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ABSTRACT

Introduction: Surrogate endpoints are widely used in clinical trials, especially in situations where the
endpoint of interest is not directly observable or to avoid long trial periods. A typical example for this
case is frequently found in clinical trials in oncology, where overall survival (OS) as endpoint of interest
and progression free survival (PFS) as surrogate endpoint are discriminated. Methods: Based on the
perspective of case definitions on surrogate endpoints, we provide a formal definition of such endpoints
followed by a description of the structure of surrogate endpoints. Results: Surrogate endpoints can be
considered as case definitions for the endpoint of interest. Therefore, the performance of surrogate
endpoints can be described using the classical terminology of diagnostic tests including sensitivity and
specificity. Since such endpoints always focus on sensitivity with necessarily reduced specificity, efficacy
estimates based on such endpoints are in general biased. Conclusion: The abovementioned has to be
taken into account while interpreting the results of clinical trials and should not be ignored while
planning or conducting a study.
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BACKGROUND

Surrogate endpoints are common substitutes for true endpoints in clinical trials and
frequently used to shorten the observation time [1–3]. Nevertheless, they have been
controversially discussed, especially because clear standards for their validation are still
missing [4–6].

But prior to a validation, there should be a clear and formal definition of a surrogate
endpoint. So far, there are some more or less clear explanations of a surrogate endpoint, e.g.,
“The purpose of a surrogate endpoint is to draw conclusions about the effect of intervention
on true endpoint without having to observe the true endpoint.” [7] or “A surrogate endpoint
of a clinical trial is a laboratory measurement or a physical sign as a substitute for a clinical
meaningful endpoint that measures directly how a patient feels, functions or survives.
Changes induced by a therapy on a surrogate endpoint are expected to reflect changes in a
clinical meaningful endpoint” [8].

Common to all definitions is the requirement that the surrogate endpoint is predictive for
the true endpoint. In addition, there is the expectation that a surrogate endpoint shall reduce
the observation time by increasing endpoint sensitivity. Oncological trials are standard
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examples for this intention. Thereby, progression free sur-
vival (PFS) is used as a surrogate endpoint for overall sur-
vival (OS). PFS is defined as the time from randomization to
disease progression or death of any cause (whatever occurs
first) while OS is simply defined as time from randomization
to death of any cause. Obviously, PFS is very sensitive
regarding OS and therefore reduces the observation time.
But a standard approach for a general validation of the main
goal, i.e., predictiveness for OS, is still missing.

From the perspective of case definitions, we provide a
formal definition of surrogate endpoints regarding the two
goals predictivity and shortening of the observation time.
Then, we apply published adjusted estimators for prevalence
and intervention efficacy to identify a category of surrogate
endpoints that could be used in clinical trials without vali-
dation. Subsequently, we use the very common example of
PFS and OS to discuss our conclusions on the structure of
surrogate endpoints.

METHODS

The primary requirement of a surrogate endpoint is the
assessment of an endpoint that is sufficient (predictive) for
the true endpoint. This indicates that:

Surrogate endpoint0True endpoint

The main intention for the establishment of surrogate
endpoints is an increase of cases which makes it easier to
reach a study endpoint. In this situation, reaching a surro-
gate endpoint is a necessary condition for reaching the true
endpoint but not a sufficient one:

Surrogate endpoint⇐True endpoint

For each true endpoint, its surrogate endpoint can be
understood as a case definition of the true endpoint. A
formal definition of a case definition was introduced by
Hahn et al. [9] and is given by:

Let Ω be the set of all symptoms and attributes and PðΩÞ
its power set. Then, every subset C⊆PðΩÞ is called a case
definitionC.

For every case definition (e.g., for a disease) and a given
set of individuals, a case is an individual whose symptoms
and attributes fulfill the case definition:

Let I be the set of all individuals. Sk ∈ PðΩÞ denotes the
individual set of symptoms and attributes for individual
ik ∈ I. A case is defined by Eq. (1):

with

( Case : I3PðΩÞ→ f0; 1g
Caseðik; SkÞ ¼

�
1 if ∃c∈C : c⊆ Sk

0 else
(1)

Conducting this definition, we can formally define three
categories of surrogate endpoints:

Let CS and CT be two case definitions.

