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Summary. In clinical trials, the clinical endpoint is often 
replaced by an intermediate endpoint, known in some in- 
stances as a "surrogate" en@oint. The reasons for the 
substitution are often both practical and financial. At 
present, no theoretical basis or practical guidelines exist to 
help in the choice of surrogate endpoints. 

An approach is proposed here, based on three provisos 
which can be verified using one of a series of equations, if 
sufficient data on the pathophysiology and epidemiology 
of the disease are available. It is shown that even a strong 
statistical correlation is not a sufficient criterion for the 
definition of a surrogate endpoint. 

It is apparent that results obtained with the commonly 
used "surrogate" endpoints should be cautiously con- 
sidered, and that the assessment of treatments should, 
when possible, be based on clinical rather than intermedi- 
ate endpoints. 

Key words: Surrogate endpoints, Clinical trials; risk/ 
benefit ratio, assessment 

Endpoints in clinical trials 

In clinical trials the use of clinical endpoints is often not 
feasible, and intermediate or surrogate endpoints [1] have 
to be chosen to replace the "real", clinical endpoint [2]. 
For many years this practice has been widespread and has 
enabled the pharmaceutical industry to save both time 
and money in their drug development programmes [3]. 
However, many questions have recently been posed con- 
cerning the suitability of currently used surrogate end- 
points [1]. 

An intermediate endpoint can be defined as a response 
variable which is statistically correlated with the clinical 
endpoint. It can qualify as a surrogate endpoint if it can be 
used as an appropriate alternative to a clinical endpoint in 
a clinical trial. This definition is somewhat more restric- 
tive than that proposed by others [4-6]; for example, El- 

lenberg and Hamilton [4], used the amount of analgesic 
consumed by cancer patients as an example of a surrogate 
endpoint for pain. However, the reduction in analgesic 
consumption itself could be considered as a clinical end- 
point. They also gave the example of the use of skinfold 
thickness as a substitute for nitrogen, potassium and water 
level measurements in the assessment of muscle mass, 
none of those being clinical endpoints. 

The following examples can be used to illustrate the 
proposed definition of a surrogate endpoint. 

1. The assessment of blood lipid-lowering drugs is com- 
monly based on their ability to decrease blood lipid con- 
centrations, whereas these drugs are prescribed for pa- 
tients with hypercholesterotaemia for the prevention of 
atherosclerosis, which, in turn, is thought to be respon- 
sible for disabling or fatal events, such as myocardial in- 
farction and sudden cardiac death. 
2. Phase III trials of new drugs for the treatment of hyper- 
tension are designed to record effects on blood pressure, 
viz. the extent and duration of the decrease in the systolic 
and diastolic blood pressure. In practice, these drugs are 
prescribed to prevent cerebral haemorrhage, ischaemic 
stroke, congestive heart failure and various coronary 
events. 
3. Treatments for the prevention of post-operative venous 
thrombosis in the lower limbs are assessed using the re- 
duction in the incidence of positive ~25I-labelled fibrinogen 
uptake test (FUT) results, with or without a positive 
phlebogram. These treatments are, in practice, used for 
the prevention of fatal pulmonary embolism. 

The intermediate endpoints used in these examples, blood 
cholesterol level, blood pressures and FUT results, are 
more readily measured than the corresponding clinical 
endpoints, thus making the clinical trials easier to per- 
form. They are statistically correlated with the clinical 
endpoints, although the clinical event is rarer than the in- 
termediate event. In all three examples, the supporting 
evidence for the role of the intermediate endpoint in the 
pathophysiologicat model of the underlying condition or 
disease differs substantially, but in all three instances a 
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Fig.l. An example of a pathophysiological and effect model, which 
shows that event C is an inappropriate surrogate endpoint. Treat- 
ment T has an effect on the occurrence of the intermediate event C, 
without affecting the occurrence of the clinical event (see text) 

cause - effect relationship is assumed (not proven)  be- 
tween the intermediate and clinical endpoints. 

Certain differences can be noted in the examples. Deep  
venous thrombosis (DVT),  which occurs prior to pulmo- 
nary embolism, is detected by a positive F U T  result and 
can be considered as a clinical endpoint in its own right, 
and, while pulmonary embolism is assumed to be caused 
by D¥~F, it may  also be caused by other, rare conditions, 
such as right atrial myxoma and sepsis. High blood choles- 
terol levels, hypertension and smoking have been identi- 
fied as risk factors for coronary heart  disease (CHD),  and, 
although in subjects presenting these risk factors, C H D  is 
more likely to occur, symptomatic  CHD may also develop 
in subjects with no known risk factors. Moreover,  whitst it 
is true that the occurrence of high blood pressure and cho- 
lesterol levels has been statistically correlated with CHD,  
no formal proof  exists to show that they cause CHD.  

