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ABSTRACT

Introduction. Understanding the efficacy of treatments is crucial
for patients, physicians, and policymakers. Median survival, the
most commonmeasure used in the outcome reporting of oncol-
ogy clinical trials, is easy to understand; however, it describes
only a single time point. The interpretation of the hazard ratio is
difficult, and its underlying statistical assumptions are not always
met. The objective of this study was to evaluate alternative mea-
sures based on themean benefit of novel oncology treatments.
Materials and Methods. We reviewed all U.S. Food and Drug
Administration (FDA) approvals for oncology agents between
2013 and 2017. We digitized survival curves as reported in the
clinical trials used for the FDA approvals and implemented sta-
tistical transformations to calculate for each trial the restricted
mean survival time (RMST), as well as the mean survival using

Weibull distribution. We compared the mean survival with
the median survival benefit in each clinical trial.
Results. The FDA approved 83 solid tumor indications for
oncology agents between 2013 and 2017, ofwhich 27 approvals
based on response rates, whereas 49 approvals were based on
survival endpoints (progression-free survival and overall sur-
vival). The average improvement in median overall survival or
progression-free survival was 4.6 months versus 3.6 months
improvement in the average RMST and 6.1 months improve-
ment in mean survival usingWeibull distribution.
Conclusion. Mean survival may supply valuable information
for different stakeholders. Its inclusion should be consid-
ered in the reporting of prospective clinical trials. The
Oncologist 2019;24:1469–1478

Implications for Practice: Mean survival may supply valuable information for different stakeholders. Its inclusion should be
considered in the reporting of clinical trials.

INTRODUCTION

Understanding the efficacy of oncology treatments is crucial for
patients, physicians, and policymakers. The most traditional
measure is the hazard ratio (HR); however, the underlying
assumptions regarding proportionality of the hazards (PH) are
not met in all clinical trials. Additionally, its actual meaning is dif-
ficult for patients, physicians, and policymakers to understand.
It is often difficult to appreciate the magnitude of a treatment
effect using the HR. Therefore, the improvement in median sur-
vival is often used to describe the magnitude of clinical benefit
provided by a new treatment. As the median survival time is
insensitive to outliers, it is expected to be much shorter than
the mean survival time in the presence of many long-term sur-
vivors, who will skew the mean survival time distribution. How-
ever, although the median is easy to understand, it describes

only the outcome at a single time point. An important policy
paper from the American Society of Clinical Oncology discussed
the importance of raising the bar for clinically meaningful out-
comes of clinical trials. The recommendations incorporated the
need for higher median survival benefits and HR [1]. There is a
current lack of a tool that is both clear and scientifically valid to
understand the clinical benefit of a new intervention.

In survival analyses, the HR is the ratio of the hazard rates
corresponding to the conditions described by two levels of an
explanatory variable. For example, in a drug study, the treated
population may die at half the rate per unit time as the control
population. The HR would be 0.5, indicating lower hazard of
death with the treatment. However, in an era of value-based
cancer care, it is important to better understand the
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magnitude of benefit of an intervention. For example, using
the HR does not clearly describe how much longer these
patients will live for. The HR can be used as a valid measure
only if the PH assumption is met. Although in practice this
assumption is not necessarily kept, the HR value is being used
as a major criteria for approvals of novel oncology treatments.

The challenges in outcome reporting can be demonstrated
using the following example: in the clinical trials used for the
approval of two agents by the U.S. Food and Drug Administra-
tion (FDA) in 2015, similar HRs were reached—0.71 in the case
of trametinib and dabrafenib for melanoma [2] and 0.67 in the
case of liposomal irinotecan for pancreas cancer [3]. Both trials
used overall survival (OS) as their primary endpoint. However,
although the improvement in median survival of patients
treated with trametinib and dabrafenib (25.1 months) versus
the control arm (18.7 months) was 6.4 months, the improve-
ment in median survival of irinotecan (6.1 months) versus the
control arm (4.2 months) was more moderate, at 1.9 months.

Kaplan-Meier curves provide survival probability informa-
tion throughout the study follow-up for a group of patients.
Visually, the more space there is between the curves, the more
effective the treatment is. Therefore, the area between the cur-
ves within a specific time window is a reasonable summary to
quantify the survival benefit. This alternative measure is the
restricted mean survival time (RMST), where the measurement
is restricted only to the follow-up period of the clinical study [4].