–CS is called first category surrogate for CT, if holds:

il : CaseS il; SSð Þ ¼ 1f g⊆ ik : CaseT ik; STð Þ ¼ 1f g
¼ P CaseT ¼ 1jCaseS ¼ 1ð Þ ¼ 1 (2)

–CS is called second category surrogate for CT, if holds:

ik : CaseT ik; STð Þ ¼ 1f g⊆ il : CaseS il; SSð Þ ¼ 1f g
¼ P CaseT ¼ 0jCaseS ¼ 0ð Þ ¼ 1

–CS is called third category surrogate, if it is neither of the
first nor of the second category.

First category surrogate endpoints are sufficient for the
true endpoint. Second category surrogate endpoints are
necessary but not sufficient. Third category surrogate end-
points are neither sufficient nor necessary for the true
endpoints. A visualization of the three categories of surro-
gate endpoints is given by Fig. 1.

Obviously, a surrogate endpoint has diagnostic charac-
teristics regarding the endpoint of interest with sensitivity Se
and specificity Sp:

SeS ¼ PðCaseS ¼ 1jCaseT ¼ 1Þ (3)

SpS ¼ PðCaseS ¼ 0jCaseT ¼ 0Þ
Based on Eq. (2) follows that the specificity of first cate-

gory surrogate endpoints is equal to one while the sensitivity
is ≤1. For second category surrogate endpoints holds that
they have a sensitivity that is equal to one while the speci-
ficity is ≤1. For third category surrogate endpoints holds
that both sensitivity and specificity are <1.

For the rate of true cases that is assessed by a surrogate
endpoint, an unbiased point estimator is given by [10, 11]:

First category surrogate 

endpoint

Second category surrogate 

endpoint

Third category surrogate

endpoint

True cases

Surrogate 
cases

Surrogate 
cases

True cases

True
cases Surrogate cases

Fig. 1. Three categories of surrogate endpoint visualized by a Venn diagram
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RateTrue endpoint ¼ rate of surrogate cases� 1þ Sp
Seþ Sp� 1

(4)

Based on Eq. (4), a consistent estimator for the rate ratio
of true endpoints – if the diagnostic performance of surro-
gate endpoints does not vary over study arms – is given by
[11]:

RRTrue endpoint ¼ rate of surrogate cases1 � 1þ Sp
rate of surrogate cases2 � 1þ Sp

(5)

It has also to be taken into account that surrogate end-
points are always time-related with regard to the endpoint of
interest. This relation can be prospective, retrospective as
well as contemporaneous.

RESULTS

Based on the definitions and equations above, the
following results can be postulated for the application
of surrogate endpoints in clinical and epidemiological
trials.

With Eq. (4) follows that for the estimation of rates like
prevalence rates, all categories of surrogate endpoints are
biased. With Eq. (5) follows that only first category surrogate
endpoints are consistent when applying unadjusted rates of
the surrogate endpoint while the rates of second and third
category surrogate endpoints have to be adjusted for their
diagnostic performance to avoid this bias even for large
sample sizes:

It has to be noted that this only holds for the situation
that the diagnostic performance of the surrogate endpoints
is constant over study arms. This, of course, can in general
only be assumed for double blinded randomized clinical
trials. In all other cases holds:

One of the most popular examples is PFS as surrogate for
OS in oncological trials, especially in palliative settings. In
curative settings, Complete Response (CR) is often used as
surrogate for curation, especially in the case of Sustainable
Complete Response (SCR).

PFS is a composite endpoint of progression or death of
any cause. Commonly, it is interpreted as predictive for death
of any cause and therefore used as a surrogate for the overall
survival. At the time point of evaluation, PFS is obviously a
surrogate of the second category for OS, because every study
subject reaching OS endpoints also reaches the PFS endpoint
(because the PFS endpoint is a combination of progression
and overall survival). But with this interpretation, PFS is
worthless, because OS as the endpoint of interest is measured
at the same time. So, PFS makes only sense if it is interpreted
as a “look into the future” regarding overall survival. But with
this interpretation, PFS only fulfills the definition of a third
category endpoint, because progression is not a necessary
condition for death of any cause but death after progression.
This means that reaching the surrogate endpoint is neither
necessary nor sufficient for reaching the endpoint of interest.

