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Abstract  

Background: Adjuvant therapy for intermediate and high-risk localized disease decreases 

deaths from prostate cancer. 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 was collected from 28 trials with 28,905 patients. Disease-free survival 

(DFS) and metastasis-free survival (MFS) were determined for 21,140 (from 24 trials) and 

12,712 (from 19 trials) patients respectively. We evaluated the surrogacy of DFS and MFS for 

OS using a 2-stage meta-analytic validation model by determining the correlation of an 

intermediate clinical endpoint (ICE) with OS and correlation of treatment effects on both the ICE 

and OS. 

Results: The trials enrolled patients from 1987 to 2011. After a median follow-up of 10 years, 

45% of 21,140 men and 45% of 12,712 men achieved a DFS and MFS event, respectively. For 

the DFS and MFS, 61% and 90% of the patients respectively were from radiation trials and 63% 

and 66% had high-risk disease. At the patient level, the Kendall’s tau correlation with OS was 

0.85 and 0.91 respectively for DFS and MFS. At the trial level, the R-squared (R2) was 0.86 

(95% CI: 0.78-0.90) and 0.83 (95%CI: 0.71-0.88) from weighted linear regression of 8-year OS 

rates versus 5 year DFS and MFS rates respectively. The treatment effects (measured by log 

hazard ratios) for the surrogates and OS were well correlated (R2: 0.73(0.53-0.82) for DFS and 

0.92(0.81-0.95) for MFS).  

Conclusions: MFS is a strong surrogate for OS for localized prostate cancer associated with a 

significant risk of death from prostate cancer.  
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INTRODUCTION 

Each year there are about 1.1 million newly diagnosed cases of prostate cancer with more than 

300,000 deaths worldwide1. Treatment of intermediate and high risk localized disease with 

adjuvant systemic therapy is associated with fewer prostate cancer deaths1-4. Advances in 

understanding prostate cancer biology and drug development have resulted in new therapies 

prolonging the lives of some men with metastatic castration resistant prostate cancer 

(mCRPC)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 of prostate cancer. However, adjuvant prostate cancer clinical trials 

take longer than a decade to reach the irrefutable endpoint of overall survival (OS). While DFS 

has proven to be a surrogate for OS and used as a primary endpoint in adjuvant colon cancer 

trials6, no intermediate clinical endpoint (ICE) are accepted as a robust surrogate for OS in 

prostate cancer trials. 

 

An ICE can serve as a good surrogate for OS when there is no curative salvage therapy for 

relapsed disease and/or substantial risk of dying of the cancer 7-10. Prior preliminary attempts 

using single studies to identify ICEs as surrogate for OS in localized prostate cancer have 

included: time to biochemical failure; PSA-doubling time (PSA-DT); PSA nadir; end of treatment 

PSA; disease free survival (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 prostate cancer 

death than a PSA-based ICE11,12. A major proportion of patients with intermediate- or high-risk 

disease localized prostate cancer are cured, and even if they relapse, often die of causes other 

than prostate cancer. We therefore also investigated the surrogacy of time to disease 

recurrence (TDR) and time to metastasis (TTM) for disease specific survival (DSS), where non-

prostate cancer deaths were not counted as an event.  
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METHODS: 

Search strategy and selection criteria  

To enable a meta-analysis of individual patient data (IPD) from localized prostate cancer 

randomized controlled trials, we conducted a systematic review of studies following the PRISMA 

guidelines11. Eligible trials included randomized, controlled trials for localized disease which 

were closed to accrual and conducted in Australia, New Zealand, Canada, Europe or USA. 

Trials with primary endpoints other than efficacy (e.g. safety, toxicity, QOL, feasibility, dosimetry, 

and patient decision-making) without systematic long-term follow-up were excluded.  

At time of project initiation, June 2013, 102 trials were identified as potentially eligible of 

which 43/102 (42%) had both data suitable for use and a study group that agreed to participate. 

This resulted in possible IPD from 28,905 patients. For this analysis, IPD was able to be 

provided for 28/43 (65%) trials with 22,825 patients. Not all trials collected all of the endpoints of 

interest. Therefore, for the DFS and MFS analysis, 21,140 (from 24/43 (56%) trials) and 12,712 

patients (from 19/43 (44%) trials) could be included respectively. Trials which did not document 

data on these endpoints were excluded. The selection process and reasons for exclusion are 

shown in Figure Supplemental (S)1. 

 

Statistical analyses 

Definition of endpoints 

DFS was measured from the date of randomization to date of first evidence of recorded clinical 

recurrence (local/regional recurrence and/or distant metastases confirmed by imaging or 

histological evidence) or death from any cause; or censored at the date of last follow-up. MFS 

had the same definition as DFS but did not include local-regional recurrence. TDR and TTM 

were defined analogously to DFS and MFS but non-prostate cancer deaths without prior 

progression were censored or counted as competing risk. OS was measured from the date of 

randomization to death from any cause, censored at the date of last follow-up in patients who 

were alive. DSS was defined similarly as OS but non-prostate deaths were censored or 
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considered as competing risk in sensitivity analyses. Local recurrence and cause of death were 

based on trial-defined events (see Table S8).  

 

Surrogacy criteria 

We evaluated the surrogacy of DFS and MFS with OS using a widely accepted13 meta-analytic 

2-stage validation model where two conditions must hold to claim an ICE is a surrogate for 

OS14,15 (See supplemental statistical methods for discussion on choice of model). Condition 1 

requires that the ICE and OS be correlated. Condition 2 requires that the treatment effects on 

both end points be also correlated. The validity of the surrogate is reflected by the strength of 

the correlations. To be consistent with other surrogacy assessments in oncology, we defined a 

priori a clinically relevant surrogacy of a R-squared (R2) of 0.7 or higher11. 

  

Condition 1 was tested at both patient and trial levels. At the patient level, the associations of 

OS with DFS and MFS were evaluated through a bivariate copula model (see supplemental 

statistical methods for details) fitted on individual patient data16. Kendall’s tau (range 0-1) 

quantified the correlation between the endpoints. At the trial level, we first obtained Kaplan-

Meier estimates of 5-year DFS or MFS rate and 8-year OS rate for each treatment arm within 

each trial. We then performed weighted linear regression (WLR) analyses between trial and 

arm-specific  OS rate at 8 years versus DFS and MFS rate at 5 years. These timepoints were 

chosen as they are frequently reported in the literature. Regressions were weighted by the 

inverse variances of the 5-year estimates of the ICE. The R2 was used to quantify the proportion 

of variance explained by the regressions.  

 

To test condition 2, we performed Cox regression models to obtain the study-specific treatment 

effects (i.e. the natural log [hazard ratio (HR)]) on the ICE and OS. We then fit a WLR model 

between treatment effects on OS versus treatment effects on DFS or MFS. Regressions were 

weighted by the inverse variances of the natural log [HR]) on the ICE and R2 was used to 
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quantify the proportion of variance explained by the regressions. This approach was also 

applied to the surrogacy analysis of TDR and TTM for DSS (non-prostate cancer deaths were 

censored). 

