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JOURNAL OF CLINICAL ONCOLOGY O R I G I N A L R E P O R T

Metastasis-Free Survival Is a Strong Surrogate of Overall
Survival in Localized Prostate Cancer
Wanling Xie, Meredith M. Regan, Marc Buyse, Susan Halabi, Philip W. Kantoff, Oliver Sartor, Howard Soule,
NoelW. Clarke, Laurence Collette, James J. Dignam, Karim Fizazi,Wendy R. Paruleker, HowardM. Sandler,Matthew R.
Sydes, Bertrand Tombal, Scott G. Williams, and Christopher J. Sweeney, on behalf of the ICECaP Working Group

A B S T R A C T

Purpose
Adjuvant therapy for intermediate-risk and high-risk localized prostate cancer decreases the number
of deaths from this disease. Surrogates for overall survival (OS) could expedite the evaluation of new
adjuvant therapies.

Methods
By June 2013, 102 completed or ongoing randomized trials were identified and individual patient
data were collected from 28 trials with 28,905 patients. Disease-free survival (DFS) and metastasis-
free survival (MFS) were determined for 21,140 patients from 24 trials and 12,712 patients from
19 trials, respectively.We evaluated the surrogacy of DFS andMFS for OS by using a two-stagemeta-
analytic validation model by determining the correlation of an intermediate clinical end point with OS
and the correlation of treatment effects on both the intermediate clinical end point and OS.

Results
Trials enrolled patients from 1987 to 2011. After a median follow-up of 10 years, 45% of 21,140men
and 45% of 12,712 men experienced a DFS and MFS event, respectively. For DFS and MFS, 61%
and 90% of the patients, respectively, were from radiation trials, and 63% and 66%, respectively,
had high-risk disease. At the patient level, Kendall’s t correlation with OS was 0.85 and 0.91 for DFS
andMFS, respectively. At the trial level, R2 was 0.86 (95%CI, 0.78 to 0.90) and 0.83 (95%CI, 0.71 to
0.88) from weighted linear regression of 8-year OS rates versus 5-year DFS and MFS rates, re-
spectively. Treatment effects—measured by log hazard ratios—for the surrogates and OSwere well
correlated (R2, 0.73 [95% CI, 0.53 to 0.82] for DFS and 0.92 [95% CI, 0.81 to 0.95] for MFS).

Conclusion
MFS is a strong surrogate for OS for localized prostate cancer that is associatedwith a significant risk
of death from prostate cancer.

J Clin Oncol 35:3097-3104. © 2017 by American Society of Clinical Oncology

INTRODUCTION

Each year, there are approximately 1.1 million
newly diagnosed cases of prostate cancer, with
more than 300,000 deaths worldwide.1 Treatment
of intermediate-risk and high-risk localized dis-
ease with adjuvant systemic therapy is associated
with fewer deaths from prostate cancer.1-4 Ad-
vances in understanding prostate cancer biology
and drug development have resulted in new ther-
apies that have prolonged the lives of somemenwith
metastatic castration-resistant prostate cancer.5 Use
of these therapies in the adjuvant setting—when
micrometastases, if present, are more sensitive to
therapies—may actually eradicate the disease

and further decrease the number of men who die
from prostate cancer; however, adjuvant clinical
trials in prostate cancer take more than a decade
to reach the irrefutable end point of overall sur-
vival (OS).Whereas disease-free survival (DFS) has
proven to be a surrogate for OS and is used as
a primary end point in adjuvant trials of colon
cancer,6 no intermediate clinical end points (ICEs)
are accepted as robust surrogates for OS in prostate
cancer trials.

