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Abstract Over the past 15 years, targeted therapy has revo-

lutionized the systemic treatment of cancer. In parallel, there

has been a growing debate on the choice of end points in

clinical trials in oncology. This debate basically hinges on the

choice between overall survival (OS) and progression-free

survival (PFS). PFS is advantageous because it is measured

earlier than OS, requires a smaller sample size than OS to

achieve the desired power, and is not influenced by cross-over.

On the other hand, PFS is prone tomeasurement error andbias,

andmaynot capture theentire treatment effect on theoutcomes

of most interest to patients with an incurable disease: a pro-

longed survival and improved quality of life. Therefore, how

can we choose between two imperfect end points? The answer

to this questionwould certainly bemade easier if PFS could be

demonstrated to be a valid surrogate forOS.The validation of a

surrogate end point is best made using individual-patient data

(IPD) from randomized trials, which allows for standardized

assessments of the patient-level and the trial-level correlations

between surrogate and final end points. Proper IPD meta-an-

alytical evaluations for targeted agents have still been rare, and

to our knowledge only three studies on this topic are currently

available in the metastatic setting: one in breast cancer, one in

colorectal cancer and one in lung cancer. Although these three

studies suffer from limitations inherent to the availability of

IPD and the design of the original clinical trials, they have not

been able to validate PFS as surrogate for OS, because only

modest correlations were found between these two end points,

both at the patient and at the trial level. Even if properly con-

ducted surrogate-endpoint evaluations have thus far been

unsuccessful, these evaluations are a step in the right direction

and can be expected to be applied on amuch larger scale in the

era of data sharing of clinical trials.

Key Points

Overall survival and progression-free survival have

advantages and disadvantages as end points for

randomized trials in oncology; progression-free

survival, which is more efficient as an end point, may

replace overall survival if it is validated as a surrogate

for the latter.

Validation of a surrogate end point is more reliable if

made using individual patient data in a meta-analysis

of randomized clinical trials, but this process is time

consuming and not always successful for reasons that

are still under debate.

Targeted agents have improved the outcomes for

patients with various types of cancer, but there have

been only a few attempts to validate progression-free

survival as a surrogate for overall survival in the

setting of targeted therapies.

& Stefan Michiels

stefan.michiels@gustaveroussy.fr

1 Service de Biostatistique et d’Epidémiologie, Gustave
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1 Introduction

Targeted therapy of cancer entails the use of agents that are

capable of modulating the function of well-defined mole-

cules with a critical role in tumor pathogenesis. A targeted

approach is more likely to be effective when drugs are used

alongside predictive biomarkers that allow for selection of

patients more likely to benefit from therapy, a strategy

nowadays referred to as personalized (or ‘‘precision’’ or

‘‘stratified’’) therapy [1–7]. Targeted therapy has revolu-

tionized the systemic treatment of cancer, and most of the

drugs approved over the past 15 years are targeted agents. In

parallel to the emergence of targeted therapy, there has been

a growing debate on the choice of end points in clinical trials

in oncology, because different end points display advantages

and disadvantages in their ability to capture the improvement

in prognosis brought on by novel therapies. This concern

basically hinges on the choice between overall survival (OS)

and progression-free survival (PFS) as primary end points in

phase 3 trials in advanced cancer. Although the debate on the

comparative merits of PFS and OS was already at play in the

chemotherapy era [8, 9], it has been fueled in recent years by

situations in which highly effective targeted agents (as

judged by improvements in tumor response rates and PFS)

were not found to improve OS in clinical trials [10, 11]. In

these and other instances, gains in PFS have been considered

as a sufficient basis for regulatory approval, but questions

have remained about the ability of these agents to also

improve OS. The disconnect between PFS and OS results

within trials may be due to various factors, including cross-

over or use of other treatments after disease progression, but

it raises the question of whether PFS can be considered a

surrogate for OS. Given the important role currently played

by targeted therapies in the anticancer armamentarium, and

the fact that many targeted therapies have been approved on

the basis of gains in PFS (and tested in trials that were

powered for PFS but notOS), the issue of surrogacymay gain

increasing prominence in the era of targeted agents. In the

current paper, we explore the potential role of PFS as a

surrogate for OS in trials of targeted therapy for advanced

cancer, the results obtained so far, and future lines of research

on this topic. Of note, we do not discuss immunotherapy, a

setting for which the relationship between PFS andOS is less

clear at this point [12].