 

Subgroup and sensitivity analysis 

Given the heterogeneous population and treatment in the localized disease setting, we 

conducted pre-planned subgroup analyses by (1) types of primary therapy (radical 

prostatectomy [RP] versus radiation therapy [RT]); (2) within RT-trials: duration of ADT (≤6 or >6 

months); (3) patient risk groups defined by NCCN, D’Amico or pathological features. Because a 

large proportion of TDR and TTM endpoints are censored due to non-prostate cancer deaths, 

we performed a sensitivity analysis to estimate trial-level correlation between cumulative 

incidence estimates of TDR/TTM and DSS and between sub-distribution treatment effect hazard 

ratio (sHR) estimates for TDR/TTM and DSS from competing risk models17 where non-prostate 

cancer deaths were considered as the competing risk for each endpoint. Model accuracy was 

assessed by a leave-one-out-cross validation (Supplemental methods).  

 

Surrogate Threshold Effect (STE) 

STE is defined as the minimum treatment effect (HR) on the surrogate necessary to predict a 

non-zero treatment effect (i.e. HR different from 1) on OS in a future trial18. To obtain STE, we 

constructed the 95% prediction limits for the regression line of treatment effect on OS versus 

treatment effect on the surrogate, accounting for the mean weights of the current trials. The 

intersection of the upper 95% prediction limit with the horizontal line (representing a HR of 1 for 

OS) was defined as STE, corresponding to no treatment effect on OS.  

 

All analyses were performed using SAS Software version 9.4 or later (SAS Institute Inc, Cary, 

NC) and the R packages (www.r-project.org). 

  



 

7 
 

RESULTS: 

Trial and patient characteristics 

21,140 patients from 24 trials and 12,712 patients from 19 trials had documented data on DFS 

and MFS analysis respectively (Table S1, S2). Five trials were split according to type of primary 

therapy or experimental arm resulting in 31 and 21 study units for the DFS and MFS analysis 

respectively (see supplemental Statistical Methods).  

 

The trials enrolled patients from 1987 to 2011 and median follow-up was 10 years (Range: 

<0.1~22.7 years). More than 80% of the patients were younger than 75 years old (Table S3). 

For the DFS and MFS analysis, 61% and 90% of the patients respectively were on radiation 

trials and 63% and 66% had high-risk disease. The observed 5-year rates for DFS was 76%, 

79% for MFS and 84% for OS. Figure 1 shows the Kaplan Meier distributions of the endpoints. 

The estimated hazard function by years since randomization for each endpoint is shown in 

Figure 2. 

 

Surrogacy condition 1: correlation between ICE and OS.  

At the individual patient level, the correlation with OS was 0.85 (95%CI: 0.85-0.86) and 0.91 

(95%CI: 0.91-0.91) respectively for DFS and MFS, as measured by the Kendall’s tau from a 

copula model. When non-prostate cancer deaths were censored, the correlation with DSS was 

0.68 (95%CI: 0.67-0.69) for TDR and 0.91 (95%CI: 0.91-0.92) for TTM. The tight correlation 

between the endpoints is reflected by the tight correlation between trial and arm-specific 

Kaplan-Meier estimates of OS or DSS at 8 years versus Kaplan-Meier estimates of the 

surrogates at 5 years (Figure 3). From the WLR, the R2 was 0.86 (95%CI: 0.78-0.90) and 0.83 

(95%CI: 0.71-0.88) between 8-year OS rates versus 5-year DFS and MFS rates respectively. 

When non-prostate cancer deaths were censored, there was still a high correlation of 8-year 

DSS rates (R2: 0.80 (95%CI: 0.70-0.85) with 5-year TDR and 0.86 (95%CI: 0.75-0.90) for 5-year 

TTM) (Table 1). 
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Surrogacy condition 2: correlation between treatment effect on ICE and OS  

At the trial level, trial-specific treatment effects, measured by the HRs for each endpoint, are 

shown in the forest plots (Figure S2). The R2 was 0.73 (95%CI: 0.53-0.82) from the WLR of 

Log(HR)-OS versus log(HR)-DFS and reduced to 0.63 (95%CI: 0.36-0.75) with non-prostate 

cancer deaths censored. There was a strong correlation between Log(HR)-OS and log(HR)-

MFS across trials (R2: 0.92[95%CI: 0.81-0.95]), and the high correlation remained when non-

prostate cancer deaths were censored (R2: 0.89[95%CI: 0.72-0.93]) (Figure 4). The estimated 

WLR equation for each endpoint is provided in Table 1.  

 

Subgroup and sensitivity Analysis 

Overall, the results were consistent when the analysis was restricted to the high risk population 

only, or in subgroup analysis by type of primary therapy and by exposure to ADT within RT-

based trials at both patient and trial level (Tables S4, S5 & S6). At the patient level, the 

Kendall’s tau correlation between OS and DFS was 0.91(95%CI: 0.90-0.92) and 0.84(95%CI: 

0.83-0.84) in RP- and RT-based trials respectively. At the trial level, the R2 from the WLR of 

Log(HR)-OS versus log(HR)-DFS was 0.87(95%CI:0.31-0.93) for RP trials and 0.75(95%CI : 

0.48-0.84) for RT trials. For the MFS endpoint, no separate analysis was conducted for RP 

based trials since 90% of the patients were from radiation trials. The correlation between OS or 

DSS and each ICE was slightly stronger in those who received >6 months of adjuvant ADT 

compared to those who received no or short-term neoadjuvant/adjuvant ADT (Table S4).  

 

Results were also consistent in WLR analysis of trial level correlations when non-prostate 

cancer deaths were treated as competing risk (Table S7), and in leave-one-out cross-validation 

(Fig S3,S4).  

 

STE and implications for trial designs 
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The STE on OS was a HR(DFS) of 0.67 and a HR(MFS) of 0.88, indicating that a risk reduction 

of 33% and 12% respectively would predict a non-zero effect on OS (Figure 4). Additionally, the 

STE on DSS was a HR(TDR) of 0.49 and a HR(TTM) of 0.74, hence, a larger treatment effect 

on the 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 endpoint, instead of OS (See Supplementary Material: Study Designs Using MFS and 

OS Endpoint). Historically trials have been designed with an OS hazard ratio ranging from 0.71 

to 0.75. These trials have a study duration of 11.5 to 16.2 years with 1000 patients enrolled over 

5-years (Figure S5). Clearly, the study durations would be shorter if the same treatment effects 

were assumed for MFS (Figure S5). The WLR analyses (Table 1, Figure 4) predicts that for OS 

hazard ratios ranging from 0.71 to 0.75, the corresponding MFS hazard ratios would range from 

0.65 to 0.7 (Table S9), so the benefit of using MFS instead of OS could be even greater. 