In curative settings, CR as well as SCR (Complete
Response with a duration of at least a minimal time period
or CR until the end of observation) are also often interpreted
as surrogates for curation, because a follow-up time of 5 or
more years is very rare at the time of marketing authoriza-
tion. Obviously, there is no curation without CR but of
course there can be cases of relapse after CR, if “curation” is
defined as complete response until death. In this way, CR as
well as SCR are both surrogate endpoints of the second
category, because the reaching of this endpoint is necessary

for curation. Since the SCR is more specific than the very
sensitive CR alone, it is superior to the less specific surrogate.

Summarized, only the rates of first category surrogate
endpoints can be used without adjustment to get consistent
estimations for the intervention efficacy regarding the true

First category surrogate endpoint : RRTrue endpoint ¼ rate of surrogate cases1
rate of surrogate cases2

Second and third category surrogate endpoints : RRTrue endpoint ¼ rate of surrogate cases1 � 1þ Sp
rate of surrogate cases2 � 1þ Sp

(6)

First category surrogate endpoint : RRTrue endpoint ¼ Se2 rate of surrogate cases1ð Þ
Se1 rate of surrogate cases2ð Þ

Second and third category surrogate endpoints : RRTrue endpoint ¼ Sp2 rate of surrogate cases1 � 1þ Sp1ð Þ
Sp1 rate of surrogate cases2 � 1þ Sp2ð Þ

(7)
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endpoint. And even this only holds if the diagnostic per-
formance of the surrogate endpoint does not vary over study
arms. This, of course, can only be assumed for double blin-
ded randomized clinical trials. The high specificity of first
category surrogate endpoints is in contrast with the intention
to establish surrogate endpoints, which is increasing the
sensitivity of an endpoint to increase the number of cases.

DISCUSSION

Surrogate endpoints are very popular in clinical trials,
especially if the true endpoint of interest cannot be observed
within acceptable timelines [12]. In consequence, this leads to
surrogate endpoints that inflate the number of cases in order to
reduce the observation time. The key assumption of surrogate
endpoints is, on the other hand, that they are predictive for the
endpoint of interest [8]. For the first time from the perspective
of case definitions, we have therefore proposed a formal defi-
nition of surrogate endpoints with three categories. The first
category represents the key assumption and is in contrast to the
second category, which represents the intention of shortening
the observation time of clinical trials. The third category rep-
resents all surrogate endpoints that are neither of the first nor of
the second category. Based on the application of a published
consistent intervention efficacy estimator [13], we conclude that
only first category surrogate endpoints can be used without
further evaluation for their diagnostic performance character-
istics regarding the endpoint of interest. Since surrogate end-
points of this category are specific case definitions of the true
endpoint, they are in contrast to the intention of many onco-
logical trials of reducing the observation time by increasing the
number of cases. Instead of this, they lead to decreasing case
numbers, making them unfeasible for this intention.

We further conclude that surrogate endpoints of the
second and third category cannot be predictive by themselves
because they are not sufficient for the endpoint of interest.
Therefore, it is not surprising that the authors of a recent
publication [14] conclude: “Using breast cancer as an
example, we evaluated the underlying evidence for the sur-
rogate endpoints for solid tumors listed in the FDA’s Table of
Surrogate Endpoints and found weak or missing correlations
of treatment effects on these surrogates with treatment effects
on OS. Surrogate measures should be predictive of clinical
benefit to be useful in supporting regular FDA approval.”

In addition, the results of our modeling only hold for
trials where the diagnostic performance of the surrogate
endpoint does not vary over study arms, which can only be
assumed for double blinded randomized trials. If this cannot
be assumed, even surrogate endpoints of the first category
are likely to be biased regarding the endpoint of interest.

CONCLUSION

Overall, surrogate endpoints should be applied, defined and
interpreted with caution and the use of surrogate endpoints
with the intention to shorten the observation timelines by

inflating the number of cases should be avoided. If feasible
with realistic effort, the true endpoints should be assessed.
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LIST OF ABBREVIATIONS

CR complete response
OS overall survival
PFS progression free survival
SCR sustainable complete response
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