2 Advantages and Disadvantages of OS and PFS

Historically, OS has been the gold-standard primary end

point in phase 3 trials in advanced cancer. OS is the most

objective end point for assessing the efficacy of anticancer

treatment, and—alongside quality of life—the most

relevant measure of patient benefit [13]. However, the use

of OS as primary end point is increasingly challenging

because of the large sample sizes and extended follow-up

that are required in trials designed with the primary aim of

assessing improvements in OS [14]. Moreover, the

assessment of OS is increasingly confounded by post-pro-

gression or post-trial therapies, a problem now widely

acknowledged in oncology [10, 11, 15]. As a result of these

drawbacks, there has been increasing interest in developing

and validating surrogate end points for OS in order to

expedite drug development, approval and reimbursement

[16, 17]. In advanced solid tumors, the end point more

often used to replace OS is PFS, defined as the time elapsed

between randomization and the occurrence of disease

progression—as measured, e.g., by Response Evaluation

Criteria in Solid Tumors [18]—or death from any cause.

PFS, which is accepted by regulatory authorities in the US

and Europe [19, 20], is preferable to time to progression

(TTP), an end point for which patients who die with no

prior documentation of disease progression are censored in

the analysis. PFS is advantageous because it is measured

earlier, often leads to more statistical power than OS at

equivalent durations of follow-up, and is not influenced by

cross-over [14]. On the other hand, PFS is far from perfect

as an end point, as it is prone to measurement error and

bias. Moreover, PFS may not capture the entire treatment

effect on the outcomes of most interest to patients with an

incurable disease: a prolonged survival and improved

quality of life. Therefore, we are left with two imperfect

end points, each having drawbacks and advantages. How

are we to choose? The answer to this question is still a

matter of debate, but it would certainly be made easier if

PFS could be demonstrated to be a surrogate for OS; if that

was the case, the advantages of PFS—an increased effi-

ciency and the lack of influence from cross-over—could be

combined with the ability to predict a more objective and

clinically relevant end point, OS.

3 Validation of Surrogate End Points

Surrogate end points are biomarkers (i.e., indicators of

biologic or pathogenic processes or of response to treat-

ment) intended to substitute for a final outcome that

directly measure how patients feel, function or survive in

clinical trials [21, 22]. Establishing a surrogate end point

entails its evaluation from biological, clinical and statistical

standpoints [23]. From the statistical point of view, the

central issue is the validation of the end point as a surro-

gate. The formal process of validation has caused consid-

erable controversy in the literature, but it is acknowledged

that ‘‘the strength of the evidence for surrogacy depends

upon (i) the biological plausibility of the relationship, (ii)
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the demonstration in epidemiological studies of the prog-

nostic value of the surrogate for the clinical outcome, and

(iii) evidence from clinical trials that treatment effects on

the surrogate correspond to effects on the clinical out-

come’’ [24]. The first condition implies that the surrogate

needs to be in the causal pathway between treatment and

the final outcome. This was first embodied in a set of ref-

erence criteria formulated by Prentice [25], which have

been shown to be difficult to evaluate in a trial without

making unverifiable assumptions [23]. More recently, the

requirement that the surrogate be in the causal pathway

between treatment and the final outcome has been dealt

with using the causal-inference approach [26]. The second

and third conditions mentioned above pertain to the sta-

tistical validation of a surrogate end point and may be

rephrased as follows: for a surrogate to replace a final end

point, there must be a high correlation between the surro-

gate end point and the final end point at the patient level

(i.e., patients with improvements in the surrogate also tend

to have improvements on the final end point)—this can also

be interpreted as the prognostic role of the surrogate; and

there must be a high correlation between the treatment

effect on the surrogate end point and the treatment effect

on the final end point (i.e., at the trial level the treatment

effect on the surrogate must reliably predict the treatment

effect on the final end point) [16]. Counterintuitively, these

two correlations are independent, which implies that a

claim of surrogacy requires stronger conditions than a mere

correlation between the surrogate and the final end point

[27]. The trial-level association is usually summarized by

R2, which measures the correlation between treatment

effects on the surrogate and the true end points with values

ranging from 0.00 to 1.00 (higher values indicate stronger

correlation). Many biomarkers in oncology are prognostic,

which often leads to high individual-level correlations,

typically measured by a Spearman’s rank correlation (q,
also ranging from 0.00 to 1.00). However, it is much more

difficult to achieve a high trial-level correlation (R2).

Although there is no formal consensus on the minimum

trial-level R2 that is needed to validate a surrogate end

point, values closer to 1.00 are desirable. If enough trials

are available, the regression approach can make due

allowance for estimation error in both the treatment effects

estimated on the surrogate and the true end point (errors-in-

variable regression) [23].