However, the surrogate threshold effect, which is a MFS hazard ratio of 0.88, implies that a 

future trial would require an upper limit of the confidence interval for the estimated HR(MFS) to 

fall below the STE to predict a significant effect on OS. Hence, depending on the assumed 

hazard ratios and the number of patients, the duration of the trial may favor choosing MFS or 

OS as the primary endpoint (Figure 5). MFS would be the preferred primary endpoint for 

HR(OS) lower than 0.7, while OS would be the preferred primary endpoint for HR(OS) greater 

than 0.72. For example, a trial with 1,000 patients designed to detect a treatment effect of 

HR(MFS) of 0.6 would have a total study duration of 7.7 years. The associated predicted 

HR(OS) is 0.67 and a trial designed to detect this effect would have a total study duration of 8.8 

years. 
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DISCUSSION: 

In a cohort of prostate cancer patients with an approximate15% chance of dying of prostate 

cancer over a 10-year period, DFS and MFS are valid surrogates for OS. As the estimated 

hazard across times curves (Figure 2) depict, early prostate cancer recurrences are associated 

with death from prostate cancer before dying from a competing co-morbidity in a patient 

population, 80% of whom are younger than 75 years old and fit for enrolment on 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 of how 

well the surrogate predicts the effect on the true endpoint. 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 endpoint. In short, use of MFS can allow an expeditious 

evaluation of a new therapy if it has a meaningful treatment effect on MFS. Notably, a HR(MFS) 

of 0.6 has been observed in adjuvant trials of testosterone suppression (TS) plus radiation 

versus radiation in high risk localized disease and resulted in improvements in overall 

survival3,4,19-22. There are possibly other health economic benefits for preventing the morbidity 

and adverse effects of treatment associated with a metastatic event11. Defining these benefits is 

part of ongoing work being conducted by the ICECaP working group. 

 

Use of the 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 suitable for DFS than 

the 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 vs 0.88) as the prediction intervals for DFS are 

wider and hence a need for a greater treatment effect. This is presumably due to local 
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recurrences are possibly indolent and/or cured with salvage therapy. The sensitivity analysis 

showed the MFS correlation with OS was maintained whether the primary localized therapy was 

surgery or radiation based and whether adjuvant ADT was used (Table S4); of note, the 5 trials 

in which MFS was not collected (N=8,428 patients) were all trials of adjuvant hormonal therapy. 

Notably, early metastatic relapse is associated with death from prostate cancer and the 

sensitivity analyses have shown this is regardless of receipt of ADT in the adjuvant setting and 

presumably also for biochemical or metastatic disease. Moreover, the subgroup analysis by 

duration of ADT could only be done at the IPD level as most trials were designed to compare 

duration of ADT.  

 

The IPD also provides unique insights into the natural history of prostate cancer. Figure 2 

details 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 yrs. Presumably there is an increase of 

non-prostate cancer deaths in later years and later relapses have a more indolent course. 

 

The cross-validation, subgroup and sensitivity analysis provide further reassurance that the 

results are robust. There were some limitations of our study. First, the DFS endpoint 

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 based 

patients given limited numbers of surgery based trials.  

 

While it would be preferable to have an earlier endpoint than 5 year DFS or MFS, this time-point 

was chosen as it was associated with enough events to allow a robust analysis. Correlation with 

10-year OS was thwarted as some of the trials did not have enough follow-up resulting in a 

smaller number of units and fewer patients at risk and presumably greater impact from other 

causes of death. As such the 8 year OS rate was more reliable. Additionally, since OS data 

requires long term follow-up, most of the trials included were commenced before 2005. Our 
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ongoing work with recently completed trials will investigate the reproducibility of our findings in 

the era with new therapies prolonging the OS of men with metastatic HSPC and CRPC. 

However, seeing as these have a modest improvement in OS and do not cure the disease, it is 

anticipated surrogacy will still persist. 

 

In conclusion, MFS is a strong surrogate for OS in clinically localized prostate cancer in a 

patient population with approximately 15% chance of dying of prostate cancer over 10 years 

despite potentially curative local therapy. The surrogacy is independent of primary local 

interventions and type of adjuvant therapy. The 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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Table 1 Two‐condition surrogacy analysis  

True 
Endpoint 
(TE) 

Intermediate 
Clinic 
Endpoint 
(ICE) 

      Condition 1 
(TE and ICE are correlated) 

Condition 2  
(Treatment effects on both endpoints are 

correlated) 

          Correlation  
at the patient 

level 

Regression of 
8‐year TE rate 
versus 5‐year 
ICE rate***  
(by trial and 

arm) 

Regression of Log(HR)‐TE versus Log(HR)‐ICE 
(by trial) 

    Number 
of  

trials 

Number 
of 

units* 

Number 
of 

patients 

Kendall Tau, 
(95% CI) 

R‐squared, 
95% CI 

R‐squared,  
95% CI 

Regression Equation 

OS  DFS  24  31  21,140  0.85 
(0.85‐0.86) 

0.86 
(0.78‐0.90) 

0.73 
(0.53‐0.82) 

Log(HR)OS= 0.035 + 0.605 x 

Log(HR)DFS
DSS  TDR  21**  28  20,496**  0.68 

(0.67‐0.69) 
0.80  

(0.70‐0.85) 
0.63 

(0.36‐0.75) 
Log(HR)DSS = 0.027 + 0.809 x 

Log(HR)TDR 

OS  MFS  19  21  12,712  0.91 
(0.91‐0.91) 

0.83  
(0.71‐0.88) 

0.92 
(0.81‐0.95) 

Log(HR)OS= ‐0.021 + 0.740 x 

Log(HR)MFS 

DSS  TTM  16**  18  12,068**  0.91 
(0.91‐0.92) 

0.86  
(0.75‐0.90) 

0.89 
(0.72‐0.93) 

Log(HR)DSS=‐0.072 + 0.880 x 

Log(HR)TTM 
OS: Overall survival, DSS: Disease specific survival, DFS: Disease free survival, TDR: Time to disease recurrence, MFS: Metastasis free survival, TTM: Time to metastasis 
HR: Hazard ratio 
       *Five trials were split according to type of primary therapy or experimental arm (if ≥2 experimental arms).  
      **Excluding 3 studies with number of prostate cancer death less than 3 
      ***8‐year TE rates and 5‐year ICE rates were Kaplan Meier estimates by trial and treatment arm, excluding three studies with median follow‐up less than 6 years 
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Figure Legends 

Figure 1 Kaplan Meier estimates of endpoints (A)OS and DFS (B)DSS and TDR (C)OS and 
MFS (D)DSS and TTM. Median follow-up was 10 years. 

Figure 2 Estimated hazard across times (A)OS and DFS (B)DSS and TDR (C)OS and MFS 
(D)DSS and TTM 

Figure 3 OS or DSS rate at 8 years versus surrogate endpoints at 5 years: (A)8 year OS vs 5 
year DFS, (B)8 year DSS vs 5 year TDR, (C) 8 year OS vs 5 year MFS, (D)8 year DSS vs 5 
year 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 rate estimate for the surrogates. 

Figure 4 Treatment effects (hazard ratio(HR)) on OS or DSS versus treatment effects on 
surrogates: (A) OS-HR versus DFS-HR, (B) DSS-HR versus TDR-HR, (C)OS-HR versus MFS-
HR, (D)DSS-HR versus TTM-HR. HRs were estimated from Cox regression for each study and 
values were natural logarithm transformed. Circle size and regression were weighed by inverse 
variance of Log-HR estimates for the surrogates. 