Amongst  the many advantages offered by surrogate 
endpoints [1, 4, 5] is the fact that they are generally easier 
to standards than their corresponding clinical endpoints; 
for example, blood cholesterol levels can be standardized 
by performing all determinations in a central laboratory, 
whereas determination of the cause of death is more  diffi- 
cult to standardise. Also, surrogate endpoints, such as 
blood pressure and serum cholesterol level, are quantita- 
tive variables, whereas the corresponding clinical end- 
points are binary variables. In a clinical trial using the for- 
mer, fewer subjects will be required to give equivalent 
power to the statistical tests and the trials can be per- 
formed in a shorter period of t ime (e. g. over  a few weeks), 
rather than the several years it would take for the clinical 
outcomes to appear. 

However,  the fact that not all intermediate endpoints 
are appropriate  surrogate endpoints can be illustrated by 
the history of antiarrhythmic drugs [7-9]. Until recently, it 
was accepted that drugs which prevented the occurrence 
or recurrence of ventricular arrhythmias (e.g. ectopic 
beats, tachycardia) would also prevent  sudden cardiac 
death in patients suffering f rom these arrhythmias. Ven- 
tricular arrhythmia was, therefore,  taken to be a surrogate 
endpoint  for sudden death. However,  in a recent trial [9], 
it was shown that patients t reated with this type of drug 
had a higher risk of sudden death than patients treated 
with placebo, indicating that, in this case, reducing ven- 
tricular arrhythmias did not reduce the risk of sudden 

death. The explanation for the observation is thought to 
involve the toxicity of Class Ic antiarrhythmic drugs, 
which may outweigh their possible therapeutic benefit. It 
is apparent  that the choice of a suitable surrogate end- 
point is of pr ime importance, so several points should be 
carefully considered when the choice is being made. 

One major  point is the confusion between statistical 
correlation and proof  of a cause-effect relationship. This is 
shown schematically in Fig. 1, where a clinical event, A, is 
caused by an unknown factor, B, which also causes a sec- 
ond event, C. Although the mechanisms of the two events 
are completely unrelated, there is a statistical relationship 
between the events, so that C may be considered as a risk 
factor for A. The t reatment  T, may modify the event C, 
without having a direct effect on B, and it will, conse- 
quently; have no effect on A. Thus, although they are 
correlated, C is not a suitable surrogate endpoint for the 
clinical event A. This demonstrates  how important  an un- 
derstanding of the pathophysiology of the disease of inter- 
est is when a surrogate endpoint is to be selected. 

A second point is related to the tong-term safety of the 
study treatment.  Although a suitable surrogate endpoint 
may be identified, short- term studies on restricted num- 
bers of patients, will not enable any long-term or rare tox- 
icity to be demonstrated.  This problem, unlike the first, is 

Table 1. Abbreviations used and some basic assumptions made 

Abbreviation: Significance: 

E 

I 

nI 

P(E/I) 

e(E/nI) 

[I-E l 

L 

A 

occurrence of a clinical event (CE), 
e. g. myocardial infarction 

occurrence of an intermediate endpoint (IEP) 
e. g. positive FUT result, or a decrease 
in blood pressure 

absence of an intermediate end point 

the probability of E, given I (I has occm-red) 

the probability of E given not I 
(I has not occurred) 

relationship or interaction between an IEP 
and a CE 

likelihood ratio for E, given by P(E/I)/P(E/nI) 

the Boolean operator "and" 

• The effects of a treatment, T, are denoted by t as a subscript, e.g. 
P(E/I) becomes Pt(E/I). 
• The rate differences for I and E under treatment are denoted as 
6t(I) = P(I)-Pt(I) and 8~(E)= P(E)-Pt(E), respectively. If Pt(I)= k 
P(I) ~dth k_> 0, and if the treatment works, i.e. 0_< k < 1, then 
P,(E/I) = rP(E/I) and Pt(E/nI) = r'P(E/nI). 
• The likelihood ratio for E is given by L = P(E/I)/P(E/nI), when the 
occurrence of I has been assessed in a given population; thus 
L~ = r.r'-lL. 
• The probabilities P(E/I), P(E/nI), Pt(E/I), and Pt(E/nI), are as- 
sumed to be constant for a population which is not constant, i. e. P(I) 
varies. This assumption is often made in the medical field and is the 
basis for the Bayesian analysis of medical diagnoses. Estimates of 
these probabilities can be obtained from relevant epidemiological 
studies. The ideal situation, when P(E/I) = 1 and P(E/nI) = 0, is al- 
most a theoretical notion, and the surrogate endpoint should be 
chosen to approach this situation as closely as possible. For example, 
if AIDS is considered as a global diagnosis, then HIV seropositivity 
can be considered as a surrogate end point for this clinical endpoint 
when considering prevention of contamin ation. 
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T does not affect [I-E] T affects [I-E] 

