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Preface

More than ever is there a strong drive to search for and evaluate potential
surrogate markers and surrogate endpoints for randomized clinical trials. A
successful surrogate endpoint is able to reduce follow-up trial time and/or
to reduce the number of patients needed to establish a certain treatment ef-
fect. From a statistical perspective, Prentice’s framework (1989), amplified
by Freedman, Graubard, and Schatzkin (1992), was instrumental to start
the debate as to how statistical validation or, more modestly formulated,
statistical evaluation, of a potential surrogate endpoint could be under-
taken. Much debate ensued, also in the light of the historic “accidents”
with surrogates not carefully evaluated, and it is fair to say the surrogate
marker debate has since been laden with a certain amount of skepticism.

Connected to his involvement in clinical trial methodology, Marc Buyse
has always had a strong interest in the surrogate marker validation debate.
In April 1994, Marc and Geert met at a Drug Information Association
meeting in Bruges, at the time where Marc was thinking about the relative
effect as a measure to supplement the proportion explained. One thing led
to another and soon an LUC-based research team was formed, headed by
the three of us, that, over the years, has encompassed fifteen members from
various research institutes. The team has investigated a number of aspects
of surrogate marker validation. A move was soon made from the so-called
single-trial framework to a meta-analytic or hierarchical one, in line with
ideas developed by Michael Hughes and Michael Daniels, and also by Mitch
Gail and his co-workers. A lot of subsequent activity focused on finding ap-
propriate hierarchical statistical models for various types of surrogate and
true outcomes. Formulating such models is not always straightforward, let
alone fitting them, and consequently the need arose to explore simplified
modeling and fitting strategies, and the Bayesian framework was considered
as a potential alternative. Also, as different models incorporate different as-
sociation parameters, the need arose to try and unify the surrogate marker
evaluation measures.

While doing this, an eye had to be kept on several important application
areas, such as oncology, HIV, and mental health. Even though there is a
common basis for surrogate marker validation across these areas, a good
number of aspects are area specific. For example, it is fair to say that the
speed of the developments in HIV is tremendous, compared to other thera-
peutic areas. In mental health, the delineation between true and surrogate
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endpoints is not as clear as it would be in other areas. Finally, because
surrogate marker evaluation takes place, to a large extent, in the develop-
ment of medicinal product arena, the perspectives of the pharmaceutical
industry and the regulatory authorities have to be taken into account in a
proper fashion.

This text hopes to give an accessible synthetic account of the developments
just sketched, giving proper credit to historical developments, providing a
balance between statistical considerations of a modeling and computation
nature, scientific considerations coming from the various therapeutic areas,
and the positions taken by the pharmaceutical industry and the regulatory
authorities. As in any scientific debate, different people approach surrogate
marker evaluation with various degrees of comfort. We hope the current
text does proper justice to all views, not just the editors’ views.

Although a variety of authors have contributed to this book, we have chosen
a strongly edited form to achieve a smooth flow. As far as possible, a com-
mon set of notations has been used by all authors. Ample cross-references
between chapters are provided. The book should be suitable either to read
a selected number of chapters or the integral text.

Tomasz Burzykowski (LUC, Diepenbeek)

Geert Molenberghs (LUC, Diepenbeek)

Marc Buyse (IDDI, Brussels, and LUC, Diepenbeek)
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Introduction

Geert Molenberghs, Marc Buyse, and
Tomasz Burzykowski

1.1 The Concept of a Surrogate Endpoint

One of the most important factors influencing the duration and complexity
of the process of developing new treatments is the choice of the endpoint,
which will be used to assess the efficacy of the treatment. Two main cri-
teria to select the endpoint are its sensitivity to detect treatment effects
and its clinical relevance to goals of the study (Fleming 1996). The rele-
vance depends on, for example, whether evidence for biological activity of
a drug is sought (as in Phase II trials) or whether a definitive evaluation
of clinical benefit to patients has to be made (as in Phase III trials). For
instance, in life-threatening diseases, such as cardiovascular diseases or can-
cer, the endpoint relevant for definitive evaluation of a treatment typically
is survival.