Figure 5: Total study duration required in the study designs using MFS hazard ratios and 
testing STE (solid line) or using predicted OS hazard ratios from weighted linear regression 
(dashed line). MFS would be the preferred primary endpoint for HR(OS) lower than 0.70, while 
OS would be the preferred primary endpoint for HR(OS) greater than 0.72 (gray vertical dashed 
lines).  Design assumptions include (1)5-years MFS and OS rate of 0.79 and 0.84 
(hazard=0.04714 and 0.03487 under exponential distribution) respectively, (2)5 years of accrual 
period, (3)type I error of 0.025 (one-sided) and type II error of 0.20.  
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Statistical methods 

Trials and Study Population 

24 and 19 trials with documented data on DFS and MFS were included respectively (see Figure S1 flow chart). One 
trial (TROG 96.01) was split into two study units given two experimental arms. Four trials (EPC 23:N=3292, EPC 24: 
N=3603, EPC 25: N=1218, and MRCPR04:N=508) included both surgery and radiation based patients and/or patients 
without primary therapy. We split each of these trials according to type of primary therapy as all other trials are 
primary therapy specific. Therefore, for the DFS analysis, the total number of units at the trial level was 31 with the 
split of TROG 96.01, three EPC studies and MRCPR04. For MFS analysis, the total number of units at the trial level was 
21 with the split of TROG 96.01 and MRCPR04. 
 
At the patient level, we used the ITT population, which includes all patients who were randomized to the study 
treatments.  

Choice of methodology  

Choice of methodology for establishing surrogacy has been discussed in our previous JNCI paper with a full Statistical 
Analysis Plan (SAP) published online (https://academic.oup.com/jnci/article‐lookup/doi/10.1093/jnci/djv261). Please 
refer to SAP section 4.3 about discussing the strength and limitations of existing surrogacy evaluation approaches.  
 
The meta‐analytic approach we have used is widely accepted as a gold standard to evaluate surrogacy when data are 
available from several clinical trials [Ciani et al 20014]. Historically, the Prentice criteria have frequently been used 
when data were available from a single trial. [Buyse et al 2016]. Although Prentice’s “full capture” criterion is very 
appealing conceptually, it requires techniques of causal inference (and the accompanying assumption of no 
unmeasured confounders) to be properly implemented. We acknowledge that the association measures presented 
here do not guarantee causation, but given the number of trials included and the strength of the associations, we 
think these results provide compelling evidence of surrogacy. 
 
Ciani, O., Davis, S., Tappenden, P., Cantrell, A., Garside, R., Stein, K., Saad, E., Buyse, M., Taylor, R.S. (2014). Validation 
of surrogate endpoints in advanced solid tumors: systematic review of statistical methods, results, and implications 
for policy makers.International Journal of Technology Assessment in Health Care 30, 1‐13. 
Buyse, M., Molenberghs, G., Paoletti, X., Oba, K., Alonso, A., Van der Elst, W. and Burzykowski, T. (2016). Statistical 
evaluation of surrogate endpoints with examples from cancer trials. Biometrical Journal 58,104‐32. 
 
 
Copula Models 

To estimate the association at the individual level between the distribution of OS and the surrogates, we fit  bivariate 
copula models on individual patient data (Burzykowski et al, 2001). The Weibull distribution was assumed to evaluate 
the effect of treatment on the marginal distribution of each endpoint. Clayton, Hougaard and Plackett’s copula 
models were considered. The Plackett’s copula was chosen for the DFS endpoint and Clayton’s copula was chosen for 
the MFS endpoint as they provided the best model fitness based on the AIC criteria (Reference: Fang et al. 2014 
Comparison of Two Methods to Check Copula Fitting, IAENG International Journal of Applied Mathematics, 44:1).  
Patient level correlation was quantified by Kendall’s Tau (range 0‐1) estimated from the copula. 

Weighted Linear Regression (WLR) Analyses 

At the trial level, we performed WLR analysis between Kaplan‐Meier estimates of OS at 8 years versus DFS and MFS 
at 5 years. Regressions were weighted by the inverse variances of the 5 year estimates of the surrogate. Likewise, we 
perform WLR analysis between treatment effects on OS versus treatment effects on DFS or MFS. Regressions were 
weighted by the inverse variances of the natural log (HR)) on the surrogate. Other weighting methods such as by 
number of events of the endpoints yielded similar results (data not shown). 



For trial‐level surrogacy analysis, the correlation between treatment effects on OS and DFS/MFS was also estimated 
using an error‐in‐variables regression model on the estimated treatment effects on the surrogate and on OS 
(Burzykowski et al, 2001). Such a model appropriately accounts for estimation errors in the treatment effects. 
However, due to the frequent convergence issue, such a model could not be fitted. Hence, we reported the trial level 
correlation based on the WLR analysis. 

Leave‐one‐out cross validation 

Model accuracy was assessed by a leave‐one‐out‐cross validation (Supplemental methods). Each trial was left out 
once and the WLR (i.e. treatment effect on OS or DSS versus treatment effect on the ICE) was rebuilt on the 
remaining n‐1 trials. This model was then applied to the left‐out trial to obtain the predicted treatment effect (log 
[HR]) on OS or DSS, along with 95% prediction intervals (accounted for the weight of the left‐out trial). R2 was also 
calculated from the remaining n‐1 trials model to evaluate the impact of a single trial on correlation between 
treatment effects on endpoints. 

 

  



Figure S1: Flowchart of section and participation of randomized clinical trials for localized prostate cancer 
in ICECaP  

 

 

*pre-PSA era, old databases, data inaccessible 
ICECaP: Intermediate Clinical Endpoints in Cancer of the Prostate, OS: Overall survival, DFS: Disease free 
survival, MFS: Metastasis free survival. IPD: individual patient data 
 

 



Table S1 Comparing trial characteristics between studies with and without individual patient data (IPD) in 
ICECaP database 

  
Trials without 

IPD in ICECaP  
(15 trials) 

Trials with IPD 
in ICECap  
(28 trials) 

    % N % 

No. randomized per trial, median (IQR) 300 138-677 439 
270-
1088 

Follow-up, median(IQR), year 7.6 5.7-10.0 8.1 6.0-10.0  

Study region             

US 6 40 9 32 

Canada 3 20 8 29 

UK 4 27 6 21 

Europe 2 13 13 46 

ANZ . . 5 18 

Type of treatment            

RT-based 10 67 17 61 
RP-based  1 7  6  21  

RP & RT  4 27  4  14  

Other . . 1 4 

Year of first enrollment            

1980-1989 5 33 4 14 

1990-1994 3 20 3 11 

1995-1999 3 20 17 61 

2000-2004 2 13 2 7 

2005-2009 . . 2 7 

Unknown 2 13 . . 

Year of last enrollment            

1980-1989 2 13 . . 

1990-1994 4 27 1 4 

1995-1999 4 27 10 36 

2000-2004 1 7 13 46 

2005-2009 1 7 3 11 

2010-present . . 1 4 

Unknown 3 20 . . 

OS as the primary endpoint 13 87 20 71 

Endpoints include         

OS 14 93 28 100 

PCSM 8 53 17 61 

TTM/MFS 9 60 22 79 

PSA progression 10 67 23 82 
   



Table S2 Trial and patient characteristics for DFS and MFS analysis 

  
DFS analysis 
(N=21,140) 

MFS analysis 
(N=12,712) 

   N % N %
Year of Randomization             

1987‐1994  2165 10 2067 16

1995‐1999  13982 66 5742 45

2000‐2004  3820 18 3730 29

2005‐2011  1173 6 1173 9

Type of treatment         

Comparing primary therapies   201 1 201 2

RP +/‐ Adjuvant RT or ADT   5518 26 966 8

RT dose   1366 6 1149 9

RT +/‐ ADT   11619 55 10249 81

No primary therapy +/‐ ADT/other   2436 12 147 1

Age at randomization       

64 or younger  6043 29 3223 25

65‐74   11857 56 7310 58

75 or older   3226 15 2174 17

Unknown  14 0.07 5 0.04

NCCN risk group         

Low   2092 10 1094 9

Low/Intermediate*  702 3 100 1

Intermediate   5898 28 3497 28

High   11502 54 7586 60

Unknown  946 4 435 3

High risk**         

No  7225 34 4158 33

Yes  13324 63 8394 66

Unknown  591 3 160 1

*T2 disease but T2 subtype is not determined.  
**defined as high risk if patient had one of these features: high risk by NCCN or D’Amico criteria, high risk by 
pathological criteria (pathological Gleason>7, or seminal vesicles involvement, or ≥pT3b stage) or Pathology N1 
(ECOG3886 only).  
 