P(E/nI) = 0 

P(E/nI) > 0 

St(E) = P(E/I).at(I) 
3rd proviso satisfied if P(E/I) is known 

8,(E) = P(E/nI).[L-1]8~(I) 

3rd proviso satisfied if P(E/I) 
and P(E/nI) are known 

at(E) = P(E/I).[(1-kr-~).P(I)] 

r and P(E/I) should be known, r should be constant 

at(E) = P(E/nI).{P(I). 
[L.(1-rk)-i + r'k] + 1-r'} 

3rd proviso satisfied if T is isotropic for [I-E] 
and r is constant 

See Table 1 for an explanation of the abbreviations used 

treatment-specific, and as such, has no direct bearing on 
the choice of a suitable surrogate endpoint, but, nonethe- 
less it should be considered. 

From this brief presentation, the need for a rigorous 
approach to the choice of a surrogate endpoint, especially 
in terms of its relationship to the clinical endpoint, is evi- 
dent. A formal framework is now proposed, which may be 
used to define the requirements for a surrogate endpoint 
and to validate the choice. By combining two different ap- 
proaches, one mathematical and the other heuristic, how 
the requirements can be satisfied is examined, using two 
examples to illustrate the process. Since the mathematical 
derivations are not essential to the discussion, the ma- 
jority are presented as appendices. 

This approach has been chosen for two reasons; first, 
the causes of many human diseases are either remote or 
unknown, or they may be multiple, and in such a complex 
situation, the best solution consists of developing a model 
which fits the available data, the latter often being quanti- 
tative in nature. And second, the assessment of the effi- 
cacy and safety of a new therapy, which is based on ran- 
domised clinical trials, is often expressed in quantitative 
terms. Under certain conditions, randomised clinical trials 
may provide two, equally important pieces of informa- 
tion, namely a standardised test of the hypothesis of a 
clinical benefit, and an estimate of the magnitude of the 
true benefit. The latter is fundamental for public health 
policy. This quantitative aspect of new therapy assessment 
forms the cornerstone of the approach. 

Surrogate endpoints may either be binary or quantita- 
tive variables, or, to be more precise, a quantitative 
change in a parameter, such as blood pressure. In the fol- 
lowing discussion the simplest case, the binary variables, 
first is considered since, a quantitative variable may be 
considered as a special form of a binary variable. 

The abbreviations and certain basic assumptions used 
are summarised in Table 1. 

Provisos 

To be considered as a suitable substitute for a clinical end- 
point, a surrogate endpoint should satisfy the following 
three provisos: 

First proviso: convenience. Although the surrogate end- 
point should be easier to assess than the corresponding 
clinical endpoint, the most important characteristic is its 
frequency, i.e. it should occur more often than the corre- 
sponding clinical endpoint, so that - 

P(I) > P(E) 

Second proviso: relationship. The relationship between 
the surrogate endpoint and the clinical endpoint should be 
well established, both qualitatively and quantitatively, 
through relevant epidemiological studies. Mathemati- 
cally, there should be a formal relationship between the 
two probabilities, i.e. 

e(I) = f[P(E)I 
and P(E) = f- I[P(I)] 

Third proviso: estimate of  clinical benefit. An estimate of 
the expected clinical benefit, should be derivable from the 
estimate of the reduction in the incidence of the surro- 
gate endpoint, which can be obtained from randomised 
clinical trial data. In mathematical terms, if P(I) has been 
estimated for a given disease, then P(E) can be derived. 
Also - 

at (E) = f % (I)} 

where 8t represents the effect of the treatment. 

Comments 

1. If these provisos and their properties described are sat- 
isfied, the intermediate endpoint may be considered as an 
appropriate surrogate endpoint. The second and third 
provisosare related to [I-E], and can be considered from 
either a mathematical or a pathophysiological approach, 
the choice being dependent only on practical consider- 
ations. This may not apply in the rare instances where the 
intermediate endpoint is predictive of a subclass of clinical 
endpoints (e. g. polyposis and colon cancer). In the follow- 
ing discussion it will be assumed that the first proviso is 
satisfied without reducing the generalisability. 
2. The third proviso is essential, since 8, is necessary for 
the assessment of the risk/benefit ratio, and so it should be 
derived from the observed effect on the surrogate end- 
point. 

Four possible situations 

Once an estimate of 8t (I) has been obtained from a ran- 
domised clinical trial, the estimation of fit (E) from this is a 
central step in the assessment of the risk/benefit ratio of a 
given treatment. The probabilities, P(E), P(I), Pt(E) and 
Pt(E) are linked by two basic equations (see Appendix 1), 
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which are correct, irrespective of [I-E], and of whether the 
intermediate endpoint is a true surrogate endpoint or not. 

