribute for a surrogate endpoint. As mPFS required only
minor modifications to PFS, the number of the omitted
PDs relative to the PFS event number was only minimal to
moderate across all trials. Thereby, mPFS effects can be
interpreted similarly to PFS effects, informing the efficacy
of the experimental treatment in decreasing the risk of
death or disease progression.
As early PD events were replaced by subsequent deaths
or censored at the last follow-up, the improved surrogacy
of mPFS versus PFS could come at the cost of a prolonged
follow-up duration. Despite this, we found that mPFS HR
was more closely correlated with OS HR and less likely to
underestimate treatment effects compared with PFS HR,
and that mPFS showed a significantly greater Z statistic
than PFS in the majority of trials. Therefore, mPFS may
require a smaller number of events than PFS to achieve
the same power, and hence may not necessarily require
a longer follow-up duration than PFS in trials with the
event-driven design.
The emerging immune-
related criteria for assessing
tumor response represent another way of optimizing the
definition of PD, hence PFS. There have been several
proposals for such criteria, from the Immune-
Related
Response Criteria (irRC 2009)10 to the immune-related
RECIST (irRECIST 2013),11 and the latest Immune
RECIST (iRECIST 2017) guidelines.12 Most of these
criteria have centered on how to incorporate new lesions
into the total tumor burden or how to define additional
tumor response patterns that may occur after the initial
tumor expansion. However, the lack of consensus limits
the widespread use of these tools in ICI trials, making
it difficult to assemble sufficient trial data to validate
immune-related PFS or ORR as surrogate endpoints for
ICIs. In this context, our proposed mPFS, which required
only minor modification of PFS and was verified using
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Literature search strategy

A. PubMed
#1 randomized controlled trial [pt]
#2 controlled clinical trial [pt]
#3 randomized [tiab]
#4 placebo [tiab]
#5 clinical trials as topic [mesh: noexp]
#6 randomly [tiab]
#7 trial [ti]
#8 #1 OR #2 OR #3 OR #4 OR #5 OR #6 OR #7
#9 animals [mh] NOT humans [mh]
#10 #8 NOT #9
#11 Nivolumab
#12 Opdivo
#13 BMS-936558
#14 MDX1106
#15 ONO-4538
#16 BMS-936559
#17 MDX1105
#18 Pembrolizumab
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#19 Lambrolizumab
#20 Keytruda
#21 MK-3475
#22 Atezolizumab
#23 MPDL3280
#24 MPDL3280A
#25 RG7446
#26 Tecentriq
#27 Avelumab
#28 MSB0010718C
#29 Durvalumab
#30 MEDI4736
#31 cemiplimab
#32 REGN2810
#33 PD-1 inhibitor
#34 Programmed death 1 inhibitor
#35 Anti-PD-1
#36 Anti-Programmed Cell Death 1
#37 PD-L1 inhibitor
#38 Programmed death ligand 1 inhibitor
#39 Anti-PD-L1
#40 Anti-Programmed Cell Death Ligand-1
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#41 Checkpoint Inhibitor
#42 Checkpoint blockade
#43 Programmed Cell Death 1 Receptor [mesh]
#44 CTLA4 protein, human
#45 anti CTLA4
#46 anti CTLA-4
#47 cytotoxic T-lymphocyte-associated antigen 4
#48 Cytotoxic T lymphocyte antigen 4
#49 CTLA-4
#50 Cytotoxic T-lymphocyte protein 4
#51 anti-CTLA4 antibodies
#52 Ipilimumab
#53 MDX-010
#54 MDX-101
#55 BMS-734016
#56 Yervoy
#57 Antigens, CD/immunology* [mesh]
#58 CTLA-4 Antigen [mesh]
#59 #11 or #12 or #13 or #14 or #15 or #16 or #17 or #18 or #19 or #20 or #21 or
#22 or #23 or #24 or #25 or #26 or #27 or #28 or #29 or #30 or #31 or #32 or
#33 or #34 or #35 or #36 or #37 or #38 or #39 or #40 or #41 or #42 or #43 or
#44 or #45 or #46 or #47 or #48 or #49 or #50 or #51 or #52 or #53 or #54 or
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#55 or #56 or #57 or #58
#60 #10 and #59