 



 
 
Table S3 Trials included for DFS (N=24) and MFS (N=19) analysis. Trials are ordered by type of local therapy. 
 

Study  Stage (Clinical 
|Pathological) 

Year 
Enrolled 

Type of Local 
therapy 

Control Arm  Experimental Arm  Total
N

Median 
Follow‐up, 

years

MFS 
Analysis 

RP & RT/other  

EPC Trial23  T1b‐4  1995‐1998  RP/RT  placebo  Casodex  3292 10.9 No 

EPC Trial24  T1b‐4  1995‐1998  RP/RT/None  placebo  Casodex  3603 10.4 No 

EPC Trial25  T1b‐4  1995‐1998  RP/RT/None  placebo  Casodex  1218 11.1 No 

Cryo vs RT Ontario  T2c‐3b  1999‐2002  RT/Cryoablation  NADT 6mo + RT   NADT 6mo + Cryoablation  64 10.7 Yes 

RP vs RT DiStasi et al  T1‐2  1997‐2001  RP/RT  RP  RT  137 13.1 Yes 

RP‐based trials

ECOG3886  T1b‐2|pN1  1988‐1993  RP  Observation 
(Deferred ADT) 

Immediate continuous ADT 98 11.8 No 

GermanARO9602  T1‐3|pT3N0  1997‐2004  RP  Observation  Adjuvant RT  307 9.7 Yes 

SWOG8794  T1‐
4|pT3N0M0 

1988‐1997  RP  Observation  Adjuvant RT  431 14.0 Yes 

TAX3501  T1‐4  2005‐2007  RP  Observation 
(Deferred) 

Immediate 18mo 
Leuprolide +/‐ 6cycle 
Taxotere 

228 3.4 Yes 

RT‐based trials: comparing RT doses 

Australian Study 
Yeoh et al 

T1‐2  1996‐2003  RT  RT 64Gy (32 
fractions/6.5wk) 

RT 55Gy (20 fractions 
/4 wks) 

217 9.3 No 

GETUG06  T1b‐3a  1999‐2002  RT  RT 70 Gy  RT 80 Gy  306 5.1 Yes 

MRCRT01  T1b‐3a  1998‐2002  RT  3‐6mo NADT + RT 64 Gy  3‐6mo NADT + RT 74 Gy  843 10.0 Yes 

RT‐based trials: comparing duration of ADT



Study  Stage (Clinical 
|Pathological) 

Year 
Enrolled 

Type of Local 
therapy 

Control Arm  Experimental Arm  Total
N

Median 
Follow‐up, 

years

MFS 
Analysis 

EORTC22863  T1‐2 WHO‐G3 
or T3‐4 

1987‐1995  RT  RT  RT+ AADT 3yr   415 9.4 Yes 

EORTC22961  T1c‐4  1997‐2001  RT  NADT 6mo + RT  NADT 6mo + RT + AADT 
2.5yr 

970 6.0 Yes 

EORTC22991  T1b‐2a  2001‐2008  RT  RT  RT + AADT 6mo  819 7.2 Yes 

French study Mottet 
et al 

T3‐4  2000‐2003  RT/None  ADT 3yr  ADT 3yr + RT  264 8.4 Yes 

GICOR‐DART01/05  T1c‐3b  2005‐2010  RT  NADT 4mo + RT  NADT 4mo + RT + AADT 2yr 352 4.5 Yes 

ICORG9701  T1‐4  1997‐2001 RT NADT 4mo + RT NADT 8mo + RT 276 12.0 Yes 

NCIC/MRC‐PR3  T2‐4  1995‐2005  RT/None  ADT lifelong  ADT lifelong + RT  1205 8.0 Yes 

RTOG9202  T2c‐4  1992‐1995  RT  NADT 4mo + RT  NADT 4mo + RT + AADT 2yr 1520 19.6 Yes 

RTOG9408  T1b‐2b  1994‐2001  RT  RT  NADT 4mo + RT  1979 9.9 Yes 

RTOG9413  T1c‐4  1995‐1999  RT  RT + AADT 4mo  NADT 4mo + RT  1270 17.1 Yes 

TROG9601  T2b‐4  1996‐2000  RT  RT  NADT 3/6 mo + RT  818 11.4 Yes 

RT‐based trials: other 

MRCPR04  T2‐4  1994‐1997  RT/None  Placebo  Clodronate 5yr  508 8.7 Yes 

RP: Radical prostatectomy, RT: Radiation therapy, ADT: Androgen deprivation therapy, NADT: Neoadjuvant ADT, AADT: Adjuvant ADT 
Mo: Month yr: year  
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Figure S2 Forest plots of study specific treatment effects (HR) on endpoints. Trials are ordered by type of therapy: (1) 
Compare primary therapy,  (2) RP+/‐ adjuvant RT/ADT,  (3)RT‐based: comparing RT dose, (4) RT‐based: comparing 
ADT duration, (5)No primary therapy(NP) +/‐ ADT/other  
 
(A)DFS and OS 

 
   



(B)TDR and DSS 

 

   



(C)MFS and OS 

 

   



(D)TTM and DSS 

 

 

   



Table S4  Subgroup analysis of correlation between the surrogates and  true endpoints at the patient level 
	
  Correlation between 

DFS and OS 
Correlation between 

TDR and DSS 
Correlation between 

MFS and OS 
Correlation between 

TTM and DSS 

  No. of 
patients 
(trials) 

Kendall’s Tau 
(95%CI) 

No. of 
patients 
(trials) 

Kendall’s Tau 
(95%CI) 

No. of
patients 
(trials) 

Kendall’s Tau 
(95%CI) 

No. of 
patients 
(trials) 

Kendall’s Tau 
(95%CI) 

All patients  21,140 (31)  0.85 (0.85‐0.86) 20,496(28) 0.68 (0.67‐0.69) 12,712(21) 0.91 (0.91‐0.91) 12,068(18) 0.91 (0.91‐0.92)

By type of therapy    

 RP based  5,518 (7)  0.91(0.90‐0.92) 5,290(6) 0.75 (0.73‐0.78)  

 RT based*  13,186(21)  0.84(0.83‐0.84) 12,770(19) 0.66 (0.65‐ 0.67) 11,599(17) 0.91 (0.90‐0.91) 11,183(15) 0.92 (0.91‐0.92)

 No local therapy 2,436(3)  0.86(0.85‐0.87) 2,436(3) 0.69 (0.67‐0.71)  

Within RT‐based  trials    

 No use of ADT** 4,131(12)  0.76(0.75‐0.78) 4,131(12) 0.64(0.61‐0.66) 2,544(8) 0.91 (0.90‐ 0.92) 2,544(8) 0.90(0.89‐0.92)

