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Two conditions must be fulfilled for an intermediate endpoint to be an acceptable surrogate for a true clinical
endpoint: (1) there must be a strong association between the surrogate and the true endpoint, and (2) there
must be a strong association between the effects of treatment on the surrogate and the true endpoint. We
test whether these conditions are fulfilled for disease-free survival (DFS) and progression-free survival (PFS)
on data from 20 clinical trials comparing experimental treatments with standard treatments for early and
advanced colorectal cancer. The effects of treatment on DFS (or PFS in advanced disease) and OS were
quantified through log hazard ratios (log HR), estimated through a Weibull model stratified for trial. The
rank correlation coefficients between DFS and OS, and trial-specific treatment effects, were estimated using
a bivariate copula distribution for these endpoints. A linear regression model between the estimated log
hazard ratios was used to compute the “surrogate threshold effect”, which is the minimum treatment effect
on DFS required to predict a non-zero treatment effect on OS in a future trial. In early disease, the rank
correlation coefficient between DFS and OS was equal to 0.96 (CI 0.95–0.97). The correlation coefficient
between the log hazard ratios was equal to 0.94 (CI 0.87–1.01). The risk reductions were approximately
3% smaller on OS than on DFS, and the surrogate threshold effect corresponded to a DFS hazard ratio
of 0.93. In advanced disease, the rank correlation coefficient between PFS and OS was equal to 0.82 (CI
0.82–0.83). The correlation coefficient between the log hazard ratios was equal to 0.99 (CI 0.94–1.04).
The risk reductions were approximately 19% smaller on OS than on PFS, and the surrogate threshold
effect corresponded to a PFS hazard ratio of 0.86. One trial with a large treatment effect on PFS and OS
had a strong influence on the results in advanced disease. DFS (and PFS in advanced disease) are acceptable
surrogates for OS in colorectal cancer.

1 Introduction

The validation of surrogate endpoints has been a topic of intense research and heated
controversy over the last few years. Prentice laid the foundation of many subse-
quent efforts when he proposed a definition of, and validation criteria for, surrogate
endpoints.1 This paper covers the situation in which a surrogate endpoint (S) is pro-
posed for a true endpoint (T), and data are available on both the surrogate and the true
endpoints in a series of randomized clinical trials comparing an experimental treatment
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(Trt) with a control treatment. Essentially, the Prentice criteria require that the following
conditions be fulfilled (Figure 1): 1) the treatment has a statistically significant effect on
the surrogate endpoint, 2) the surrogate endpoint has a significant impact on the true
endpoint and 3) the effect of treatment on the true endpoint is ‘fully captured’ by the
surrogate endpoint.1,2

Although the Prentice criteria were very useful to focus attention on the need for
statistical criteria to be met before surrogate endpoints are used in practice, they were
criticized for various reasons.3 Several other avenues were subsequently explored to
identify alternative approaches towards a practicable validation. The approach pro-
posed in this paper is based on the strength of the association between the surrogate
and the true endpoint (called the ‘individual-level surrogacy’), and between the effects
of treatment on the surrogate and the true endpoint (called the ‘trial-level surrogacy’).4
Essentially, this approach requires that two simple conditions be fulfilled (Figure 2):
1) there is a strong association between the surrogate endpoint and the true endpoint
and 2) there is a strong association between the effects of treatment on the surrogate
endpoint and on the true endpoint.4

We illustrate this approach using data from clinical trials comparing experimental
treatments with standard treatments for early5 and advanced colorectal cancer.6

Figure 1 The ‘full capture’ approach to the validation of surrogate endpoints.