Since it is assumed that P(E/I), P(E/nI), Pt(E/I), and 
Pt(E/nI) are constant, Equations 1' and 3' in Appendix 1 
are linear fmlctions of P(I) and Pt(I), respectively. Al- 
though it is true in most cases that Pt(E/I)= P(E/I) and 
Pt(E/nI) = P(E/nI), it is important not to exclude cases 
where the treatment may modify [I-E] 1, in which case 
Pt(g/I) ~ P(E/I) and Pt(E/nI) ¢ P(E/nI). 

The resulting Equation 5' confirms that the effect on 
the clinical endpoint depends, on the effects of the treat- 
ment on the intermediate endpoint, and thus on [I-El, as 
shown by the presence of Lt and Pt(E/nI) in the equation. 
There are four different possibilities for the estimations 
fit(E) and St(I) (i.e. the third proviso), depending on 
whether: 

• the clinical endpoint can occur when the intermediate 
endpoint has not occurred 

,, the treatment has an effect on the relationship [I-E]. 

These particular cases, which considered mathematically 
in Appendix 2, and are summarised in Table 2, are briefly 
described here. 

Case I, P(E/nI)= 0, and the treatment does not affect 
[I-E]. This is shown by Equation 8' in Appendix 2. When 
P(E/I) is known from previous epidemiological studies, 
i. e. if the second proviso is satisfied, then the third will also 
be satisfied. In order to prove that an intermediate end- 
point is a true surrogate endpoint, it is necessary to show 
that P(E/nI) = 0, and that [I-E] is unaffected by the treat- 
ment. This is possible if either the mechanism of [I-E] or 
the mechanism of action of the treatment are known. 

Case II, P(E/nI) = 0, and the treatment modifies [I-E]. 
The effect on the clinical endpoint is given by Equation 9' 
in Appendix 2. In this case it is generally not possible to 
verify the third proviso, unless each treatment has the 
same effect on [I-El, in which case r is constant, and if an 
estimate of Pt(E/I) has previously been obtained in a ran- 
domised clinical trial with the appropriate clinical event as 
the endpoint. The first of these conditions can only be 
verified if several randomised clinical trials have been per- 
formed with the given clinical event as the endpoint. 

Case III, P(E/nI) > 0, and the treatment does not mod- 
ify [I-E], i.e. the clinical event may occur in patients who 
do not present the intermediate endpoint, e. g. myocardial 
infarction may occur in patients with a normal blood 
pressure and cholesterol level. The effect on the clinical 
event is given by Equation 10" in Appendix 2. The third 
proviso can be satisfied if estimates of P(E/I) and P(E/nI) 
are available from previous epidemiological studies. Pre- 
vious randomized clinical trials with the clinical event as 
the endpoint are not necessary for the assessment of the 
intermediate endpoint as a surrogate endpoint, although 

For example: to explain the inconsistent relationship between the 
rate of reperfusion aRer administration of a thrombolytic agent 
during the acute phase of myocardial infarction and the reduction in 
mortality rate, it has been claimed that there is a facilitating effect on 
distal coronary blood flow as a result of the reduction in the blood 
fibrinogen level 

this is often the only method of demonstrating that the 
treatment has no effect on [I-E]. The example of blood 
pressure - stroke, given below illustrates this point. 

Case IV,, P(E/nI) > 0, and the treatment modifies [I-E]. 
In this case fit(E) is no longer a simple function of fit(I), and 
the equation becomes 11' in Appendix 2. In this case the 
third proviso can be verified if k, r, r', P(E/I), and P(E/nI) 
are known, which is only possible in the unlikely instance 
when r and r' are independent of the type of treatment 
being tested. 

A special case may arise when the effects of a treatment 
on the intermediate endpoint and the clinical event are 
based on the same pharmacodynamic mechanisms, al- 
though there is no causal relationship between the inter- 
mediate endpoint and the clinical event, but they do share 
a common remote cause, as can be seen in Model no. 2 
which is presented below (see also Fig. 2). In this case the 
effect of the treatment on [I-E] is said to be isotropic, since 
r = r'. If r and k are greater than 0, fit(E) is always positive. 
When r is independent of treatment, r = r' and is constant. 
In this situation the second and third provisos can be veri- 
fied if there is sufficient data from epidemiological studies 
and randomized clinical trials using the clinical event as 
the endpoint. 

A quantitative model 

The application of the above probabilistic model may ap- 
pear to be difficult when the intermediate endpoint in 
question is a quantitative variable, e.g. high blood pres- 
sure, or high blood cholesterol level. In the clinical situ- 
ation, only patients with hypertension or hypercholeste- 
rolemia are treated, and instead of representing a 
difference in frequency, St(I) represents a decrease in 
blood pressure or cholesterol level. If a decrease to below 
a certain level is taken as 'success', S, then (I) can be re- 
placed by (S) in the model. Alternatively, it is possible to 
establish a quantitative model directly, and thus both 
models can be used for quantitative endpoints. 