The HR and RMST are complementary techniques that pro-
vide alternative methods of summarizing the same information
[5]. In a comparative clinical study with progression-free survival
(PFS) or OS as the endpoint, the HR is routinely used to report
the survival results of the study. The clinical interpretation of the
HR may not be straightforward, whereas a quantitative method
that is based on the RMST may be used as a primary tool to
better understand the clinical interpretation of the HR [4].

Although the median improvement in survival is easy to
understand, it does not capture the long-term survival profile
well, especially in cases in which a minority of patients have
the potential to gain a durable survival. Simple calculation of
RMST alone may underestimate the treatment benefit. In
these cases, it may be appropriate to apply an extrapolation
beyond the follow-up period of the clinical trial. In this study,
we demonstrate the implementation of mean calculation using
a suggested statistical distribution. This extrapolation may be
relevant for modern immuno-oncology agents. A good exam-
ple of the need for such an extrapolation is the pivotal clinical
trial analyzing the safety and efficacy of ipilimumab for meta-
static melanoma. This trial demonstrated that after 5 years of
follow-up, 16% of patients were alive, compared with 8% of
patients who received cytotoxic chemotherapy [6].

The primary objective of our study was to demonstrate
the use of RMST and mean survival in trial reporting, in
an effort to provide evidence to use such metrics in the
reporting of future clinical trials. The secondary objective was
to analyze all FDA drug approvals between 2013 and 2017 to
understand more accurately the clinical benefit of these drugs.

MATERIALS AND METHODS

Research Population
We reviewed all FDA approvals for oncology agents between
2013 and 2017. The information was extracted from the FDA

Hematology/Oncology (Cancer) Approvals Notifications (http://
www.fda.gov/Drugs/InformationOnDrugs/ApprovedDrugs/
ucm279174.htm [7]. We included drugs used in the meta-
static setting of treatment of solid tumors. We collected data
regarding study endpoints, specifically the survival parameters:
HR and median OS or PFS in each of the clinical trial arms.

We cross-checked the clinical outcomes in FDA approvals
with the results reported in the respective registration stud-
ies; we compared the reported outcome in each published
study with endpoints used for approval of the drug by the
FDA. As raw data of the outcomes of clinical trials are not
available, we used the GetData Graph Digitizer tool to extract
the data points from the OS or PFS plots, and these data
points were then used to fit parametric survival models.

Measure Calculations
The overall mortality or progression-free rate for each trial
arm was derived from the corresponding OS or PFS curve
from the clinical trial. We used RMST and Weibull distribu-
tion as parametric survival models:

RMST—the difference in RMST is the area between the
curves within a specific time window [4]. We calculated this
measure based on the follow-up period of the clinical trials
used for the FDA approvals.

Weibull distribution—this distribution is a continuous
probability distribution named after the Swedish mathema-
tician Waloddi Weibull. The probability density function of
a Weibull random variable is

f t j a,bð Þ = b

a

t

a

� �b−1

e−1 t=að Þb

where b > 0 is the shape parameter and a > 0 is the scale
parameter of the distribution. Its complementary cumulative
distribution function is a stretched exponential function. The
Weibull distribution is related to a number of other probabil-
ity distributions; in particular, it interpolates between the
exponential distribution (b = 1) and the Rayleigh distribution
(b = 2 and a =

ffiffiffiffiffi
2σ

p
). Given the parameters of Weibull distri-

bution, the mean of the distribution is given by

aΓ 1 +
1

b

� �

where the gamma function is defined by

Γ tð Þ =
ð∞
0
xt−1e−xdx:

We considered the use of additional parametric survival
models, such as log-normal and log-logistic distributions.
However, as outcomes of the statistical processing were
weak (correlation of digitized with original data was low),
we omitted them from our analysis.

Curve Digitization
We incorporated the Nelder-Mead algorithm for fitting of
survival curves [8, 9]: nonlinear optimization problems for
which derivatives may not be known. In this situation, the
defined problem was to create the Weibull distribution
based on survival curve data. We evaluated the estimation
by the “evaluate” function of the “distribution fitting tool”
of MATLAB (detailed MATLAB codes are enclosed in supple-
mental online Appendix 1).
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Model Appropriateness
To assess the fitness and appropriateness of Weibull as a
parametric model, for each clinical trial, we calculated the
median survival measures in each arm and compared them
with the values reported in the original studies.