It often appears, however, that the most sensitive and relevant clinical end-
point, which will be called the “true” endpoint throughout this text, might
be difficult to use in a clinical trial. This can happen if the measurement
of the true endpoint:

• is costly (for example, to diagnose “cachexia,” a condition associated
with malnutrition and involving loss of muscle and fat tissue, expen-
sive equipment measuring content of nitrogen, potassium, and water
in patient’s body is required);

• is difficult (for example, involving compound measures such as typi-
cally is the case in quality of life or pain assessment);

• requires a long follow-up time (for example, survival in early-stage
cancers);

• requires a large sample size due to a low incidence of the event (for
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example, short-term mortality in patients with suspected acute my-
ocardial infarction).

In such cases, use of the true endpoint increases the complexity and/or the
duration of research. To overcome these problems, a seemingly attractive
solution is to replace the true endpoint by another one, which is measured
earlier, more conveniently, or more frequently. Such “replacement” end-
points are termed “surrogate” endpoints (Ellenberg and Hamilton 1989).

Note that several related but somewhat distinct terms are in use, such as
surrogate endpoint, surrogate marker, or biomarker. Surrogate endpoint has
the connotation of replacement of the true endpoint in a clinical study by
another one. A marker on the other hand is an outcome, a measurement, or
a set of measurements that is indicative for a variable or a general concept.
For example, a number of blood, urine, and other measurements can be
used to detect environmental stress in living organisms. Although there
are common aspects in the evaluation of surrogate endpoints and markers,
the contexts are different. In this book, we will largely focus on surrogate
endpoints, with a lot of emphasis on randomized clinical trials.

1.2 Why Is There Reservation Toward the Use of
Surrogate Endpoints?

Because of the possible benefits for the duration of a clinical trial, surrogate
endpoints have been used in medical research for a long time (Ellenberg
and Hamilton 1989, Fleming and DeMets 1996). Table 1.1 presents several
examples. The use of the surrogate endpoints presented in Table 1.1 was
based on an established association between them on the one hand and
the corresponding true endpoints on the other hand. However, the mere
existence of an association between a candidate surrogate endpoint and
the true endpoint is not sufficient for using the former as a surrogate. As
Fleming and DeMets (1996) put it, “a correlate does not make a surro-
gate.” What is required is that the effect of the treatment on the surrogate
endpoint reliably predicts the effect on the true endpoint. Unfortunately,
partly due to the lack of appropriate methodology, this condition was not
checked in the early attempts to use surrogates. Consequently, for most
of the surrogates mentioned in Table 1.1, it was found that their use, at
least in some applications, led to erroneous, or even harmful, conclusions.
A review of several such examples is given by Fleming and DeMets (1996).
Probably the best known case is the approval by the Food and Drug Admin-
istration (FDA) in the United States of the use of three drugs: encainide,
flecainide, and moricizine. The drugs were approved based on the fact that
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TABLE 1.1. Examples of surrogate endpoints used in medical research.

Disease Endpoints

Surrogate True

Early stage cancer Time to progression Survival time

Advanced cancer Tumor response Survival time

Osteoporosis Bone mineral density Bone fracture

Ophthalmology (glaucoma) Intraocular pressure Long-term visual acuity

Chronic granulomatous dis-
ease

Superoxide production Serious infection

Ability to kill bacteria Serious infection

Cardiovascular disease Ejection fraction Myocardial infarction

Blood pressure Stroke, survival time

Arrythmias Survival time

HIV infection CD4 counts; viral load Development of AIDS,

survival time

they were shown to effectively suppress arrythmias. It was believed that, be-
cause arrythmia is associated with an almost fourfold increase in the rate
of cardiac-complication-related death, the drugs would reduce the death
rate. However, a clinical trial conducted after the drugs had been approved
by the FDA and introduced into clinical practice showed that in fact the
death rate among patients treated with encainide and flecainide was more
than twice the one among patients treated with placebo (The Cardiac Ar-
rhythmia Suppression Trial (CAST) Investigators 1989). An increase of the
risk was also detected for moricizine.