An ICE can serve as a good surrogate for OS
when there is no curative salvage therapy for re-
lapsed disease and/or substantial risk of dying of
the disease.7-10 Prior preliminary attempts that
have used single studies to identify ICEs as sur-
rogates for OS in localized prostate cancer have
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included the following: time to biochemical failure, prostate-specific
antigen (PSA) doubling time, PSA nadir, end of treatment PSA, DFS,
and metastasis-free survival (MFS).11 We hypothesized that DFS
and/or MFS may be surrogates for OS, as they track more closely
with death from prostate cancer than a PSA-based ICE.11,12 A major
proportion of patients with intermediate-risk or high-risk localized
prostate cancer are cured and, even if these patients experience
relapse, often die of causes other than prostate cancer; therefore, we
also investigated the surrogacy of time to disease recurrence (TDR)
and time to metastasis (TTM) for disease-specific survival (DSS),
where nonprostate cancer deaths were not counted as an event.

METHODS

Search Strategy and Selection Criteria
To enable a meta-analysis of individual patient data (IPD) from

randomized controlled trials in localized prostate cancer, we conducted
a systematic review of studies that followed the PRISMA guidelines.11

Eligible trials included randomized controlled trials for localized disease
that were closed to accrual and conducted in Australia, New Zealand,
Canada, Europe or the United States. Trials with primary end points other
than efficacy—for example, safety, toxicity, quality of life, feasibility, do-
simetry, and patient decision-making—without systematic long-term
follow-up were excluded.

At the time of project initiation—June 2013—102 trials were identified
as potentially eligible, of which 43 (42%) of 102 trials had both data that were
suitable for use and a study group that agreed to participate. This resulted in
possible IPD from 28,905 patients. For this analysis, IPD were provided for
28 (65%) of 43 trials with 22,825 patients. Not all trials collected all end
points of interest; therefore, for DFS and MFS analysis, 21,140—from 24
(56%) of 43 trials—and 12,712 patients—from 19 (44%) of 43 trials—were
included, respectively. Trials that did not document data on these end points
were excluded. The selection process and reasons for exclusion are given in
the Data Supplement.

Statistical Analyses
Definition of end points. DFS was measured from the date of random

assignment to the date of first evidence of recorded clinical recurrence—local/
regional recurrence and/or distant metastases confirmed by imaging or his-
tologic evidence—or death from any cause or was censored at the date of last
follow-up.MFSwas defined the same as DFS but did not include local/regional
recurrence. TDR and TTM were defined analogously to DFS and MFS, but
nonprostate cancer deaths without prior progression were censored or were
counted as competing risk. OS was measured from the date of random as-
signment to death from any cause, censored at the date of last follow-up in
patients who were alive. DSS was defined the same as OS, but nonprostate
deaths were censored or considered as competing risk in sensitivity analyses.
Local recurrence and cause of death were based on trial-defined events (Data
Supplement).

Surrogacy criteria. We evaluated the surrogacy of DFS and MFS with
OS by using a widely accepted13 meta-analytic two-stage validation model
where two conditions must hold to claim that an ICE is a surrogate for
OS14,15 (Data Supplement). Condition 1 requires that the ICE and OS be
correlated. Condition 2 requires that the treatment effects on both end
points also be correlated. The validity of the surrogate is reflected by the
strength of the correlations. To be consistent with other surrogacy as-
sessments in oncology, we defined a priori a clinically relevant surrogacy of
an R2 value of $ 0.7.11

Condition 1 was tested at both the patient level and trial level. At the
patient level, associations of OS with DFS and MFS were evaluated via
a bivariate copula model (Data Supplement) fitted on IPD.16 Kendall’s t
(range, 0 to 1) quantified the correlation between end points. At the trial

level, we first obtained Kaplan-Meier estimates of 5-year DFS or MFS rates
and 8-year OS rates for each treatment arm within each trial. We then
performed weighted linear regression (WLR) analyses between trial and
arm-specific OS rates at 8 years versus DFS and MFS rates at 5 years. These
time points were chosen as they are frequently reported in the literature.
Regressions were weighted by inverse variances of the 5-year estimates of
the ICE. R2 was used to quantify the proportion of variance that was
explained by the regressions.