In addition, we calculated the HR based on the digitized
curves. We improved the digitization in an iterative process
so that the average deviation between the calculated HR
and the HR as reported in the original studies would be
minimized to less than 5%. In addition, we calculated the
correlation between the HR as reported in the clinical trials
with the HR as calculated based on the digitized survival
curves. Furthermore, we ran a linear regression between
the reported and the calculated HR.

We calculated the correlation between HR of the regis-
tration studies and the median OS and PFS as reported in
these studies, as well as correlation with the RMST and
mean survival using Weibull distribution as calculated by
our analyses.

Subgroup Analyses
In addition to comparing median, RMST, and mean survival
values in the entire research population, we conducted sub-
group analyses of these measures specifically for immuno-
oncology agents, biomarker-driven targeted therapies, and
vascular endothelial growth factor (VEGF)-targeted therapies.

Although most graphs in Figures 2 and 3 demonstrate a
visual cutoff at 35 months, the Weibull extrapolation is
implemented to infinity, essentially until no patient survives.

RESULTS

Research Population
Between 2013 and 2017, 147 indications were approved for
oncology agents for marketing by the FDA [7], of which
83 were indicated for solid tumors, 42 for hematologic malig-
nancies, and 22 for other indications (four tests, three bio-
similars, two updates in dosages, two bleeding prevention,
two imaging, and an additional nine various approvals). A full
list of approvals is available in supplemental online Table 1.

Of the 83 solid tumor approvals, 49 were based on survival
endpoints (PFS, 27; OS, 22), 27 on objective response rate, and
7 on other endpoints (recurrence-free survival – 2; invasive
disease-free survival – 2; each of pathological complete
response / event-free survival / disease-free survival – 1). Two
approvals were excluded from our analysis as they referred
to label updates (limitation of indication and replacement
of capsules with tablets). We omitted three additional indi-
cations because of missing data (median or median range
were not reached). A flow chart of the 44 included and
remaining excluded approvals is shown in supplemental
online Figure 1.

Model Appropriateness
To validate the appropriateness of the Weibull model, we
compared the median values received by our digitized cur-
ves to the original outcome as reported. The outcomes
were quite similar—a difference of 0.1 month, with an

average median survival for comparator arm of 7.55 months
in the original study versus 7.68 months in the Weibull
extrapolation and an average median survival for the test
arm of 12.20 months and 12.27 months, respectively (full
data can be reviewed at Table 1 in the appendix).

The correlation between the HR value as reported in the
registration trials used for the drug approvals by FDA with
the HR calculated based on the digitized survival curves was
0.86. This high correlation reflects evidence of the digitizing
accuracy as well as probable robustness of the Weibull distri-
bution as a solid statistical estimate of the published survival
curve. The respective difference between the averages of
these two sets of values was 3.7% (average HR 0.60 in the
original studies vs. average HR 0.64 in the digitized curves).
This relatively low difference demonstrates accurate digitiza-
tion of survival curves.

As a complementary validation, we ran a linear regres-
sion (with intercept defined as zero) between the reported
and the digitized HR. The coefficient was 0.934, further
demonstrating the similarity between the original and the
digitized curves (the full regression output is available in
supplemental online Fig. 2).

We found a negative correlation between the HR and the
improvement in median survival as reported in the registra-
tion studies: −0.68. As expected, this relationship reflects the
fact that with a lower HR, the improvement in median OS
and PFS is higher. The correlation between reported HR and
improvement in calculated RMST was found to be similar, at
a level of −0.72. The correlation between reported HR and
improvement in calculated mean OS and PFS using Weibull
distribution remained negative, at −0.60.

Overall Results and Subgroups Analyses
The average improvement in median OS and PFS as reported in
the registration studies was 4.6 months. The average improve-
ment in RMST was lower, at 3.6 months, whereas the average
improvement in mean OS or PFS using Weibull distribution was
higher, at 6.1 months (see Table 1). The same trend was
observed in the subgroup analyses: the improvement inmedian
OS or PFS, RMST, and mean OS or PFS using Weibull extrapola-
tion was 3.2 months, 2.5 months, and 6.9 months, respectively,
with the immuno-oncology agents [10–17]; For non-immuno-
oncology agents, the improvementwas 5.0months, 3.9months,
and 6.0months, respectively [18–50] (Fig. 1A).