This and other examples of unsuccessful replacement of true endpoints led
to the scepticism about usefulness of surrogate endpoints. Consequently,
negative opinions about the use of surrogates in the evaluation of treat-
ment efficacy have been voiced (Fleming 1996, Fleming and DeMets 1996,
DeGruttola et al. 1997).

1.3 Why the Use of Surrogate Endpoints Is Still
Being Considered?

It will be clear from the previous section that the very mention of surro-
gate endpoints has always been very controversial. However, not all early
applications were failures. For example, the dramatic surge of the AIDS
epidemic, the impressive therapeutic results obtained early on with zidovu-
dine, and the pressure for an accelerated evaluation of new therapies have
all led to, first, the use of CD4 blood count and then, with the advent
of highly active antiretroviral therapy (HAART), viral load as endpoints
that replaced time to clinical events and overall survival (DeGruttola et al.
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1995), in spite of some concerns about their limitations as surrogates for
clinically relevant endpoints (Lagakos and Hoth 1992).

Generally, before a new drug can be accepted for the use in clinical practice,
its efficacy and safety needs to be rigorously assessed in a series of clini-
cal trials. This process of testing a new therapy can (and, in fact, does)
take many years. At the same time, the number of candidate biomarkers
and ultimately the number of surrogate endpoints based upon them is in-
creasing dramatically. Indeed, an increasing number of new drugs have a
well-defined mechanism of action at the molecular level, allowing drug de-
velopers to measure the effect of these drugs on the relevant biomarkers
(Ferentz 2002). There is also increasing public pressure for new, promising
drugs to be approved for marketing as rapidly as possible, and such ap-
proval will have to be based on biomarkers rather than on some long-term
clinical endpoint (Lesko and Atkinson 2001). The pressure can become es-
pecially high in a situation where rapidly increasing incidence of a disease
can become a serious threat to public health. As an illustration of this
trend toward early decision-making, recently proposed clinical trial designs
use treatment effects on a surrogate endpoint to screen for treatments that
show insufficient promise to have a sizeable impact on survival (Royston,
Parmar, and Qian 2003). Last but not least, if the approval process is
shortened, there will be a corresponding need for earlier detection of safety
signals that could point to toxic problems with new drugs. It is a safe bet,
therefore, that the evaluation of tomorrow’s drugs will be based primarily
on biomarkers, rather than on the longer-term, harder clinical endpoints
that have dominated the development of new drugs until now.

In conclusion, because surrogate endpoints can shorten the duration of
the process, their use does constitute an attractive option. Thus, although
many would like to avoid surrogate endpoints altogether, sometimes sur-
rogates will be the only reasonable alternative, especially when the true
endpoint is rare and/or distant in time.

Another reason to shorten the duration of the process of testing new thera-
pies may be related to new discoveries in medicine and biology, which create
a possibility for development of many potentially effective treatments for
a particular disease. In such a situation, a need to cope with a large num-
ber of new promising treatments that should be quickly evaluated with
respect to their efficacy might appear. As a matter of fact, this can already
be observed happening in oncology, as the increased knowledge about the
genetic mechanisms operating in cancer cells led to the proposal of qualita-
tively new approaches to treat cancer. An example is found in the use of a
genetically modified virus that selectively attacks p53-deficient cells, spar-
ing normal cells (Heise et al. 1997). It is known that for several cancers,
mutations of the p53 gene are quite common. For instance, in head and
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neck tumors they are detected in 45-70% of the cases (Khuri et al. 2000),
whereas in pancreatic tumors, this is about 60% of the cases (Barton et al.
1991). Consequently, in these cancers the injection of the virus in the tumor
might result in the eradication of the cancer cells without affecting normal
cells. In fact, clinical trials investigating the efficacy of such a treatment
have already been started, showing promising results (Von Hoff et al. 1998,
Khuri et al. 2000, Lamont et al. 2000, Nemunaitis et al. 2001). With the
results of the human genome mapping now available (International Human
Genome Sequencing Consortium 2001, Venter et al. 2001), development of
even a larger spectrum of treatments aimed at disease mechanisms present
at the gene level might be expected.