To test condition 2, we performed Cox proportional hazards re-
gression models to obtain the study-specific treatment effects—that is, the
natural log (hazard ratio [HR])—on the ICE and OS. We then fit a WLR
model between the effects of treatment on OS versus the effects of
treatment on DFS or MFS. Regressions were weighted by inverse variances
of the natural log (HR) on the ICE, and R2 was used to quantify the
proportion of variance that was explained by the regressions. This ap-
proachwas also applied to the surrogacy analysis of TDR and TTM for DSS
(nonprostate cancer deaths were censored).

Subgroup and sensitivity analysis. Given the heterogeneous pop-
ulation and treatment in the localized disease setting, we conducted
preplanned subgroup analyses by types of primary therapy (radical
prostatectomy [RP] versus radiation therapy [RT]); within RT-trials:
duration of androgen deprivation therapy (ADT; # 6 or . 6 months);
and patient risk groups defined by the National Comprehensive Cancer
Network, D’Amico, or pathologic features. Because a large proportion of
TDR and TTM end points are censored as a result of nonprostate cancer
deaths, we performed a sensitivity analysis to estimate trial-level correlation
between cumulative incidence estimates of TDR/TTM and DSS and between
the subdistribution treatment effect HR estimates for TDR/TTM and
DSS from competing risk models17 for which nonprostate cancer deaths
were considered as the competing risk for each end point. Model
accuracy was assessed by leave-one-out cross validation (Data
Supplement).

Surrogate threshold effect. Surrogate threshold effect (STE) is defined
as the minimum treatment effect (HR) on the surrogate necessary to
predict a nonzero treatment effect—that is, HR different from 1—on OS in
a future trial.18 To obtain STE, we constructed the 95% prediction limits
for the regression line of the effect of treatment on OS versus the effect of
treatment on the surrogate, accounting for the mean weights of current
trials. The intersection of the upper 95% prediction limit with the hor-
izontal line—representing an HR of 1 for OS—was defined as STE, which
corresponded to no treatment effect on OS.

All analyses were performed using SAS (SAS/STAT User’s Guide,
Version 9.4; SAS Institute, Cary, NC ) and R packages (www.r-project.org).

RESULTS

Trial and Patient Characteristics
For analysis, 21,140 patients from 24 trials and 12,712 patients

from 19 trials had documented data on DFS and MFS analysis,
respectively (Data Supplement). Five trials were split according to
the type of primary therapy or experimental arm, which resulted in
31 and 21 study units for DFS and MFS analysis, respectively (Data
Supplement).

Trials enrolled patients from 1987 to 2011 and median follow-
up was 10 years (range, , 0.1 to approximately 22.7 years). More
than 80% of patients were age , 75 years (Data Supplement). For
DFS andMFS analysis, 61% and 90% of patients, respectively, were
in radiation trials, and 63% and 66% had high-risk disease, re-
spectively. Observed 5-year rates were 76% for DFS, 79% for MFS,
and 84% for OS. Figure 1 shows the Kaplan-Meier distributions of
end points. Estimated hazard function by years since random
assignment for each end point is shown in Fig 2.
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Surrogacy Condition 1: Correlation Between ICE and OS
At the individual patient level, the correlation with OS was 0.85

(95% CI, 0.85 to 0.86) and 0.91 (95% CI, 0.91 to 0.91) for DFS and
MFS, respectively, as measured by Kendall’s t from a copula model.
When nonprostate cancer deaths were censored, the correlation with
DSSwas 0.68 (95%CI, 0.67 to 0.69) for TDR and 0.91 (95%CI, 0.91 to
0.92) for TTM. The tight correlation between end points is reflected by
the tight correlation between the trial and arm-specific Kaplan-Meier
estimates of OS or DSS at 8 years versus the Kaplan-Meier estimates of
the surrogates at 5 years (Fig 3). From the WLR, R2 was 0.86 (95% CI,
0.78 to 0.90) and 0.83 (95% CI, 0.71 to 0.88) between 8-year OS rates
versus 5-yearDFS andMFS rates, respectively.When nonprostate cancer
deaths were censored, there was still a high correlation of 8-year DSS
rates (R2, 0.80 [95% CI, 0.70 to 0.85] with 5-year TDR; and R2, 0.86
[95% CI, 0.75 to 0.90] for 5-year TTM; Table 1).