 Use of ADT  9,055(15)  0.87(0.86‐0.87) 8,639(13) 0.67(0.65‐0.69) 9,055(15) 0.91 (0.91 0.91) 8,639(13) 0.92(0.92‐0.93)

    Duration of ADT    

    ≤6months  5,674(11)  0.84(0.83‐0.85) 5,434(9) 0.63 (0.60‐0.66) 5,674(11) 0.90 (0.89‐0.90) 5,434(9) 0.91(0.90‐0.92)

    >6months  3,381(8)  0.90( 0.89‐0.91) 3,205(7) 0.75 (0.73‐0.77) 3,381(8) 0.93 (0.93‐0.94) 3,205(7) 0.94(0.94‐0.95)

High risk patients only 13,324(31)  0.81(0.80‐0.82) 12,824(28) 0.69(0.68‐ 0.71) 8,394(21) 0.88 (0.88‐0.89) 7,894(18) 0.90(0.89‐0.91)

OS: Overall survival, DSS: Disease specific survival, DFS: Disease free survival, TDR: Time to disease recurrence, MFS: Metastasis free survival, TTM: Time to metastasis 

RP: Radical prostatectomy, RT: Radiation therapy, ADT: Androgen deprivation therapy    



Table S5  Subgroup analysis of correlation between 8‐year OS/DSS rate and 5‐year surrogate rate 
 

  Correlation between
5‐year DFS and 8‐year OS 

(by trial and arm) 

Correlation between
5‐year TDR and 8‐year DSS 

(by trial and arm) 

Correlation between
5‐year MFS and 8‐year OS 

(by trial and arm) 

Correlation between
5‐year TTM and 8‐year DSS 

(by trial and arm) 

  No. of 
units 

R‐squared
(95%CI) 

No. of 
units 

R‐squared
(95%CI) 

No. of 
units 

R‐squared
(95%CI) 

No. of 
units 

R‐squared
(95%CI) 

All patients  56  0.86 (0.78‐ 0.90) 56 0.80 (0.70‐0.85) 36* 0.83 (0.71‐0.88) 36* 0.86 (0.75‐0.90)

By type of therapy  

 RP based  13  0.86 (0.58‐0.92) 13 0.81 (0.46‐0.89) ‐ ‐ ‐ ‐

 RT based*  37  0.68 (0.48‐0.78) 37 0.71 (0.52‐0.80) 29 0.77 (0.57‐0.84) 29 0.87 (0.74‐0.91)

High risk patients only 56  0.85 (0.77‐ 0.89) 56 0.84 (0.75‐0.88) 36 0.70 (0.50‐0.79) 36 0.70 (0.50‐0.79)

OS: Overall survival, DSS: Disease specific survival, DFS: Disease free survival, TDR: Time to disease recurrence, MFS: Metastasis free survival, TTM: Time to metastasis 
RP: Radical prostatectomy, RT: Radiation therapy, CI: Confidence interval 
 
 

   



Table S6  Subgroup analysis of correlation between treatment effect on OS/DSS and treatment effect on surrogate endpoints 
 

  Correlation between
Log‐HR (OS) vs  Log‐HR (DFS) 

(by trial) 

Correlation between
Log‐HR (DSS) vs  Log‐HR (TDR) 

(by trial) 

Correlation between
Log‐HR (OS) vs  Log‐HR (MFS) 

(by trial) 

Correlation between
Log‐HR (DSS) vs  Log‐HR (TTM) 

(by trial) 

  No. of 
units 

R‐squared
(95%CI) 

No. of 
units 

R‐squared
 (95%CI) 

No. of 
units 

R‐squared
(95%CI) 

No. of 
units 

R‐squared
(95%CI) 

All patients  31  0.73(0.53‐0.82) 28 0.63(0.36‐0.75) 21 0.92(0.81‐0.95) 18 0.89 (0.72‐0.93)

By type of therapy  

 RP based  7  0.87(0.31‐0.93) 6 0.79(0.04‐0.89)

 RT based*  21  0.75(0.48‐0.84) 19 0.63(0.27‐0.77) 17 0.92(0.78‐0.95) 15 0.89 (0.70‐0.94)

High risk patients only 31  0.78(0.59‐0.85) 28 0.82(0.66‐0.88) 21 0.92(0.81‐0.95) 18 0.92 (0.79‐0.95)

OS: Overall survival, DSS: Disease specific survival, DFS: Disease free survival, TDR: Time to disease recurrence, MFS: Metastasis free survival, TTM: Time to metastasis 
RP: Radical prostatectomy, RT: Radiation therapy, HR: Hazard ratio, CI: Confidence interval 

 

 

   



Table S7 Correlation between endpoints at the trial level from competing risk models. Event rates and hazard ratios were estimated from competing risk models 

where non‐prostate cancer death was considered as a competing risk   

    Cumulative incidence of 
8‐year PCSM versus 5‐year TDR/TTM

(by trial and arm) 

Treatment effect 
SHR(PCSM) versus  SHR(TDR/TTM) 

(by trial) 

True 
endpoint 

Surrogate 
endpoint 

No. of 
units 

R‐squared, 
95% CI 

No. of 
units 

R‐squared, 
95% CI 

Regression equation 

DSS  TDR  56*  0.79 (0.68‐0.84)  28**  0.63 (0.36‐0.75)  Log(SHR)PCSM = 0.025 + 

0.799 x Log(SHR)TDR 

DSS  TTM  36*  0.86 (0.75‐0.90)  18**  0.89 (0.73‐0.93)  Log(SHR)PCSM= 0‐.063 + 

0.883 x Log(SHR)TTM 

*Excluding 3 studies with median follow‐up less than 6 years; 28 trials with a total of 56 arms were included for DFS/TDR analysis and 18 trials with a total of 36 arms were 
included for MFS/TTM analysis.  

**Excluded 3 trials with number of prostate cancer death less than 3. 
PCSM: Prostate cancer specific mortality, TDR: Time to disease recurrence, TTM: Time to metastasis, SHR: Sub‐distribution hazard ratio, CI: Confidence interval 

   



Figure S3 Leave‐one‐out‐cross validation:  R‐squared between HR(OS/DSS) and HR(surrogates) 
	

(A) R‐squared between Log‐HR(OS) and log‐HR(DFS)
Median (range): 0.73(0.69‐0.77) 

 

(B) R‐squared between Log‐HR(DSS) and log‐HR(TDR)
Median (range): 0.63(0.59,0.70) 

(C) R‐squared between Log‐HR(OS) and log‐HR(MFS)
Median (range): 0.92 (0.90, 0.94) 

(D) R‐squared between Log‐HR(DSS) and log‐HR(TTM)
Median (range): 0.89 (0.85, 0.92)  

 OS: Overall survival, DSS: Disease specific survival, DFS: Disease free survival, TDR: Time to disease recurrence, MFS: Metastasis free survival, TTM: Time to metastasis 
HR: Hazard ratio 

 

   



Figure S4 Leave‐one‐out‐cross‐validation: observed versus predicted treatment effects on OS/DSS.  Black squares correspond to predicted hazard ratios (HR) on 
OS or DSS using the observed HR on surrogates of that particular trial, based on the regression model built on all the other (i.e. the remaining n‐1) trials; red 
circles correspond to the observed HR on OS or DSS of that particular trial; horizontal lines correspond to 95% prediction intervals.  