Figure 2 A correlation approach to the validation of surrogate endpoints.
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Both of these situations are of interest because of the high incidence of colorectal cancer
worldwide and the number of new agents that are being developed for this disease. In
patients who are diagnosed early, surgical resection is possible, usually followed by
adjuvant chemotherapy when lymph nodes are found to be involved at surgery. In
patients diagnosed with advanced (metastatic) disease, several lines of chemotherapy
are available. There has been considerable progress in chemotherapy for both early
and advanced disease over the last decade, but many new drugs and biological agents
still await clinical testing. Until recently, the overall survival (OS) was widely accepted
as the primary endpoint to judge the efficacy of new treatments. However, it takes a
long time to evaluate survival, especially in early disease, and given the availability of
treatments that delay disease progression and death following progression, there has
been considerable interest in replacing survival by earlier endpoints, such as disease-
free survival (DFS) in early disease and progression-free survival (PFS) in advanced
disease.7

2 Material and methods

2.1 Material
In early disease, data were available for 10 255 patients enrolled in 10 randomized

trials comparing experimental treatments with control treatments.5,8 In advanced dis-
ease, data were available for 3089 patients enrolled in 10 randomized trials comparing
experimental treatments with control treatments.6,8

2.2 Survival analyses
Analyses were based on all randomised patients. In early disease, DFS was calculated

from the time of randomization to first disease recurrence as defined in each individual
trial, or death from any cause. In advanced disease, PFS was calculated from the time of
randomization to first disease progression as defined in each individual trial, or death
from any cause. OS was calculated from the time of randomization to death from
any cause. The distributions of time to events were estimated using the Kaplan–Meier
method. The effects of treatment on DFS, PFS and OS were quantified through log
hazard ratios (log HR), estimated through a proportional hazards (Weibull) model,
stratified for trial, with treatment as the only factor.9

For small treatment effects, log HR ≈1 – HR; hence log HR is an approximate estimate
of the risk reduction due to experimental therapy. All confidence intervals (CI) had a
95% coverage.

2.3 Surrogacy criteria
A correlation approach was used to assess DFS or PFS as potential surrogates for

OS.4 The analysis proceeded in two stages: 1) the rank-correlation coefficients between
DFS or PFS and OS, and trial specific treatment effects, were estimated using a bivariate
copula distribution for these endpoints and 2) the correlation coefficient between the
treatment effects on DFS or PFS and on OS was computed using an ordinary linear
regression fitted on the treatment effects estimated in the first stage.10 The use of a
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copula model allows one to take into account the association between DFS and OS
when estimating the treatment effects. At the same time, it naturally provides a measure
of the strength of the association that takes into account both trial and treatment effects.
The copula providing the best fit to the data as determined by Akaike’s Information
Criterion was chosen, respectively, a Plackett copula in early disease and a Hougaard
copula in advanced disease.10 In advanced disease, one trial exhibited extreme treatment
benefits in terms of both PFS and OS, and therefore a robust linear regression model
(using trimmed least squares) was also fitted by minimizing the sum of the smallest
5 (=N/2) least squared residuals, without adjustment for estimation errors.11

In the approach adopted in this paper, DFS or PFS could be claimed to be an acceptable
surrogate endpoint for OS if 1) there was a strong correlation between the endpoints
and 2) there was a strong correlation between the treatment effects on the endpoints. A
linear regression model between log HRs was used at the second stage of the two-stage
approach to compute the ‘surrogate threshold effect’, which is the minimum treatment
effect on DFS or PFS required to predict a nonzero treatment effect on OS in a future
trial. The surrogate threshold effect was given by the intersection of the 95% prediction
limits obtained from the model and the x-axis (corresponding to no treatment effect on
OS).12 Two versions of the regression model and prediction limits were constructed:
without and with adjustment for the estimation error present in the treatment effects
estimated using a bivariate copula model at the first stage of the two-stage approach.12

Note that the limits were computed assuming a perfect knowledge of the treatment
effect on DFS or PFS, thus ignoring variability of the estimation in a future trial (but
accounting for the estimation error of the linear regression model). Thus, they can be
interpreted as providing the minimum width of a prediction interval for the treatment
effect on OS. In order to account for the variability of the estimated treatment effect on
DFS or PFS, one would require the appropriate limit (upper or lower) of the CI for this
estimate to fall below or above the surrogate threshold effect.