Surrogacy Condition 2: Correlation Between Treatment
Effect on ICE and OS

At the trial level, trial-specific treatment effects—measured by
HR for each end point—are shown in forest plots in the Data

Supplement. R2 was 0.73 (95% CI, 0.53 to 0.82) from the WLR of
log(HR)-OS versus log(HR)-DFS and was reduced to 0.63 (95%
CI, 0.36 to 0.75) with nonprostate cancer deaths censored. There
was a strong correlation between log(HR)-OS and log(HR)-MFS
across trials (R2, 0.92 [95% CI, 0.81 to 0.95]), and the high
correlation remained when nonprostate cancer deaths were cen-
sored (R2, 0.89 [95% CI, 0.72 to 0.93]; Fig 4). The estimated WLR
equation for each end point is listed in Table 1.

Subgroup and Sensitivity Analysis
Overall, results were consistent when analysis was restricted to the

high-risk population only or in a subgroup analysis by type of primary
therapy and by exposure to ADT within RT-based trials at both the
patient level and trial level (Data Supplement). At the patient level,
Kendall’s t correlation betweenOS and DFSwas 0.91 (95%CI, 0.90 to
0.92) and 0.84 (95%CI, 0.83 to 0.84) in RP-based and RT-based trials,
respectively. At the trial level, R2 from the WLR of log(HR)-OS versus
log(HR)-DFS was 0.87 (95% CI, 0.31 to 0.93) for RP trials and 0.75
(95% CI, 0.48 to 0.84) for RT trials. For MFS end point, no separate
analysis was conducted for RP-based trials as 90% of patients were
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from radiation trials. The correlation betweenOS orDSS and each ICE
was slightly stronger in those who received . 6 months of ad-
juvant ADT compared with those who received no or short-term
neoadjuvant/adjuvant ADT (Data Supplement).

Results were also consistent in a WLR analysis of trial-level
correlations when nonprostate cancer deaths were treated as com-
peting risk (Data Supplement) and in leave-one-out cross-validation
(Data Supplement).

STE and Implications for Trial Designs
STE on OS was an HR(DFS) of 0.67 and an HR(MFS) of 0.88,

which indicates that a risk reduction of 33% and 12%, respectively,
would predict a nonzero effect on OS (Fig 4). In addition, STE on
DSSwas an HR(TDR) of 0.49 and anHR(TTM) of 0.74; thus, a larger
treatment effect on TDR would be required to predict a treatment
benefit on DSS.

Given the strong correlation between MFS and OS, clinical trials
can be designed using MFS as primary end point instead of OS (Data
Supplement). Historically, trials have been designed with anOSHR that
ranges from 0.71 to 0.75. These trials have a study duration of 11.5 to
16.2 years with 1,000 patients enrolled over 5 years (Data Supplement).
Clearly, study durations would be shorter if the same treatment effects

were assumed for MFS (Data Supplement). WLR analysis (Table 1,
Fig 4) predicts that for OS HRs that range from 0.71 to 0.75, and
corresponding MFS HRs would range from 0.65 to 0.7 (Data
Supplement), so the benefit of using MFS instead of OS could be even
greater; however, the surrogate threshold effect, which is an MFS HR of
0.88, implies that a future trial would require an upper limit of the CI for
the estimated HR(MFS) to fall below the STE to predict a significant
effect onOS.Hence, depending on the assumedHRs and the number of
patients, the duration of the trial may favor choosing MFS or OS as the
primary end point (Fig 5). MFS would be the preferred primary end
point for an HR(OS) of , 0.7, whereas OS would be the preferred
primary end point for an HR(OS) of. 0.72. For example, a trial with
1,000 patients that was designed to detect a treatment effect of an HR
(MFS) of 0.6 would have a total study duration of 7.7 years. The as-
sociated predicted HR(OS) is 0.67, and a trial designed to detect this
effect would have a total study duration of 8.8 years.