In additional subgroup analyses, we found the following
results: the improvement in median OS or PFS, RMST, and
mean OS or PFS using Weibull distribution was 5.9 months,
4.6 months, and 7.4 months, respectively, in the biomarker-
driven targeted therapies [19, 21, 22, 24, 25, 33, 38, 43, 46,
48, 49]; For non-biomarker-driven targeted therapies, the
improvement was 4.1 months, 3.2 months, and 5.6 months,
respectively [10–18, 20, 23, 26–32, 34–37, 39–42, 44, 45,
47, 50] (Fig. 1B).

In the third subgroup analysis, we found the following
results: the improvement in median OS or PFS, RMST, and
mean OS or PFS using Weibull distribution was 2.1 months,
2.0 months, and 2.2 months, respectively, in the VEGF-driven
targeted therapies [26–31, 36]; for non-VEGF-targeted thera-
pies, the improvement was 5.1 months, 3.9 months, and
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6.9 months, respectively [10–25, 32–35, 37–50]. In the case
of VEGF-targeted targeted drugs, the decrease in RMST and
mean survival improvement was the highest compared with
other subgroups examined (Fig. 1C).

Generally, the improvement in the mean OS or PFS using
Weibull distribution compared with the median survival as
reported in the original registration studies was relatively high
in the immuno-oncology subgroup. This can be demonstrated
in the case of pembrolizumab for first-line non-small cell lung
cancer (NSCLC) [15] (Fig. 2A); the improvement inmean survival
using Weibull distribution was 14.4 months versus improve-
ment of 4.3 months in themedian. However, in some cases, the
results of immuno-oncology agents were reversed; in the case
of nivolumab for second-line kidney cancer [11] (Fig. 2B), the
2.9-month improvement in mean survival using Weibull distri-
bution was lower than the 5.4-month improvement in median
survival.

Other agents demonstrated similar results; in some cases,
the mean survival using Weibull distribution presented supe-
rior survival compared with the median (lenvatinib for thyroid
cancer [37], Fig. 2C), whereas in other cases, the mean sur-
vival using Weibull distribution presented inferior survival
compared with the median (everolimus for neuroendocrine
tumors [42], Fig. 2D).

There were drugs in which median, RMST, and mean sur-
vival measures all demonstrated similar outcomes: dabrafenib
for BRAF positive melanoma [22] (Fig. 3A), bevacizumab for
ovarian cancer [28] (Fig. 3B), necitumumab for NSCLC [32]
(Fig. 3C), eribulin for liposarcoma [44] (Fig. 3D), and cabozantinib
for kidney cancer [45] (Fig. 3E).

DISCUSSION

When analyzing the clinical trials of modern oncology agents
approved by the FDA during 2013 to 2017, we found that
the average RMST (3.6 months) is lower than the average
median OS or PFS (4.6 months). However, when assuming
Weibull distribution for the survival after the trial follow-up
period, the average mean OS or PFS is higher, at 6.1 months.

Our preplanned subgroup analyses demonstrated signifi-
cant improvements of mean versus median survival in the
immuno-oncology agents, with an average mean survival
using Weibull distribution of 6.9 months (compared with an
average median of 3.2 months). In an era of new immuno-
oncology agents, understanding efficacy purely by the median
survival is inappropriate [51]. When some therapies are
expected to provide durable responses to a small percentage
of patients, a high level of attention to the tail of survival cur-
ves is needed. This is possible with modeling techniques in
which the survival curves can be digitized to incorporate dif-
ferences in the distribution of outcomes beyond simply the
point estimate of the median OS [52]. In this study, we
implemented a statistical model that assists in estimating the
potential survival for a population of patients. When measur-
ing the benefit in terms of median and RMST survival, out-
comes of the immuno-oncology agents are inferior to other
drugs analyzed in this study. However, when implementing
the mean OS or PFS using Weibull distribution, the immuno-
oncology agents present an improved survival profile.Ta
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An additional subgroup analysis examined biomarker-driven
targeted therapies. This group of agents had better results in the
three survival measures: median (5.9 months vs. 4.6 months in
the entire group), RMST (4.6 months vs. 3.6 months, respec-
tively), andmean (7.4months vs. 6.1months, respectively).