3 Results

3.1 Early disease
Figure 3 shows the DFS and OS curves by treatment group: experimental (solid lines)

versus control (dotted lines). The rank-correlation coefficient between DFS and OS was
equal to 0.96 (CI 0.95–0.97).

The correlation coefficient between the log HRs was equal to 0.94 (CI 0.87–1.01).
Figure 4 shows the linear regression line used to predict treatment effects on OS from
the observed treatment effects on DFS. The regression equation was log HROS = 0.02 +
0.97 × log HRDFS, indicating that the risk reductions were ∼3% (=1 − 0.97) smaller
on OS than on DFS.

The surrogate threshold effect (based on the measurement-error corrected prediction
limits) corresponded to a DFS HR of 0.93 (for a beneficial treatment) or 1.07 (for a
harmful treatment). Thus, in order to predict a non-zero treatment effect on OS in a
future trial, a HR of at most 0.93 or at least 1.07 would need to be ascertained. In order
to account for the variability of the estimation in a future trial, one would therefore
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Figure 3 Kaplan–Meier estimates of OS and DFS in resectable colorectal cancer.

Figure 4 Correlation between treatment effects (log HR = log hazard ratio) on DFS and on OS in resectable
colorectal cancer. Symbol size is proportional to the number of patients.

require the upper limit of the CI of the estimated HR to fall under 0.93, or the lower
limit above 1.07.

3.2 Advanced disease
Figure 5 shows the PFS and OS curves by treatment group: experimental (solid lines)

versus control (dotted lines). The rank-correlation coefficient between PFS and OS was
equal to 0.82 (CI 0.82–0.83).
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Figure 5 Kaplan–Meier estimates of OS and PFS in advanced colorectal cancer.

Figure 6 Correlation between treatment effects (log HR = log hazard ratio) on PFS and on OS in advanced
colorectal cancer. Symbol size is proportional to the number of patients.

The correlation coefficient between the log HRs was equal to 0.99 (CI 0.94–1.04).
Figure 6 shows the linear regression line used to predict treatment effects on OS from
the observed treatment effects on PFS. The regression equation was log HROS = 0.03 +
0.81 × log HRPFS, indicating that the risk reductions were ∼19% (=1 − 0.81) smaller
on OS than on PFS.
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The surrogate threshold effect (based on the measurement-error corrected prediction
limits) corresponded to a PFS HR of 0.86 (or 1.16). Thus, in order to predict a non-zero
treatment effect on OS in a future trial, a HR of at most 0.86 (or at least 1.14) would
need to be ascertained.

Two trials appeared atypical in this analysis. One of the trials had randomized 310
patients and had a very long follow-up but surprisingly few events. Exclusion of this
trial did not lead to any noticeable difference in model parameters. Another trial had
randomized 150 patients and exhibited extreme treatment benefits in terms of both
PFS and OS (Figure 6). Exclusion of this influential trial resulted in a much weaker
association between the treatment effects, with a correlation coefficient R equal to 0.74
(CI 0.44–1.04) and a surrogate threshold effect of 0.77 (or 1.30). The two atypical trials
were carefully scrutinized, but no obvious defect or methodological problem could be
found to explain their discrepant results, and therefore their post-hoc exclusion does not
seem justified. Applying a robust regression model to all 10 trials, the correlation coeffi-
cient was 0.88 and the regression equation was log HROS = 0.04 + 0.45 × log HRPFS,
suggesting a much larger attenuation of the predicted treatment effects on OS.

4 Discussion

There is currently no consensus regarding the theoretical conditions required for a
surrogate endpoint to be useful in practice, let alone ‘valid’. In addition, some ques-
tion whether a true statistical validation will ever be possible, casting considerable
doubts on any attempts to identify surrogates.13 In this paper, we show that quantita-
tive approaches can be used to shed light on the potential value of candidate surrogate
endpoints. In doing so, we also identify a few essential requirements for the validation
process.