From a practical point of view, shortening the duration of a clinical trial
also limits possible problems with non-compliance and missing data, which
are more likely in longer studies, and therefore increases effectiveness and
reliability of the research.

Finally, an important area of potential application of surrogate endpoints
is the assessment of safety of new treatments. Duration and sample size of
clinical trials aimed at development of new drugs are usually insufficient to
detect rare or late adverse effects of the treatment (Dunn and Mann 1999,
Jones 2001). The use of surrogate endpoints (for toxicity-related clinical
endpoints) might allow one to obtain information about such effects even
during the clinical testing phase.

All of these reasons apply to the current state of research on novel treat-
ments. Despite the failed past attempts, it is therefore difficult to abandon
the idea of using surrogate endpoints altogether.

1.4 Validation of Surrogate Endpoints

Nevertheless, the failed past attempts to use surrogate endpoints do make
it clear that, before deciding on the use of a candidate surrogate endpoint,
it is of the utmost importance to investigate its validity. (The term va-
lidity is used here in a broad sense, and not in the narrow, well-defined
psychometric sense, even though there is a relationship between both, see
also Chapter 16.) Consequently, formal methods allowing for validation are
required. Such methods have become the subject of intensive research over
the past decades. In this volume, the results of this research, as well as
some novel concepts and techniques, will be presented.
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Setting the Scene
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2.1 Historical Perspective

Often, the most clinically relevant endpoint, that is, the “true” endpoint,
is difficult to use in a clinical trial. In cancer trials, for instance, survival
is still regarded as the ultimate endpoint of interest, but it may lack sen-
sitivity to true therapeutic advances, it may be confounded by competing
risks and second-line treatments, and it is observed late, which results in
long delays before new drugs can be approved. In such cases, a seemingly
attractive solution is to replace the true endpoint by another one, which
might be measured earlier, more conveniently, or more frequently. As stated
in Chapter 1, such “replacement” endpoints are termed “surrogate” end-
points.

Before a surrogate can replace a true endpoint, it should be validated or
evaluated. Merely establishing a correlation between both endpoints is not
sufficient (Baker and Kramer 2003). Several formal methods for this pur-
pose have already been proposed (Prentice 1989, Freedman, Graubard, and
Schatzkin 1992, Daniels and Hughes 1997, Buyse and Molenberghs 1998,
Buyse et al. 2000a, Gail et al. 2000). With the statistical methods available,
it ought to be possible to conduct a formal investigation on the quality of
various endpoints used as surrogates in clinical practice. Such an investiga-
tion can shed light on the feasibility of the use of these endpoints and guide
the regulatory agencies, for example, in the choice of the endpoints that
can be used for accelerated approval of investigational drugs. Of course, as
stated earlier, a quantitative evaluation is important but is by no means
the only component in the decision process leading to the replacement of
the true endpoint by the surrogate one. Several parties are involved, in-
cluding the regulatory agencies (Section 2.2) and the industry developing
a medicinal product.
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2.2 A Regulatory Agencies Perspective

The need to develop new drugs and treatments as quickly as possible has
become acute nowadays. Regulatory agencies from around the globe, in
particular in the United States, in Europe, and in Japan, have reacted to
this challenge through various provisions and policies.

In the United States, there are mechanisms available for accelerated ap-
proval based on surrogate endpoints, in order to reduce the time to re-
view an application for indications with no known effective therapy and for
providing access to patients for unapproved drugs. Accelerated approval
(sometimes referred to as “conditional approval” or “Subpart H”) refers to
an acceleration of the overall development plan by allowing submission of
an application, and if approved, marketing of a drug on the basis of surro-
gate endpoints while further studies demonstrating direct patient benefit
are underway. Accelerated approval is limited to diseases where no effec-
tive therapies exist and is based on a surrogate endpoint likely to predict
clinical benefit.