The survival measures of the VEGF-targeted therapies were
similar: median survival of 2.1 months, RMST of 2.0 months,
and mean survival using Weibull distribution of 2.2 months.
These outcomes are inferior to the results of other therapies
with less potential for durable survival [53].

The subgroup analysis highlights the differences between
mean and median survival measures in the immuno-oncology
agents. In this subgroup, the discordances between mean and
median values were the highest, stemming from the potential
for durable survival for a minority of patients. In these cases,
the proportional hazards assumption is very questionable and
there is space for alternative measures. The potential survival is
underestimated using the median survival but better captured
when incorporating the long-term mean survival. Therefore,
we propose that the use of the mean as a complementary

measure in reporting of prospective trials will be most valuable
in the case of immuno-oncology agents. Adding the mean as an
additional reported measure may supply meaningful value to
clinicians when trying to understand the long-term impact of
new treatments, as well as payers who are required to prioritize
drugs covered under budget constraints of reimbursement
plans.

Various value-based frameworks were recently presented
as a means to address the trend of increasing health care
expenditure as a whole, and specifically oncology pharmaceuti-
cals [54–58]. In light of these frameworks, understanding the
true benefit of innovative treatments is essential. The tremen-
dous interest and excitement associated with immuno-
oncology is focused on the tail of the survival curves and the
potential for durable survival in some patients. The HR and
RMST difference are complementary techniques that provide
alternative methods of summarizing treatment effects [5]. To
identify more precisely the perceived value, the design and
analysis of a conventional cancer clinical trial can be improved
by adopting a robust statistical procedure that enables clinically

4.6 

3.2 

5.0 

3.6 

2.5 

3.9 

6.1 

6.9 

6.0 

 2.0

 3.0

 4.0

 5.0

 6.0

 7.0

M
o
n
th
s

Median Survival (Registration Studies) RMST Mean Survival (Weibull)

4.6 

5.9 

4.1 
3.6 

4.6 

3.2 

6.1 

7.4 

5.6 

 2.0

 3.0

 4.0

 5.0

 6.0

 7.0

 8.0

M
o
n
th
s

Median Survival (Registration Studies) RMST Mean Survival (Weibull)

4.6 

2.1 

5.1 

3.6 

2.0 

3.9 

6.1 

2.2 

6.9 

 1.0

 2.0

 3.0

 4.0

 5.0

 6.0

 7.0

All drugs VEGF‐targeted therapies Non VEGF‐targeted therapies

All drugs Biomarker‐driven targeted therapies Non biomarker‐driven targeted therapies

All drugs Immuno‐oncology agents Non Immuno‐oncology agents

M
o
n
th
s

Median Survival (Registration Studies) RMST Mean Survival (Weibull)

A

B

C

Figure 1. Average improvement in survival measures, mean vs. median: in FDA 2013–2017 Oncology drug approvals.
Abbreviations: RMST, restricted mean survival time; VEGF, vascular endothelial growth factor.
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meaningful interpretations of the treatment effect. The RMST-
based quantitative method may be used as a primary tool for
future cancer trials or to help us to better understand the clini-
cal interpretation of the HR [4].

A major limitation of this study is the interpretation of
RMST within the time frame chosen for the cutoff of the
clinical trials (t). The comparisons between gains with
RMST and medians or parametric means (which are
unrestricted) need to be seen in the context of t and may
well explain disparate results within trials. In other words,
the difference between RMSTs and the other two metrics
depends on the choice of t. To moderate this effect, we
used only the therapeutic outcomes, including follow-up
periods, as reported in the clinical studies used for the
FDA drug approvals.

An additional limitation is that the processing of digitized
survival curves rather than using the original data generated
in the clinical trials may decrease statistical certainty. How-
ever, we indeed reached a high correlation between reported
clinical results and digitized data.