In early colorectal cancer, our analyses show that DFS is an excellent surrogate for OS,
since these endpoints are tightly correlated, as are the effects of 5FU-based experimental
treatments upon these endpoints. These analyses complement those previously published
on the same dataset, which showed three-year DFS to be an excellent surrogate for five-
year OS.5 In advanced colorectal cancer, our analyses also show that PFS is a good
surrogate for OS. These results are at variance with those we published previously,
based on two trials that investigated the efficacy of interferon-α in advanced colorectal
cancer.10 In these trials, there was a very poor correlation between the treatment effects
in the participating sites considered as the units of analysis. However, interferon-α had
no overall effect on either PFS or OS, which suggests that trial-level surrogacy can only
be established under departures from the null hypothesis, as proposed by Prentice long
ago.1 In another set of trials, tumour shrinkage (‘response’) was found not to be an
acceptable surrogate for OS, in spite of highly significant treatment effects on response.
Indeed, although patients who achieved a response had a significantly prolonged OS
(indicating adequate individual-level surrogacy), treatment effects on response were
very poorly correlated with treatment effects on OS (suggesting inadequate trial-level
surrogacy).14
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The analyses presented in this paper underscore the importance of the two levels of
surrogacy. Individual-level surrogacy reflects the natural history of the disease and is
useful for patient management. Trial-level (or group-level) surrogacy reflects the treat-
ment mechanism and is useful to predict therapeutic benefits. The question of which
of these levels is more important is not resolved, but it is likely that an acceptable sur-
rogate needs to meet some minimum requirements at both levels. Further analyses in
various medical fields will provide a better understanding of the role and limitations of
the statistics that we suggest here to quantify surrogacy.

One caveat about the present analyses in advanced disease is that the results were
very dependent on the presence of one trial with extreme treatment effects. When this
trial was excluded, the treatment effects were still correlated, but less impressively so
(R = 0.74). When robust regression was used instead of ordinary linear regression, the
slope of the regression line decreased and suggested a larger attenuation of treatment
effects on OS predicted from the treatment effects on PFS. These findings lead us to
hypothesize that for a validation to be effective, a range of treatment effects is desirable
on both the surrogate and the true endpoints. As a consequence, it may be desirable to
carry out the validation using trials that test several treatments with different efficacy,
in order to show that the relationship between treatment effects on the surrogate and
true endpoints are not treatment-dependent. This sets the bar for an effective validation
very high, since one ideally requires a set of randomized experiments testing different
treatments for the disease under consideration.

In the present paper, we also show that the trial-level correlation approach naturally
leads to quantifying the predictive value of a surrogate endpoint. In early disease, the
surrogate threshold effect was 0.93, and therefore an adjuvant treatment that showed at
least a 7% reduction in risk of tumour recurrence would be expected to yield a significant
treatment effect on OS in a future trial. In advanced disease, the surrogate threshold
effect was 0.86 and therefore a treatment that showed at least a 14% reduction in risk of
tumour progression would be expected to yield a significant treatment effect on OS in a
future trial. In advanced disease, these results are sensitive to exclusion of a single trial,
with the surrogate threshold effect going down to a HR of 0.77, suggesting the need for
larger (but still achievable) treatment effects on PFS. HRs in the range of 0.8 for PFS
are realistic and have, in fact, been achieved by several treatments recently approved
for the treatment of advanced colorectal cancer.6

The prediction approach presented in this paper can be used for the purposes of
designing a trial using a surrogate rather than a true endpoint. One could use the
surrogate threshold effect to determine the sample size required in a future trial to predict
a benefit on the true endpoint, allowing for the estimation error in the surrogate. An
important limitation of such an approach is that the surrogate threshold effect assumes
that the relationship observed so far will hold true in the future. This may or may not be
true for agents yet to be tested in future trials. In oncology, biologicals have substantially
different modes of action than the cytotoxic chemotherapies used in the trials analysed
here. Hence, it might be useful to validate our current results using data from trials of
new agents, for instance the monoclonal antibodies targeting the vascular endothelial
growth factor (bevacizumab) and epidermal growth factor receptor (cetuximab), both
of which have recently been approved, respectively, for the first-line and second-line
treatment of metastatic colorectal cancer.6
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