The validation of a surrogate end point is best made

using individual-patient data (IPD) from randomized trials,

which should preferably be selected after a systematic

review of the literature [16]. It is only through the use of

IPD that is it possible to use exactly the same PFS defi-

nition in each trial and to use the same definition of anal-

yses populations. Importantly, surrogacy depends on the

clinical context, which in oncology may include at least the

treatment, the tumor type, and the line of therapy. The IPD

meta-analytical approach has been used to evaluate PFS as

a surrogate for OS using cytotoxic agents in advanced

colorectal cancer, advanced breast cancer, locally advanced

or advanced lung cancer, locally advanced head and neck

and nasopharyngeal cancer, and advanced gastric cancer

[8, 9, 28–34]. Among the hematologic malignancies, this

approach has also been used to evaluate leukemia-free

survival as a surrogate for OS in acute myelogenous leu-

kemia [35]. PFS has been shown to be an appropriate

surrogate for evaluation of cytotoxic effects in most of the

solid tumors assessed to date, but in metastatic breast

cancer, PFS was not shown to be a valid surrogate for OS

in a meta-analysis of 3953 patients from 11 trials that

compared an anthracycline (alone or in combination) with

a taxane (alone or in combination with an anthracycline)

[8]. However, relationships between surrogate and final end

points for one drug do not necessarily apply to a drug with

a different mode of action for treating the same disease

[24], a further reason why surrogacy evaluation for targeted

therapies is warranted. On the other hand, there are no

specific statistical issues that differentially affect surrogacy

validation between targeted therapies and agents from

other classes.

4 PFS as Surrogate for OS in Advanced Solid
Tumors Treated with Targeted Therapies

PFS has often been used as the primary end point in phase

3 clinical trials in oncology, as well as the basis of approval

by the Food and Drug Administration [36]. Unfortunately,

no recent reviews by that Agency are currently available,

but a brief survey of the literature discloses various recent

instances in which the accelerated or regular approval of

targeted agents has been based on PFS [37–40]. Although

studies on the patient-level role of PFS or TTP as potential

surrogates for OS among patients with specific tumors

treated with targeted agents have been published [41, 42],

proper IPD meta-analytical evaluations have still been rare

in this setting, as we identified only three studies on this

topic in the literature: one in breast cancer, one in col-

orectal cancer, and one in non-small cell lung cancer (see

Table 1).

In the meta-analysis to evaluate surrogacy for anti-

HER2 targeted agents in advanced breast cancer [43], IPD

from 1839 patients enrolled in eight randomized trials were

centrally analyzed. All but one trial were sponsored by the

pharmaceutical industry, but they agreed to provide IPD to

the central academic data center for the purpose of the

project. Seven of the eight trials evaluated the addition of

either trastuzumab or lapatinib to a backbone of

chemotherapy or hormone therapy, and one trial compared
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two trastuzumab regimens; six of the eight trials were

conducted in the first-line setting. In that meta-analysis,

PFS was shown to be moderately correlated with OS at the

individual level (Spearman correlation q = 0.67; 95%

confidence interval [CI] 0.66–0.67). Treatment effects (log

hazard ratios) on PFS also correlated moderately with

treatment effects on OS in a linear regression model

weighted by trial size (R2 = 0.51; 95% CI 0.22–0.81). This

means that in the weighted regression model, only about

half of the variation in treatment effect on OS is explained

by treatment effects on PFS. The linear regression model

weighted by trial size was used because of difficulties in

making an error-in-variable regression model converge that

accounted for estimation error in both the treatment effects

on PFS and OS, and to adjust at least approximately for

measurement errors. Of note, the estimated individual level

correlation (0.67) in this study of anti-HER2 targeted

agents was almost identical to the estimated individual

level correlation in the meta-analysis of anthracyclines

versus taxanes cited above (0.69) [8]. Taking these two

studies together, it is fair to conclude that surrogacy of PFS

for OS in metastatic breast cancer is still not validated for

either cytostatic or cytotoxic agents.

In the study on colorectal cancer [28], IPD from 7323

patients from 12 randomized trials were centrally analyzed

through an independent academic collaboration of the

Analysis and Research in Cancers of the Digestive System

(ARCAD). The included trials evaluated the targeted

agents bevacizumab, panitumumab, or cetuximab, which

were typically combined with standard chemotherapy

backbones in the first-line setting. The individual-level

correlation between PFS and OS was given by q = 0.55

(95% CI 0.54–0.56), and the trial-level correlation of

treatment effects on PFS and OS by R2 = 0.45 (95% CI

0.16–0.75), which are both insufficient to make a strong

claim of surrogacy. Of note, this meta-analysis used the

regression technique that allows for estimation errors of the

treatment effects on both the surrogate and the true end

point, an approach that is theoretically appropriate.