B. EMBASE
1 Nivolumab
2 Opdivo
3 BMS-936558
4 MDX1106
5 ONO-4538
6 BMS-936559
7 MDX 1105
8 Pembrolizumab
9 Lambrolizumab
10 Keytruda
11 MK-3475
12 Atezolizumab
13 MPDL3280
14 MPDL3280A
15 RG7446
16 Tecentriq
17 Avelumab
18 MSB0010718C
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19 Durvalumab
20 MEDI4736
21 cemiplimab
22 REGN2810
23 PD-1 inhibitor
24 Programmed death 1 inhibitor
25 Anti-PD-1
26 Anti-Programmed Cell Death 1
27 PD-L1 inhibitor
28 Programmed death ligand 1 inhibitor
29 Anti-PD-L1
30 Anti-Programmed Cell Death Ligand-1
31 Checkpoint Inhibitor
32 Checkpoint blockade
33 Programmed Cell Death 1 Receptor
34 CTLA4 protein, human
35 anti CTLA4
36 anti CTLA-4
37 cytotoxic T-lymphocyte-associated antigen 4
38 Cytotoxic T lymphocyte antigen 4
39 CTLA-4
40 Cytotoxic T-lymphocyte protein 4
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41 anti-CTLA4 antibodies
42 Antigens, CD4
43 MDX-010
44 MDX-101
45 BMS-734016
46 Yervoy
47 CTLA-4 Antigen
48 Ipilimumab
49 1 or 2 or 3 or 4 or 5 or 6 or 7 or 8 or 9 or 10 or 11 or 12 or 13 or 14 or 15 or 16 or
17 or 18 or 19 or 20 or 21 or 22 or 23 or 24 or 25 or 26 or 27 or 28 or 29 or 30 or
31 or 32 or 33 or 34 or 35 or 36 or 37 or 38 or 39 or 40 or 41 or 42 or 43 or 44 or
45 or 46 or 47 or 48
50 'crossover procedure':de OR 'double-blind procedure':de OR 'randomized
controlled trial':de OR 'singleblind procedure':de OR (random* OR factorial* OR
crossover* OR cross NEXT/1 over* OR placebo* OR doubl* NEAR/1 blind* OR
singl* NEAR/1 blind* OR assign* OR allocat* OR volunteer*):de,ab,ti
51 49 and 50

C. Cochrane Central Register of Controlled Trials
#1 Nivolumab
#2 Opdivo
#3 BMS-936558
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#4 MDX1106
#5 ONO-4538
#6 BMS-936559
#7 MDX 1105
#8 Pembrolizumab
#9 Lambrolizumab
#10 Keytruda
#11 MK-3475
#12 Atezolizumab
#13 MPDL3280
#14 MPDL3280A
#15 RG7446
#16 Tecentriq
#17 Avelumab
#18 MSB0010718C
#19 Durvalumab
#20 MEDI4736
#21 cemiplimab
#22 REGN2810
#23 PD-1 inhibitor
#24 Programmed death 1 inhibitor
#25 Anti-PD-1
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#26 Anti-Programmed Cell Death 1
#27 PD-L1 inhibitor
#28 Programmed death ligand 1 inhibitor
#29 Anti-PD-L1
#30 Anti-Programmed Cell Death Ligand-1
#31 Checkpoint Inhibitor
#32 Checkpoint blockade
#33 MeSH descriptor: [Programmed Cell Death 1 Receptor] explode all trees
#34 CTLA4 protein, human
#35 anti CTLA4
#36 anti CTLA-4
#37 cytotoxic T-lymphocyte-associated antigen 4
#38 Cytotoxic T lymphocyte antigen 4
#39 CTLA-4
#40 Cytotoxic T-lymphocyte protein 4
#41 anti-CTLA4 antibodies
#42 Antigens, CD
#43 MDX-010
#44 MDX-101
#45 BMS-734016
#46 Yervoy
#47 CTLA-4 Antigen
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#48 Ipilimumab.mp
#49 MeSH descriptor: [B7-H1 Antigen] explode all trees
#50 MeSH descriptor: [CTLA-4 Antigens] explode all trees
#51 #1 or #2 or #3 or #4 or #5 or #6 or #7 or #8 or #9 or #10 or #11 or #12 or #13 or
#14 or #15 or #16 or #17 or #18 or #19 or #20 or #21 or #22 or #23 or #24 or #25 or
#26 or #27 or #28 or #29 or #30 or #31 or #32 or #33 or #34 or #35 or #36 or #37 or
#38 or #39 or #40 or #41 or #42 or #43 or #44 or #45 or #46 or #47 or #48 or #49 or
#50