Several prospective epidemiological surveys have 
shown that the risk of CHD is dependent both on blood 
pressure and serum cholesterol level [10, 11]. Mathemati- 
cally [I-E] can be represented by: 

R(E) = f(x) (1) 

where x is the blood pressure or cholesterol level, and R is 
the risk. Thus, the first and second provisos are satisfied 
and the third proviso becomes: 

fi[a(E)] = f{fif(x)} (2) 
and 

fi, [R(E)] = ft{fitf(x)} (3) 

with both fif(x) and fi[R(E)] being positive and ~f(x) and 
~[R(E)] being negative. The right-hand-side of Equation 
10 is ff (x). fix, where f' (x) is the derivative of f(x). This 
gives: 

fi[R(E)] = f'(x), fix (4) 
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I and E share a common remote 
cause. However, I is not a causal link 
in the mechanism resulting in E, al- 
though E cannot occur without I. 

I and E share a common remote 
cause, whereby they are statistically 
correlated. However, I is not a causal 
link in the mechanism resulting in E, 
and E can occur without I. 

I is a mandatory link in the mecha- 
nism leading to the occurrence of E. 

I is a mandatory link in the mecha- 
nism leading to the occurrence of E. 
However, if the drcuit-break is open, 
E does not occur, even if I has oc- 
cured. 

E has more than one, independent 
remote cause, each having a different 
pathway, only one of which involves I. 

P(E/I) = 1 
P(E(nI) = 0 

P ( H )  ,~ 1 
P(E/nI) ¢ 0 

P(E/~) = ,  
e(E/nt) = 0 

P(E/I) ¢ 1. 
P(E/nI) = 0 

e(E/n I) # 0 

2nd and 3rd provisos 

are always met if T acts before the 
branch (B) or on both pathways (A) 

are always met if T acts before branch 
(B). 

are always met. 

are always met. 

are met if the other Is are not concur- 
rent causal factors (i. e. do not take 
over ifI  disappears), or i fT acts on all 
pathways. 
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[61 E can occur through different path- 
ways all originating from the same 
remote cause. Any pathway can lead 
to E, but only one involves I. 

P(E/nI) ~e 0 are met if the other Is are not concur- 
rent causal factors (i. e. do not take 
over if I has disappeared) or if T acts 
on all pathways or on the common 
cause, 

[71 
The occurrence of E requires the addi- 
tion of inputs from different pathways, 
one of which involves I, arising from a 
common remote cause. No single path- 
way is sufficient to cause E, but a com- 
bination not involving all of them, can 
be sufficient. 

P(E/nI) ~ 0 are met, depending on the weight of I 
in I;; are always met i fT  acts on all 
pathways or on the common cause. 

IS] O 

[] 

[] 

The occurrence of E requires the addi- 
tion of inputs from different pathways, 
one of which involves I, arising from 
different remote causes. No single path- 
way is sufficient to cause E, but a combi- 
nation, not involving all of them, can be 
sufficient. 

P(E/nI) ~ 0 are met, depending on the weight of I 
in Z; are always met i fT  acts on all 
pathways (B) or after Z. 

Fig, 2. Some possible schematic pathophysiological and treatment effect models. Treatment T can act either at point A or point B. 

W h e n  8tx = 8x, genera l ly ,  8 t [R(E) ]  ¢ 5 [ R ( E ) ] .  H o w e v e r ,  i f  
t he  t r e a t m e n t  d o e s  n o t  m o d i f y  [I-E],  E q u a t i o n s  2 a n d  3 a r e  
iden t i ca l ,  a n d  

a t [R(E) ]  = f ( x ) .  ax  (5) 

T h e  th i rd  p r o v i s o  m a y  b e  v e r i f i e d  by  f i t t ing E q u a t i o n  4 to 
t he  resu l t s  o f  m a n y  r a n d o m i s e d  c l in ica l  t r ia ls  us ing d i f fe r -  

e n t  t r e a t m e n t s  2. I f  e v i d e n c e  f r o m  o t h e r  sou rces  s u p p o r t s  
t h e  h y p o t h e s i s  t ha t  t h e  t r e a t m e n t  d o e s  n o t  m o d i f y  [I-E],  
t h e n  E q u a t i o n  5 can  be  u s e d  to  e s t i m a t e  St(E).  