DISCUSSION

In a cohort of patients with prostate cancer with an approxi-
mate15% chance of dying of prostate cancer over a 10-year period,
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DFS and MFS are valid surrogates for OS. As the estimated hazard
across times curves (Fig 2) depict, early prostate cancer recurrences
are associated with death from prostate cancer before dying from
a competing comorbidity in a patient population, 80% of whom
are age , 75 years and fit for enrollment in a clinical trial.

The practical output for surrogacy work includes being able to
complete trials in a more expeditious manner. The advantage of
using a surrogate, such as MFS, rather than OS is the ability to

observe the number of required events earlier, but there is some
uncertainty as to how well the surrogate predicts the effect on the
true end point. However, this uncertainty is captured by the STE,
which is the minimum treatment effect required on the surrogate
to predict a significant treatment effect on the true end point. In
short, use of MFS can allow an expeditious evaluation of a new
therapy if it has ameaningful treatment effect onMFS. Of note, anHR
(MFS) of 0.6 has been observed in adjuvant trials of testosterone
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Fig 3. Overall survival (OS) or disease-specific survival (DSS) rate at 8-year versus surrogate end points at 5 years: (A) 8-year OS versus 5-year disease-free survival (DFS), (B)
8-year disease-specific survival (DSS) versus 5-year time to disease recurrence (TDR), (C) 8-year OS versus 5-year metastasis-free survival (MFS), (D) 8-year DSS versus 5-year
time to metastasis (TTM). All rates were Kaplan-Meier estimates by trial and treatment arm. Circle size and regression were weighed by inverse variance of the 5-year
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Table 1. Two-Condition Surrogacy Analysis

TE ICE
No. of
Trials

No. of
Units*

No. of
Patients

Condition 1 (TE and ICE are correlated) Condition 2 (treatment effects on both end points are correlated)

Correlation at the
Patient Level,
Kendall’s t
(95% CI)

Regression of
8-Year TE Rate v
5-Year ICE Rate†
by Trial and Arm,

R2 (95% CI)

Regression of Log(HR)-TE v Log(HR)-ICE (by trial)

R2 (95% CI) Regression Equation

OS DFS 24 31 21,140 0.85 (0.85 to 0.86) 0.86 (0.78 to 0.90) 0.73 (0.53 to 0.82) Log(HR)OS = 0.035 + 0.605 3 Log(HR)DFS
DSS TDR 21‡ 28 20,496‡ 0.68 (0.67 to 0.69) 0.80 (0.70 to 0.85) 0.63 (0.36 to 0.75) Log(HR)DSS = 0.027 + 0.809 3 Log(HR)TDR
OS MFS 19 21 12,712 0.91 (0.91 to 0.91) 0.83 (0.71 to 0.88) 0.92 (0.81 to 0.95) Log(HR)OS = 20.021 + 0.740 3 Log(HR)MFS

DSS TTM 16‡ 18 12,068‡ 0.91 (0.91 to 0.92) 0.86 (0.75 to 0.90) 0.89 (0.72 to 0.93) Log(HR)DSS = 20.072 + 0.880 3 Log(HR)TTM

Abbreviations: DFS, disease-free survival; DSS, disease-specific survival; HR, hazard ratio; ICE, intermediate clinical end point; MFS,metastasis-free survival; OS, overall
survival; TDR, time to disease recurrence; TE, true end point; TTM, time to metastasis.
*Five trials were split according to the type of primary therapy or experimental arm (if two or more experimental arms).
†Eight-year TE rates and 5-year ICE rates were Kaplan-Meier estimates by trial and treatment arm, excluding three studies with median follow-up , 6 years.
‡Excluding three studies with the number of prostate cancer deaths , 3.
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suppression plus radiation versus radiation in high-risk localized
disease and resulted in improvements in OS.3,4,19-22 There are possibly
other health economic benefits for preventing morbidity and adverse
effects of treatment associated with a metastatic event.11 Defining
these benefits is part of the ongoing work being conducted by the
ICECaP Working Group.