The recent recommendation of the Food and Drug Administration (FDA)
for accelerated approval of investigational cancer treatments states that

“FDA believes that for many cancer therapies it is appropri-
ate to utilize objective evidence of tumor shrinkage as a basis
for approval, allowing additional evidence of increased survival
and/or improved quality of life associated with that therapy to
be demonstrated later”

(Food and Drug Administration 1996). This marks a departure from the
traditional requirements for new cancer treatments to show survival or
disease-free survival benefits prior to being granted market approval (Flem-
ing et al. 1994, Cocchetto and Jones 1998). If the achievement of a complete
remission has indeed a major impact on prognosis in hematological ma-
lignancies (Armitage 1993, The International Non-Hodgkin’s Lymphoma
Prognostic Factors Project 1993, Kantarjian et al. 1995), the relationship
between tumor response and survival duration is far less clear in solid tu-
mors, even though the shrinkage of metastatic measurable masses has long
been the cornerstone of the development of cytotoxic therapies (Oye and
Shapiro 1984). In the United States, response rate has been used as a surro-
gate for patient benefit for accelerated approval and as a component of full
approval for some hormonal and biological products. Among them are do-
cetaxel for second-line metastatic breast cancer, irinotecan for second-line
metastatic colorectal cancer, capecitabine for refractory metastatic breast
cancer, liposomal cytarabine for lymphomatous meningitis, and temozolo-
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mide for second-line anaplastic astrocytoma. Two drugs received acceler-
ated approval for supplemental indications: liposomal doxorubicin for re-
fractory ovarian cancer and celecoxib for polyp reduction in familial ade-
nomatous polyposis.

In the European Union, there is a different “accelerated approval” mecha-
nism. The European legislation allows for granting a marketing authoriza-
tion under “exceptional circumstances” where comprehensive data cannot
be provided at the time of submission (e.g., because of the rarity of the
disease) and provided that the applicant agrees to a further program of
studies that will be the basis for post-authorizations review of the ben-
efit/risk profile of the drug. Although this primarily refers to situations
where randomized clinical trials are lacking, it applies equally well to ab-
sence of data on a particular endpoint. According to the European Agency
for the Evaluation of Medicinal Products (EMEA) guideline for the eval-
uation of anticancer agents, the choice of endpoints should be guided by
the clinical relevance of the endpoint and should take into account method-
ological considerations. Possible endpoints for phase III trials in oncology
include progression-free survival, overall survival, response rate (and dura-
tion), and symptom control/quality of life. The guideline also states that if
objective response rate is used as the primary endpoint, compelling justifi-
cations are needed and normally additional supportive evidence of efficacy
in terms of, for example, symptom control is necessary (Committee for Pro-
prietary Medicinal Products 2001). Thus, where justified, the use of surro-
gate endpoints in oncology is possible although it may require confirmation
of efficacy in the post-authorization phase, e.g., by confirming an effect on
the true endpoint or in confirmatory trials. The initial EMEA experience
with antineoplastic and endocrine therapy agents has shown that in the
majority of cases, approval was indeed obtained based on a surrogate end-
point such as objective response rate. This was the case, e.g., for docetaxel
in second-line (monotherapy) metastatic breast cancer, liposomal doxoru-
bicin in AIDS-Kaposi sarcoma, and paclitaxel in second-line AIDS-Kaposi
sarcoma. Topotecan was approved in second-line metastatic ovarian cancer
based on response rate and progression-free survival, and temozolomide was
approved in recurrent glioblastoma and recurrent anaplastic astrocytoma
based on progression-free survival. Thus, the European system is coming
close to an accelerated approval system like in the United States perhaps
with more flexibility.

The situation is somewhat different in Japan. Objective response rate has
played there the central role for oncology drug approvals where cytotoxic
drugs can be approved based on tumor shrinkage in phase II studies, as
defined in the guideline issued in 1991. The initial approval of a drug is
considered to be conditional on a subsequent re-examination of the safety
and efficacy of the drug at something like four to ten years after marketing
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authorization. At least two independent randomized trials with survival as
an endpoint need to be conducted in a post-marketing setting and results
need to be made available at the time of re-examination.