2 Better verification that Equation 5 is true for a Iarge number of sub- 
groups can be obtained by using the values of 8x obtained from each 
individual trial 
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Table 3. Expected and observed risk reduction for an absolute re- 
duction of diastolic blood pressure of 6-5 mmHg (data taken from 
references 12,13) 

Fatal and Expected St(E) "~ Observed St(E) b 
non-fatal events % %(95% confidence interval) 
Stroke 35-40 42 (33-50) 
CHD 20-25 14 (4--22) 

from 7 (stroke) or 9 (CHD) epidemiotogical studies, mostly fatal 
events, over 10 years 
b from 14 RCTs, fatal and non-fatal events over 5 years 

Mechanisms of[l-El 

This mathematical approach, based on probability theory 
and using data from both epidemiological studies and ran- 
domized clinical trials, is valuable in the development of a 
general solution. However, for investigating the relation- 
ship [I-E], it is useful only in a few cases, e.g. the blood 
pressure - stroke example given later. Thus, the mechani- 
sm of [I-E] should be more thoroughly examined by 
means of a basic pathophysiological investigation of the 
underlying disease. 

When the clinical event is the final outcome in a linear 
sequence of events, and the intermediate endpoint has 
been proven to be a unique causal link in the sequence, it 
is obvious that: 

P(E/I) = 1 
and 

P(E/nI) = 0 

and that the intermediate endpoint is suitable as a surro- 
gate endpoint. Consideration of the mechanism of [I-El, 
offers a further, complementary approach to this problem. 
Some of the possible mechanisms for [I-E] which involve 
both the intermediate endpoint and the clinical event are 
given schematically in Fig. 2. From these, it can be seen 
that I may be related to E through a parallel link (Mod- 
els 1 and 2), or through a sequential link (Models 3 to 8), 
and that between the remote cause and the occurrence of 
E, there may be one (Models i to 3) or several pathways 
(Models 4 to 8). 

It is also interesting to note that, for example, in Models 
3 and 4, although the intermediate endpoint may be an ap- 
propriate surrogate endpoint, the treatment can be effica- 
cious for E without affecting I, depending on whether it 
acts in the system before or after the intermediate end- 
point (see the vertical arrows representing the treatment 
in Fig. 2). This is another example of an interaction be- 
tween the treatment and [I-El. As shown in Models 7 and 
8, the selected intermediate endpoint may not be an ap- 
propriate surrogate endpoint, even if it has been shown to 
be a causal factor for the clinical event, because the thre- 
shold above which E will occur is always, or almost always, 
surpassed independent of the occurrence of I. It is also 
possible that the intermediate endpoint may be an appro- 
priate surrogate endpoint, even when it is not a causal fac- 
tor, as shown in Models 1 and 2. Once again, it can be seen 
that the manner in which the treatment interacts with 
[I-E], and the [I-El relationship itself, are key issues in this 
problem. 

Examples 

Decrease in bIood pressure as a surrogate endpoint for the 
risk of stroke or coronary heart disease 

In the assessment of new antihypertensive treatments, 
blood pressure is a standard surrogate endpoint for clini- 
cal events for which the patients involved present higher 
risks. It is assumed that a reduction in blood pressure will 
be associated with a reduced risk of either stroke or CHD 
following the resuks of numerous prospective cohort 
studies showing a positive correlation between them [12]. 
A linear logarithmic relationship is thought to exist be- 
tween the baseline diastolic blood pressure and the risk of 
both fatal and non-fatal coronary heart disease and stroke 
[12, 13]. Given that: 

R(E) = f(x; "c): the risk in untreated patients (or controls in 
clinical trials) with a given diastolic blood pressure (x) at 
baseline, over a period z. 

Rt(E) = ft(x; 8x; ~): the risk in treated patients with a 
diastolic blood pressure (x) at baseline, and a treatment 
effect, 8x, over a period "c. 

It was stated above that log R (or In R) is linearly related 
to the diastolic blood pressure, therefore: 

In R = k.x + b (6) 

which :is equivalent to: 

R = e [k'x ~ bl (7) 

and from this: 

~R 
= k.Sx (8) 

R 

If it is assumed that any absolute reduction in risk or 
blood pressure will be small enough to be replaced by 5R 
and Sx, respectively, this model implies that the relative 
reduction (or increase) in risk is proportional to the abso- 
lute reduction (or increase) in the diastolic blood pres- 
sure, irrespective of the magnitude of the change. Using 
the data obtained from a cohort survey and several ran- 
domised primary prevention clinical trials of various 
hypertensive treatments (diuretics, propranolol and 
reserpine, given separately or concomitantly), Collins et 
al. [14] calculated the overall reduction in the risk of both 
fatal and non-fatal stroke and CHD. The corresponding 
observed, relative reductions ~t[R(E)], were compared 
with the expected reductions, calculated using the data 
from the cohort studies, 5JR(E)], for ~tx = 5x (see Table 3). 