(A) Prediction	for	HR(OS)	based	on	HR(DFS)

 

(B) Prediction	for	HR(DSS)	based	on	HR(TDR)

(C) Prediction	for	HR(OS)	based	on	HR(MFS)	 (D) Prediction	for	HR(DSS)	based	on	HR(TTM)	

 



Table S8 Definition of Local progression and frequency of bone scan or image by study 

Study  Local progression definition  Frequency of bone scan or image 

Trials with both RP, RT or other     

EPC Trial23/24/25  Local progression was not defined but was included as 
part of objective (clinical) progression. Any of the 
following will be sufficient for clinical progression: 
(A)objective progression by bone scan, CT, MRI, biopsy 
etc (B)local or symptomatic progression: (i)ureteric 
obstruction either by primary tumor or pelvic nodal 
disease (ii)lymphedema of lower extremities due to 
pelvic model involvement. (iii)recurrent vesical 
obstruction, bleeding or pain due to growth of primary 
tumor  

Not included for MFS analysis 

Cryo vs RT Ontario  Clinical local recurrence is clinical evidence based on 
histological evidence.  

Bone scan as clinically indicated 

RP vs RT.DiStasi et al  Not reported  Not reported 

RP‐based trials     

ECOG3886  Not reported  Not included for MFS analysis 

GermanARO9602  Not reported  Not reported 

SWOG8794  biopsy‐proven local recurrence  As clinically indicated 

TAX3501  Not reported  Bone scans and CT scans were repeated once a 
year until disease progression and then every 6 
months and or as clinically indicated. 

RT‐based: comparing RT doses     

Australian Study Yeoh et al  Local progression was not defined but was included as 
part of clinical relapse. The sites of clinical relapse 
were local, pelvic nodal, and bony metastatic based on 
histopathologic and radiologic (bone and CT abdominal 
scan) reassessment. 

Not included for MFS analysis 

GETUG06  Local relapse was based on digital examination, only 
four patients with positive biopsy findings 

Not reported 



Study  Local progression definition  Frequency of bone scan or image 

MRCRT01  Local control was defined as time to clinically assessed 
failure; failure proven only by biopsy was excluded 
from this endpoint because only 304 of 843 (36%) 
patients consented to research biopsies planned at 2 
years. 

Bone scans, CT, or MRI were done as clinically 
indicated 

RT‐based: comparing duration 
of ADT 

   

EORTC22863  Local failure was defined as an increase of more than 
50 percent in the product of the two maximal 
perpendicular diameters of the primary lesion as 
measured digitally, by CT or transabdominal 
ultrasonography; in case of doubt, biopsy was highly 
recommended. Local progression was defined as the 
recurrence of a palpable tumor after initial regression. 

Chest X‐ray, bone scan and C.T. scan of liver, 
retroperitoneum, abdomen and pelvis are 
performed annually. 

EORTC22961  Local progression is assessed by the following 
symptoms :(A)Palpable enlargement of an existing 
abnormality or regrowth of a previously regressed 
prostate gland must be considered as a disease 
progression or recurrence when there is a 25% or 
greater increase in the product of the two largest 
diameters of the prostate, and must be documented 
by a positive biopsy to be considered as failure or 
relapse. (B) The development of an obstructed ureter 
constitutes evidence of progression. (C)Urethral 
obstruction or bleeding necessitating a trans‐urethral 
resection constitutes evidence of progression only if 
the resected tissues demonstrate viable malignancy.

Chest X‐ray, Technetium bone scan, CT scan of 
pelvis and abdomen are not mandatory every 
year, but are required, should there be a clinical 
and/or biochemical (PSA) suspicion of progression. 
CT scan or MRI should be performed when the 
interpretation of bone scan is difficult. 



Study  Local progression definition  Frequency of bone scan or image 

EORTC22991  Local progression is assessed by the following 
symptoms: 
‐ Palpable enlargement of an existing abnormality or 
regrowth of a previously regressed prostate lobe must 
be considered as a disease progression or recurrence, 
if there is a 25% or more increase in the size of the 
existing abnormality or of the involved prostate lobe, 
and documented by a positive biopsy. 
‐ Urethral obstruction or bleeding necessitating a 
trans‐urethral resection constitutes evidence of 
progression only if the resected tissues demonstrate 
viable malignancy 

Imaging studies (Bone Scan,CT‐of abdomen 
+pelvis, MRI or Chest X‐ray) will be done in case of 
suspicion of clinical and/or biochemical 
progression. 

French study Mottet et al  Localregional progression was defined as >50% 
increase in prostate volume compared with the lowest 
value by ultrasound, the appearance of a new palpable 
prostate lesion in the event of previous complete 
clinical normalization, and identification of new 
regional lymph nodes by CT scan.  

Ultrasound was recommended at 6 month, 1, 3, 
and 5 yr. CT and bone scans were systematically 
performed in case of clinical or biologic 
progression 

GICOR‐DART01/05  Not reported  Imaging (abdominal‐pelvic CT and bone scan) was 
repeated in cases in which clinical or biochemical 
progression was suspected. 

ICORG9701  Not reported  Bone scan Annually 

NCIC/MRC‐PR3  Local progression was defined as either ureteral 
obstruction or progressive disease accompanied by a 
biopsy sample showing tumor. 

Not reported 

RTOG9202 & RTOG9408  The time to local progression will be measured from 
the date of first treatment to the date of documented 
local progression as determined by clinical exam. 
(Note, because an endpoint in this study is tumor 
clearance and local control, a biopsy of the prostate 
will be obtained at 24 months following completion of 
radiation therapy.) 

Bone scan as indicated. A bone scan will be 
performed on any patient who presents with 
complaints of bone pain that cannot be attributed 
to any inter‐current disease. Discretionary plain 
films may be needed to evaluate lesions seen on 
bone scan to confirm the diagnosis of metastatic 
disease. 



Study  Local progression definition  Frequency of bone scan or image 

 RTOG9413  Date of randomization to the date of local progression 
defined as any of the below: 
(A)Tumor progression 
(B)Positive repeat biopsy ≥ 2 years after treatment 
(C)If tumor never cleared or only had partial response 
then 
   If tumor regrowth > 50% then 
       o If < 2 years from randomization then failure date 
= date of tumor size measurement 
       o If ≥ 2 years from randomization then failure date 
= day 1 (persistence) 
   If tumor regrowth ≤ 50% then 
       o If ≥ 2 years from randomization then failure date 
= day 1 (persistence) 

As clinically indicated, e.g. rising psa or bone pain. 
A bone scan will be performed on any patient who 
presents with complaints of bone pain that can 
not be attributed to any intercurrent disease. 
Discretionary plain films may be needed to 
evaluate lesions seen on bone scan to confirm the 
diagnosis of metastatic disease. 

TROG9601  Local progression is defined as occurring at the time of 
first evidence of palpable malignant induration or to 
confirmatory biopsy or trans‐urethral resection 
specimen histopathology if the procedure has 
occurred at least two years after radiotherapy. 

Investigations—including biopsy, CT scan, chest 
radiograph, and isotope bone scan—were 
mandated if symptoms suggested a need, or if PSA 
reached 20 μg/L without signs of recurrence. 