Description of the algorithm for matching the reconstructed, de-identified PFS IPD
to OS IPD

The algorithm is based on two rules:
Rule 1. The PFS duration should be no greater than OS duration.
Rule 2. The patients with events in the OS IPD dataset should be a subgroup of the
patients with events in the PFS IPD dataset.
The algorithm needs to be applied separately to the subgroup in the experimental
treatment arm and the subgroup in the control arm for each trial. The algorithm
comprises the following steps:
Step 1. According to Rule 2, for the patients with events in the OS IPD dataset, the
PFS IPD that are matched to the OS IPD are generated by randomly sampling the PFS
IPD from patients with events in the PFS IPD dataset, on the premises of Rule 1.
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Step 2. For the patients without events in the OS IPD dataset, the PFS IPD that are
matched to the OS IPD are generated by randomly sampling the PFS IPD from the
patients in the PFS IPD dataset that are left out in Step 1, on the premises of Rule 1.
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Supplementary Figures

Fig. S1 Pipeline of generating reconstructed individual patient-level data (IPD)
where the progression-free survival (PFS) data were matched to the overall
survival (OS) data by patient. First, on the basis of survival curves and number at
risk data from a given trial, we reconstructed IPD for PFS and OS, which were
de-identified. Next, by applying a simulation-based algorithm to the reconstructed,
de-identified PFS and OS IPD, we generated qualified datasets of matched PFS-OS
IPD that fulfilled the following requirements: (1) For a given patient, the PFS duration
should be no greater than the OS duration; and (2) the patients with events in the OS
IPD dataset should be a subgroup of the patients with events in the PFS IPD dataset.
PD denotes disease progression.
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Fig. S2. The agreement of progression-free survival (PFS; A) and overall survival
(OS; B) hazard ratios (HRs) between the reconstructed and original individual
patient-level data. The data points generally lie within ±5% of deviation.
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Fig. S3 The distribution of Pearson correlation coefficient between modified
progression-free survival (mPFS) and overall survival (OS) (A) and Spearman’s
rank correlation coefficient between mPFS (or PFS) and OS (B) according to the
cumulative number of simulated, matched PFS-OS datasets for each trial. To be
noted, the Pearson correlation coefficient between PFS hazard ratios and OS hazard
ratios was constant among the 1,000 simulations
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Fig. S4 Flowchart of trial selection. *One trial (JAVELIN Lung 200) aberrantly
reported a fewer number of progression-free survival (PFS) events than that of overall
survival (OS) events and therefore was excluded from analysis.
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Fig. S5 Trial-level correlation between hazard ratios (HRs) for modified
progression-free survival (mPFS) and overall survival (OS) by cutoff timepoint
for defining mPFS among different subgroups.
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Fig. S6 Relative reduction in the number of events when using modified
progression-free survival (mPFS). The relative reduction in the number of events is
defined as the difference in mPFS and PFS event numbers divided by PFS event
number. Red diamonds indicate the relative reduction in the number of events for
overall survival (OS) versus progression-free survival (PFS). The number of mPFS
(cutoff at Month 3) events was consistently greater than that of OS events for all trials
(one-sided Wilcoxon signed-rank test P<0.001 for all).
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Fig. S7 Log-rank test Z statistic of overall survival (OS), progression-free
survival (PFS) and modified PFS (mPFS) among 32 trials where the
experimental treatment significantly improved OS.