The experimental relative risk reduction is fairly close 
to the expected range for stroke. Thus, Equation 5 holds 
and it can be concluded that the treatments tested did not 
modify [I-E]. Since P(E/nI) > 0, the diastolic blood pres- 
sure and stroke fall into the case where only P(E/nI) and 
P(E/I) are known (Case III above; Table 3), Blood pres- 
sure can be used as a surrogate endpoint for stroke, since 
it has been shown to be isotropic in several randomised 
clinical trials with different treatments. 
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However, it is not possible to predict the effect of treat- 
ment on the risk of CHD from the risk function, in other 
words Equation 5 is not correct for CHD. Thus, 
Pt(E/I) ¢ P(E/I), and the treatments tested are likely to 
modify [I-E]. Blood pressure and coronary heart disease 
are examples of Case IV situations. Thus, Equation 11' of 
Appendix 2 becomes 

8~(E) = P(E/nI).P(I).[L.(1 - rk)  - 1 + k] (9) 

since it can be assumed that r' = 1 if the hypertensive treat- 
ments have no effect on the risk of CHD in normotensive 
patients. The above equation can be estimated directly by 
using the observed 3~[R(E)], i. e. 

8t[R(E)] = 8[R(E)] = Ft{Stf(x)} (10) 

which is also implicit in Table 3. It is tempting, therefore, 
to accept blood pressure as a surrogate endpoint also for 
CHD, but care should be taken, since the statistical sig- 
nificance of a 14 % reduction in CHD with a reduction in 
diastolic blood pressure of 5-6 mmHg is borderline, and 
as the confidence limit may not include 0 simply by chance 
atone (Table 3). Also, it is not possible to verify that r = r, 
i.e. that the treatment effect is independent of the treat- 
ment, due to the limited ske of the observed effect, which 
varied from trial to trial. In addition, P(E/I) and P(E/nI) 
may vary, depending on the population studied. 

The discrepancies between the results for stroke and 
CHD may be due to several reasons, including the lack of 
statistical power in the randomised clinical trials on CHD 3 
differences in the requirements for treatment duration 
and/or follow-up, cardiotoxicity of the tested drugs (ha- 
zard model), inaccuracy of available data, lack of efficacy 
of the tested treatments for CHD and, finally, different 
disease models for CHD and stroke. For example, ce- 
rebral haemorrhage and ventricular hypertrophy are 
thought to be related to a unique alteration of the arterio- 
lar wall, leading to increased vascular resistance in the pe- 
ripheral, sptanchnic and renal arterial beds, which is not 
arteriosclerosis. Left ventricular hypertrophy, whether or 
not caused by hypertension, may have a role in the rela- 
tionship between coronary arteriosclerosis and the occur- 
rence of CHD, by increasing the myocardial oxygen de- 
mand. Thus, the direct effect of an absolute reduction in 
blood pressure on left ventricular hypertrophy may have 
an indirect effect on the occurrence of CHD, and thus can 
explain the lack of fit. Alternatively, it could be simply that 
arteriosclerosis is not as closely involved in the relation- 
ship with cerebrovascular ischaemic disease as it is in the 
relationship with CHD, and thus the reduction in blood 
pressure may have a limited effect on the arteriosclerosis. 
This possibility is supported by the observation that spon- 
taneously hypertensive rats die of stroke, cardiac failure 
and renal lesions, but not CHD. The existence of different 
relationships between hypertension and CHD or stroke, is 
further supported by the selection of stroke-prone and 
stroke-resistant, spontaneously hypertensive rats by Oka- 

3 Lack of statistical power is an unlikely explanation, since the rate of 
CHD is higher than that of stroke for a given level of diastolic blood 
pressure 

moto et al. [15]. Although the limited life-span in the 
hypertension animal models suggests that Model no. 2 
(Fig. 2), is the most likely model for stroke, congestive 
heart failure and renal failure, the available data from 
human epidemiological and clinical studies support this 
only as a model for stroke. For CHD, Models no. 5 or 8 
have been suggested as being more appropriate. 

This example also illustrates other useful points, viz, 
the analysis necessitates the careful assessment of bias 
arising from potential confounding factors. R(E) may 
change with the duration of follow-up (and/or treatment) 
and the values of other risk factors, e. g. serum cholesterol, 
smoking habits, diabetes, age, and family history; It is 
possible that the patients included in clinical trials do not 
have the same profile as those included in cohort studies 
which gave the value of R(E) = f (x); this is an important 
point which warrants further discussion, but it will not be 
undertaken here. It is also often difficult to explore the ef- 
fect of the treatment on [I-El using an heuristic approach, 
because disease mechanisms are often only poorly under- 
stood. 