RT‐based trials: other     

MRCPR04  Not reported  Not reported 

 
 



Supplementary Material: Study Designs Using MFS and OS Endpoint 

Design 1: Design a trial using MFS or OS endpoint, assuming that MFS and OS are independent endpoint 
 
Design assumptions: 
Randomization: 1:1   
5‐years MFS rate: 0.79 (hazard=0.04714 under exponential distribution) 
5‐year OS rate: 0.84 (hazard=0.03487 under exponential distribution) 
Accrual period: 5 years 
Type I error: 0.025 (one‐sided) or 0.05 (two‐sided) 
Type II error: 0.20 
Null Hypothesis (H0): HR(MFS)≥1 , HR(OS)≥1 
Alternative hypothesis (H1): HR(MFS) < 1, HR(OS) < 1,  
 
Figure S5 Total study duration required to observe the number of events under H1 according to various hazard 
ratios (H1) and sample sizes by using MFS or OS endpoint  

 

From the ICECaP data, the observed 5‐year MFS was 0.79 versus 5‐year OS 0.84. Historically trials have been 

designed with a proposed treatment effect of HR(OS) 0.70 to 0.75, which have a study duration of 10.7 to 16.2 years 

with 1000 patients enrolled over 5‐years. If we assume the treatment effect on OS is the same on MFS, i.e. HR(MFS) 

0.75  the study duration would be 12.7 years.  

   



Design 2: Design a trial using MFS endpoint, with validation that MFS is correlated with OS and applying the 
surrogate threshold effect (STE) based on ICECaP data (Figure 5 in main paper).  
 
Design assumptions: 
Randomization: 1:1   
5‐years MFS rate: 0.79 (hazard=0.04714 under exponential distribution) 
5‐year OS rate: 0.84 (hazard=0.03487 under exponential distribution) 
Accrual period: 5 years 
Type I error: 0.025 (one‐sided) or 0.05 (two‐sided) 
Type II error: 0.20 
Null Hypothesis (H0): HR(MFS)≥0.88 , HR(OS)≥1 
Alternative hypothesis (H1): HR(MFS)< 0.88, HR(OS) < 1,  
 
 
From the weighted linear regression (WLR) analyses (Table 1 in main paper), there is not a 1:1 relationship between 
treatment effect on MFS and OS. Moreover, the STE on OS was a HR(MFS) of 0.88, which implies that a future trial 
would require an upper limit of the confidence interval for the estimated HR(MFS) to fall below the STE in order to 
predict a significant non‐zero effect on OS. This is equivalent to planning a trial to test the hypothesis of HR(MFS) 
greater than, or equal to, the STE (0.88).  
 
From the WLR, we can calculate the predicted HR(OS) and prediction intervals based on HR(MFS). We compare the 
study designs using HR(MFS) (test STE: H0: HR(MFS) ≥0.88, H1: HR(MFS)<0.88 to account for the uncertainty in the 
use of the surrogate) versus the designs using the predicted HR(OS) (test: H0: HR(OS) ≥1, H1: HR(OS)<1).  
 
Table S9 The required number of events for the study designs using HR(MFS) and test the STE (0.88) versus designs 
using the associated predicted HR(OS) from WLR 

Design using HR(MFS):  H0: HR(MFS)≥0.88,  H1: HR(MFS)<0.88 
HR(MFS) (under H1)  0.50  0.55  0.60  0.65  0.70  0.75 

Required MFS events  
(under H1) 

98  142  214  342  600  1229 

Design using predicted HR(OS):  H0: HR(OS)≥1,  H1: HR(OS)<1 
Predicted HR(OS) & 
prediction interval* 

0.59 
(0.48‐0.71) 

0.63 
(0.54‐0.74) 

0.67  
(0.59‐0.77) 

0.71 
(0.64‐0.79)  

0.75  
(0.69‐0.82) 

0.79  
(0.75‐0.84) 

Required OS events based 
on predicted HR(OS)  

113  147  196  268  379  565 

*Based on the WLR equation Log(HR)OS= ‐0.021 + 0.740 x Log(HR)MFS. Prediction intervals were constructed with the 
weights equalling to the inverse variance of Log(HR)MFS  (i.e. = No. of MFS events/4). 
   



FigureS6 Total study duration required in the study designs using MFS hazard ratios and test STE (solid lines) or using 

predicted OS hazard ratios from WLR (dashed lines)  

 

Figure S5 illustrates various situations and shows that use of MFS may reduce study duration even when the STE is 

duly taken into account. Specifically, MFS would be the preferred primary endpoint for HR(OS) lower than 0.7, while 

OS would be the preferred primary endpoint for HR(OS) greater than 0.72 (vertical gray dashed lines). For example, a 

trial with 1,000 patients designed to detect a treatment effect of HR(MFS) of 0.6 would have a total study duration of 

7.7 years. The predicted HR(OS) is 0.67 and a trial designed to detect this effect would have a total study duration of 

8.8 years. In short, use of MFS will allow an expeditious evaluation of a new therapy if it has a meaningful treatment 

effect on MFS.  

   



Table S10 Kaplan Meier estimate of endpoints based on ICECaP data 

(A)MFS analysis dataset (n=12,712 from 19 trials) 

    All patients  High risk patients only 

Endpoint  year  Event‐
Free rate 

LCL  UCL  Event‐Free 
rate 

LCL  UCL 

OS  5  0.84  0.83  0.84  0.81  0.80  0.82 

OS  8  0.70  0.69  0.70  0.66  0.65  0.67 

OS  10  0.59  0.58  0.60  0.56  0.54  0.57 

DSS  5  0.95  0.94  0.95  0.93  0.92  0.94 

DSS  8  0.89  0.89  0.90  0.86  0.85  0.87 

DSS  10  0.85  0.84  0.86  0.81  0.80  0.82 

MFS  5  0.79  0.79  0.80  0.76  0.75  0.77 

MFS  8  0.65  0.64  0.66  0.61  0.60  0.62 

MFS  10  0.56  0.55  0.57  0.51  0.50  0.53 

TTM  5  0.90  0.89  0.90  0.86  0.86  0.87 

TTM  8  0.83  0.83  0.84  0.79  0.78  0.80 

TTM  10  0.80  0.79  0.80  0.74  0.73  0.75 

 

(B) DFS analysis dataset (N=21,140 from 24 trials) 

    All patients  High risk patients only 

Endpoint  year  Event‐
Free rate 

LCL UCL Event‐Free 
rate

LCL  UCL

OS  5  0.85  0.84 0.85 0.83 0.82  0.84

OS  8  0.72  0.72 0.73 0.69 0.68  0.70

OS  10  0.63  0.63 0.64 0.60 0.59  0.61

DSS  5  0.95  0.95 0.96 0.93 0.93  0.94

DSS  8  0.91  0.90 0.91 0.87 0.86  0.88

DSS  10  0.87  0.86 0.87 0.82 0.82  0.83

DFS  5  0.76  0.75 0.76 0.72 0.71  0.73

DFS  8  0.63  0.62 0.64 0.59 0.58  0.60

DFS  10  0.55  0.54 0.55 0.51 0.50  0.52

TDR  5  0.85  0.84 0.85 0.81 0.80  0.81

TDR  8  0.78  0.77 0.79 0.73 0.72  0.74

TDR  10  0.74  0.74 0.75 0.69 0.68  0.70
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