At the international level, the International Conference on Harmonization
(ICH) Guidelines on Statistical Principles for Clinical Trials state that

“In practice, the strength of the evidence for surrogacy de-
pends upon (i) the biological plausibility of the relationship, (ii)
the demonstration in epidemiological studies of the prognostic
value of the surrogate for the clinical outcome and (iii) evidence
from clinical trials that treatment effects on the surrogate cor-
respond to effects on the clinical outcome”

(ICH Guidelines 1998). As such, it is close in spirit to the procedures pro-
posed by the U.S., European, and Japanese regulatory authorities.

A detailed regulatory perspective is provided in Chapter 3.

2.3 Main Issues

Taking into account the arguments developed in the Introduction and ear-
lier in this chapter, it is difficult to abandon the idea of using surrogate
endpoints altogether, in spite of the failed attempts, described in the In-
troduction. However, it has also been stated, and this is in line with the
regulatory authorities’ policies, that there is a need for formal evaluation
as an important component of the decision whether or not a surrogate
endpoint can be used. Prentice (1989) formulated a definition of surrogate
endpoints, as well as operational criteria for validating a surrogate end-
point. Freedman, Graubard, and Schatzkin (1992) introduced the concept
of proportion explained , which was meant to indicate the proportion of the
treatment effect mediated by the surrogate. Buyse and Molenberghs (1998)
decomposed the proportion explained further into the relative effect and
adjusted association, and argued in favor of using these quantities instead.
The aforementioned proposals, reviewed in Chapter 5, were formulated un-
der the assumption that the validation of a surrogate is based on data from
a single randomized clinical trial.

This leads to problems with untestable assumptions and too low statistical
power. To overcome these problems, the combination of information from
several groups of patients (multi-center trials or meta-analyses) was sug-
gested by Albert et al. (1998). It was subsequently implemented by Daniels
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TABLE 2.1. Examples of possible surrogate endpoints in various diseases (Abbre-
viations: AIDS = acquired immune deficiency syndrome; ARMD = age-related
macular degeneration; HIV = human immunodeficiency virus).

Disease Surrogate Type Final Type

endpoint endpoint

Resectable solid
tumor

Time to
recurrence

Censored Survival Censored

Advanced cancer Tumor response Binary Time to
progression

Censored

Osteoporosis Bone mineral
density

Longitudinal Fracture Binary

Cardiovascular
disease

Ejection fraction Continuous Myocardial
infraction

Binary

Hypertension Blood pressure Longitudinal Coronary heart
disease

Binary

Arrhythmia Arrhythmic
episodes

Longitudinal Survival Censored

ARMD 6-month visual
acuity

Continuous 24-month visual
acuity

Continuous

Glaucoma Intraoccular
pressure

Continuous Vision loss Censored

Depression Biomarkers Multivariate Depression scale Continuous

HIV infection CD4 counts +
viral load

Multivariate Progression to
AIDS

Censored

and Hughes (1997), Buyse et al. (2000a) and Gail et al. (2000), among oth-
ers. The meta-analytic framework is introduced in Chapter 7.

Statistically speaking, the surrogate endpoint and the clinical endpoint
are realizations of random variables. As will be clear from the formalisms
developed in Chapter 7, interest needs to focus on the joint distribution of
these variables. The easiest situation is where both are Gaussian random
variables. This is, however, seldom the case, because the surrogate endpoint
and/or the clinical endpoint are often realizations of non-Gaussian random
variables. Table 2.1 shows a number of settings that can occur in practice.
Thus, grouped by type of endpoint, one can encounter:

• Binary (dichotomous): biomarker value below or above a certain
threshold (e.g., CD4+ counts over 500/mm3) or clinical “success”
(e.g., tumor shrinkage).

• Categorical (polychotomous): biomarker value falling in successive,
ordered classes (e.g., cholesterol levels <200 mg/dl, 200–299 mg/dl,
300+ mg/dl) or clinical response (e.g., complete response, partial
response, stable disease, progressive disease).

• Continuous (Gaussian): biomarker (e.g., log-PSA level) or clinical
measurement (e.g., diastolic blood pressure).