18

Wang Z-X, et al. J Immunother Cancer 2021; 9:e002114. doi: 10.1136/jitc-2020-002114

Supplemental material

BMJ Publishing Group Limited (BMJ) disclaims all liability and responsibility arising from any reliance
placed on this supplemental material which has been supplied by the author(s)

J Immunother Cancer

Fig. S8 Trial-level correlation between hazard ratios (HRs) for progression-free
survival (PFS) and overall survival (OS) in an exemplar simulation where the
correlation

coefficient

equals

its

median.
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Fig. S9 Hazard ratios for overall survival (OS), progression-free survival (PFS)
and modified PFS (mPFS) among five trials involved anti-CTLA4 and
anti-PD-(L)1 combination therapy.

20

Wang Z-X, et al. J Immunother Cancer 2021; 9:e002114. doi: 10.1136/jitc-2020-002114

BMJ Publishing Group Limited (BMJ) disclaims all liability and responsibility arising from any reliance
placed on this supplemental material which has been supplied by the author(s)

Supplemental material

J Immunother Cancer

Supplementary Tables
Table S1. Characteristics of eligible trials
Year of
Trial

Author

Sample size
Trial

Treatment

Cancer

phase

setting

type

Experimental arm

publica

Control arm

tion

(experimental/

Primary endpoint

control)

POPLAR1

Fehrenbacher

2016

2

≥2nd

NSCLC

Atezolizumab

Docetaxel

144/143

OS

OAK2

Rittmeyer

2016

3

≥2nd

NSCLC

Atezolizumab

Docetaxel

425/425

OS

KEYNOTE-0213

Langer

2016

2

1st

NSCLC

Carboplatin+pemetrexed

60/63

ORR

Pembrolizumab+carboplatin+pem
etrexed
NCT019274194

Hodi

2016

2

1st

Melanoma

Nivolumab+ipilimumab

Ipilimumab

95/47

ORR

CheckMate 0265

Carbone

2017

3

1st

NSCLC

Nivolumab

Physician’s choice chemotherapy

211/212

PFS

NCT000946536

Hodi

2010

3

≥2nd

Melanoma

Ipilimumab+gp100

gp100

403/136

OS

Robert

2011

3

1st

Melanoma

Ipilimumab+dacarbazine

Placebo+dacarbazine

250/252

OS

NCT011346148

Hodi

2014

2

≥2nd

Melanoma

Ipilimumab+sargramostim

Ipilimumab

123/122

OS

CA184-0439

Kwon

2014

3

2nd

Prostate cancer

Ipilimumab+radiotherapy

Placebo+radiotherapy

399/400

OS

CheckMate 14110

Ferris

2016

3

≥2nd

HNSCC

Nivolumab

Physician’s choice chemotherapy

240/121

OS

CheckMate 06611

Robert

2014

3

1st

Melanoma

Nivolumab

Dacarbazine

210/208

OS

CheckMate 05712

Borghaei

2015

3

≥2nd

NSCLC

Nivolumab

Docetaxel

292/290

OS

CA184-024,
NCT003241557
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Abbreviations: NSCLC, non-small cell lung cancer; SCLC, small cell lung cancer; HNSCC, head and neck squamous cell carcinoma; ESCC, esophageal squamous cell carcinoma; HCC,
hepatocellular carcinoma; OS, overall survival; PFS, progression-free survival; ORR, objective response rate.
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