Another limitation is assuming Weibull distribution for
the mean survival calculation. As we used extrapolation com-
mencing at the end of the clinical trial follow-up period—
where the highest amount of uncertainty lies—by definition,
this extrapolation has a high level of uncertainty. This limita-
tion is relevant for the entire population analyzed in this work
as a whole, and specifically to the immuno-oncology agents
where the Weibull distribution may not be an appropriate
estimation for the tail of the survival curve. However, because
of the lack of available data, there is no clear alternative

A B

C D

Figure 2. Model demonstration: major differences.
Abbreviations: OS, overall survival; PFS, progression-free survival; RMST, restricted mean survival time.
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 PFS (in months)  Test arm
(Dabrafenib) 

 Control arm
(Dacarbazine) 

 Improvement 
 Incremental benefit vs. 

median benefit 
Median (as reported in the                           5.1                            2.7                     2.4 

Restricted Mean
Survival Time

                          5.9                        3.3                       2.6                                 0.2 

Mean Survival (Weibull)                           6.4                  3.7                       2.7                           0.3 

 PFS (in months)  Test arm
(Bevacizumab) 

 Control arm
(Chemotherapy) 

 Improvement 
 Incremental benefit vs. 

median benefit 
Median (as reported in                           6.7                            3.4                     3.3 

Restricted Mean
Survival Time

                          7.9                            4.5                     3.4    0.1 

Mean Survival (Weibull)                           8.0                  4.5                       3.5                           0.2 

 OS (in months)  Test arm
(Necitumumab) 

 Control arm
(Gemcitabine +  Improvement 

 Incremental benefit vs. 
median benefit 

Median (as reported in                        11.5                            9.9                   1.6 

Restricted Mean
Survival Time

                       14.8                          13.1                  1.7 0.1 

Mean Survival (Weibull)                        15.4              13.5                       1.9                        0.3 

 OS (in months)  Test arm
(Eribulin) 

 Control arm
(Dacarbazine) 

 Improvement 
 Incremental benefit vs. 

median benefit 
Median (as reported in                        13.5                          11.3                  2.2 

Restricted Mean
Survival Time

                       16.9                          14.7                  2.3 0.1 

Mean Survival (Weibull)                        18.1              15.6                       2.5                        0.3 

 PFS (in months)  Test arm  Control arm
 Improvement 

 Incremental benefit vs. 
median benefit 

Median (as reported in                           8.2                            5.6                     2.6 

Restricted Mean
Survival Time

                       10.0                            7.4                   2.7  0.1 

Mean Survival (Weibull)                        10.7                7.8                       2.9                         0.3 

A B

C D

E

Figure 3. Model demonstration: minor differences.
Abbreviations: OS, overall survival; PFS, progression-free survival; RMST, restricted mean survival time.
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option [59]. We chose to use Weibull as an exclusive model
to fit all survival curves as alternative parametric models were
found to be inferior. However, we recognize that even with
the Weibull extrapolation, a degree of uncertainty remains.

The presence of censoring may potentially contaminate
the calculation of mean survival measures, although this
phenomenon may also affect the median value as reported
in the results of the clinical trials.

Incorporating the RMST in addition to the median sur-
vival in the standard reporting of oncology clinical trials will
potentially supply more meaningful information to patients,
physicians, and policymakers. The suggested measures may
be more appropriate for chemotherapy and biomarker-driven
targeted therapies. In the case of immuno-oncology agents,
measures that are based on the mean of the entire popula-
tion may be less important than milestone reporting [51].
However, measures of the mean are likely still more impor-
tant than the median results.

CONCLUSION

Understanding the efficacy of treatments is crucial for patients,
physicians, and policymakers. The most common and straight-
forward measure used in the outcome reporting of oncology
clinical trials is the median survival. Although the median is easy
to understand, it describes only a single time point. Themost sci-
entifically common measure is the HR; however, there is

frequently a potential violation of the PH assumption underlying
thismeasure, and its actual interpretation is difficult for patients,
physicians, and policymakers. In cases in which a small propor-
tion of patients are expected to achieve long-term survival and
parametric extrapolation presents a good fit to the original data
set, it should be considered to add mean as a supplementary
measure to the trial outcomes. Mean survival may supply valu-
able and accurate information for different stakeholders—
physicians in their communication with peers and with patients;
regulatory bodies in interpretation of approved drugs efficacy;
and policymakers in reimbursement decisions.
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