Use of IPD was critical in conducting this analysis and allowed
a side-by-side comparison of DFS and MFS as surrogates for OS.
There were more patients and trials that were suitable for DFS than
MFS analyses, as some studies did not record events beyond first
clinical progression and are only viable for DFS analysis. As such,
systematic follow-up until first distant recurrence is required in
future studies to capture MFS events. The lower correlation of 0.7
for DFS versus 0.9 for MFS results in a lower STE for DFS (0.67 v
0.88) as the prediction intervals for DFS are wider, thus a need for
a greater treatment effect. This is presumably a result of local
recurrences that are possibly indolent and/or cured with salvage
therapy. Sensitivity analysis demonstrated that the MFS correlation
with OSwas maintained whether the primary localized therapy was
surgery or radiation on the basis of whether adjuvant ADT was
used (Data Supplement). Of note, the five trials in which MFS was

not collected (n = 8,428 patients) were all trials of adjuvant
hormonal therapy. In addition, early metastatic relapse is associ-
ated with death from prostate cancer, and sensitivity analyses have
shown that this is regardless of receipt of ADT in the adjuvant
setting and that this may also be the same for biochemical or
metastatic disease. Moreover, subgroup analysis by duration of
ADT could only be performed at the IPD level, as most trials were
designed to compare duration of ADT.

IPD also provides unique insight into the natural history of
prostate cancer. Figure 2 indicates that a constant rate of relapses
and late relapses have less impact on OS than relapses before 7 years
in this cohort, with a median OS of 12.7 years. Presumably, there is
an increase of nonprostate cancer deaths in later years and later
relapses have a more indolent course.

The cross-validation, subgroup, and sensitivity analyses provide
additional reassurance that the results are robust. There were some
limitations of our study. First, the DFS end point incorporated local
recurrence as an event defined by the trials with variations in the
definition of local recurrence. Second, we could not provide
a separate analysis for MFS for surgery because there were a limited
number of surgery-based trials.
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Fig 4. Treatment effects (hazard ratio [HR]) on overall survival (OS) or disease-specific survival (DSS) versus treatment effects on surrogates: (A) OS HR versus disease-
free survival (DFS) HR, (B) DSSHR versus time to disease recurrence (TDR) HR, (C) OSHR versusmetastasis-free survival (MFS) HR, (D) DSSHR versus time tometastasis
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were weighed by inverse variance of log(HR) estimates for surrogates. STE, surrogate threshold effect.
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Whereas it would be preferable to have an earlier end point
than 5-year DFS or MFS, this time point was chosen as it was
associated with enough events to allow robust analysis. Correlation
with a 10-year OS was thwarted as some trials did not have enough
follow-up, which resulted in a smaller number of units and fewer
patients at risk and, presumably, a greater impact from other causes
of death. As such, the 8-year OS rate was more reliable. In addition,
as OS data require long-term follow-up, most trials that were
included commenced before 2005. Our ongoing work with recently
completed trials will investigate the reproducibility of our findings
in an era with new therapies that prolong OS inmenwith metastatic

hormone-sensitive prostate cancer and castration-resistant pros-
tate cancer; however, because these have a modest improvement in
OS and do not cure disease, it is anticipated that surrogacy will still
persist.

In conclusion, MFS is a strong surrogate for OS in clinically
localized prostate cancer in a patient population with an approxi-
mate 15% chance of dying of prostate cancer over 10 years despite
potentially curative local therapy. Surrogacy is independent of
primary local interventions and type of adjuvant therapy. Linear
regression graphs used to generate the STE can be used to define
relative improvements in MFS that are associated with clinically
meaningful improvements in OS.
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