The third example evaluated the surrogacy of PFS for

OS in an IPD meta-analytical setting in advanced non-

small cell lung cancer. This time, the independent analysis

was performed under the auspices of the Food and Drug

Administration, using IPD submissions for drug approval

between 2003 and 2013. The 15 trials evaluated the effect

on survival end points of the targeted agents afatinib,

bevacizumab, cetuximab, crizotinib, gefitinib, and vande-

tanib, as well as of various chemotherapy agents in the

first- or second-line setting among 12,567 patients. While

an individual-level correlation was not provided, the trial-

level correlation, calculated using a weighted linear

regression of hazard ratios estimated by Cox regression

models, was estimated as 0.08 (95% CI 0.00–0.31), sug-

gesting an almost negligible trial-level surrogacy. Inter-

estingly, the trial-level correlation was estimated as 0.35

(95% CI 0.00–0.72) when three trials on targeted therapy

with molecularly-enriched populations were excluded.

These three studies suffer from drawbacks inherent to

the limited availability of the IPD and the design of the

original clinical trials. The breast cancer study included

trials in the first and second line of therapy. As noted

above, surrogacy is often context-dependent, and it remains

uncertain if different correlations could exist for trastuzu-

mab and lapatinib in first and second lines of therapy.

Moreover, the association between PFS and OS may have

been attenuated by treatment cross-over or effective sec-

ond-line treatments; unfortunately, the paucity of data on

such treatments in the data collection of clinical trials in

oncology precluded further analyses investigating their

potential role in attenuating the correlation at the trial level.

The colorectal cancer study was restricted to the first line,

but, as mentioned above, in this disease PFS was initially

found to be a good surrogate for OS both at the patient

level and at the trial level with fluoropyrimidine-based

Table 1 Individual patient data-based meta-analytical evaluations of PFS as a surrogate for OS using targeted agents in advanced solid tumors

References Tumor

type

Treatment Lines of

treatment

No. trials

(patients)

Inclusion period Individual

level q (95%

CI)

Trial-level R2

(95% CI)

Michiels

et al. [43]

Breast Trastuzumab, lapatinib First and

second

8 (1839) 1995–2005 0.67

(0.66–0.67)

0.51 (0.22–0.89)

Shi et al.

[28]

Colorectal Bevacizumab, panitumumab,

cetuximab

First 12 (7323) 1997–2006 0.55

(0.54–0.56)

0.45 (0.16–0.75)

Blumenthal

et al. [40]

Non-

small-

cell lung

Crizotinib, afatinib, erlotinib,

cetuximab, vandetanib,

gefitinib, bevacizumab, and

various chemotherapy regimens

First and

second

15 (12,564) Not provided, but

submitted to

FDA between

2003 and 2013

Not provided 0.08 (0.00–0.31)

CI confidence interval

716 S. Michiels et al.



therapy, used in the 1980s and 1990s [9]. The weaker

correlation found for targeted agents in colorectal cancer

suggests that the trial-level correlation was attenuated

when second-line treatments became available, which was

the case when more contemporary treatment regimens were

analyzed [28]. Finally, the non-small cell lung cancer

example included trials that evaluated together various

targeted agents on different biological pathways and

chemotherapies in different lines of treatment. Moreover,

no separate results were provided for trials on targeted

therapy.

5 Conclusion

The most appropriate approach to evaluate surrogate end

points in randomized clinical trials is through the use of the

IPD meta-analysis technique, which allows to evaluate a

candidate surrogate end point both at the individual and the

trial level. It has recently been suggested that surrogate end

points successfully evaluated using the meta-analytical IPD

approach will also be appealing from a causal-inference

perspective [44].

As a result of the various possible settings for surro-

gacy analyses—cancer type, therapy class, treatment line,

etc.—, the process of validation is time-consuming and

largely dependent on the willingness of original investi-

gators to share clinical-trial data. In the advanced solid-

tumor setting, only three IPD studies have evaluated PFS

as a surrogate end point for OS in trials of targeted

treatments [28, 40, 43]. When individual-level surrogacy

results were available [28, 43], PFS was found to be only

moderately correlated with OS, and in all cases the

treatments effects on PFS were insufficient to make

claims of surrogacy for OS at the trial level. Even if

properly conducted surrogate-endpoint evaluations have

thus far been unsuccessful, so that truly validated surro-

gates are currently rare in medical oncology [17, 45],

these evaluations are a step in the right direction [46] and

can be expected to be applied on a much larger scale in

the era of data sharing of clinical trials [47, 48]. On the

other hand, we believe that lack of formal validation

should not be considered as a reason to abandon the use

of end points, such as PFS, which have proven useful in

drug development. Thus, we believe PFS will continue to

be used in future trials of targeted therapy, in spite of its

lack of formal validation as a reliable surrogate for OS,

until such time as more reliable end points can replace or

be used alongside OS.
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