Antiarrhythmic effects and mortality 

In the Introduction, it was pointed out that ventricular ar- 
rhythmias, i.e. ventricular ectopic beats and tachycardia, 
can no longer be considered as surrogate endpoints for 
sudden death or total mortality, following the results from 
CAST [9]. The release of antiarrhythmic drugs many 
years ago was based on their effect on premature ventricu- 
lar depolarisation, and so the data published prior to that 
of CAST are still useful to illustrate the theory. The rea- 
sons for their choice as surrogate endpoints have been dis- 
cussed in several prospective surveys [8, 16], and they are 
that sudden cardiac death is very often caused by ventricu- 
lar fibrillation which can be provoked by ventricular ec- 
topic beats and tachycardia, and the fact that these ar- 
rhythmias in the ECG of ambulatory patients with clinical 
evidence of CHD have been correlated with an increased 
risk of subsequent sudden death. Patients who have suf- 
fered from myocardial infarction and who have ventricu- 
lar arrhythmia have a greater risk of death, especially sud- 
den death. A series of placebo-controlled, randomised 
clinical trials which use these arrythymias as endpoints 
have shown the efficacy of several antiarrhythmic agents, 
but, with the exception of the CAST, those trials were not 
large enough to test the treatment effect on the clinical 
event, i. e. sudden cardiac death. Seven of the 12 published 
randomised clinical trials of antiarrhythmic agents in post- 
myocardial infarction patients have provided data show- 
ing evidence of efficacy on both arrhythmias and mor- 
tality [16, 17]. In all the trials the follow-up for the 
observation of arrhythmia was short compared with that 
in CAS~K and although there was a marked reduction in 
the incidence of ventricular arrhythmias in treated pa- 
tients compared to control patients, irrespective of the de- 
finition of arrhythmia used, the incidence of death was not 
different. 

From the published data, it is not possible to verify the 
effect of treatment on [I-E], because P~(E/nI) is not given. 
However, observations with long-term ECG monitoring 
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in post-myocardial infarction patients have shown that 
sudden cardiac deaths are likely to be due either to pri- 
mary ventricular fibrillation, or ventricular fibrillation 
secondary to a ventricular tachycardia. It can be assumed, 
therefore, that antiarrhythmic agents have some effect on 
[I-E], and because P(E/nI)>0,  this is an example of 
Case IV. Pooled data from the seven trials mentioned 
above showed no correlation between the reduced risk of 
ventricular arrhythmia and a reduction in total mortality 
[t6], and thus the third proviso is not satisfied. Moreover, 
there is some indication that these agents may have a 
noxious effect, because of their proarrhythmogenicity, 
which can annul any potential benefit on the risk of sud- 
den cardiac death [18]. 

Discussion 

Surrogate endpoints have been defined in various ways by 
different authors; for example, Ellenberg and Hamilton [4] 
wrote "investigators use surrogate endpoints when the 
endpoint of interest is too difficult and/or expensive to 
measure routinely and when they can define some other, 
more readily measurable endpoint, which is sufficiently 
well correlated with the first to justify its use as a sub- 
stitute';  Wittes et al. [5] defined them as "an endpoint 
measured in lieu of some other, so-called, ' true' endpoint"; 
Hillis and Siegel [6], using the term 'observation' instead of 
endpoint, defined a surrogate observation as,"an observed 
variable that relates in some way to the variable of primary 
interest, which we cannot conveniently observe directly"; 
and finally, Prentice [19] reviewed the definitions proposed 
by others and concluded that a surrogate endpoint is, "a re- 
sponse variable for which a test of the null hypothesis of no 
relationship to the groups under comparison is also a valid 
test of the corresponding null hypothesis based on the true 
endpoint". He went on to propose an operational criterion 
for the identification of surrogate endpoints, which was 
based on a derivation of time-to-failure variables, but 
which can probably be extended to other sets of covariates, 
e.g. blood cholesterol and coronary events. His criterion 
assumes that [I-E] cannot be modified by the tested treat- 
ment and he suggests an approach to test this assumption, 
but he does not take into consideration an estimate of the 
effect on the clinical endpoint. 

The definition and approach presented here are differ- 
ent from these essentially because there is emphasis on the 
concept of a clinical endpoint and also on the estimate of 
the treatment effect on the clinical endpoint. It is appar- 
ent, from what has been stated above, that even a compre- 
hensive and accurate knowledge of the mechanism of a 
disease may not be sufficient to enable a surrogate end- 
point to be chosen. In reality, even a superficial knowledge 
of the mechanism is often not available, and for the ma- 
jority of situations it is not possible to sketch simple dia- 
grams, such as those in Fig.2. Thus, although the mathe- 
matical approach does not provide firm guidelines, as 
described above it can provide a framework, within which 
we can work. 

This problem cannot be resolved by a single approach 
and, therefore, when using surrogate endpoints, it is im- 
portant to bear the following three points in mind: 

1. An accurate, well-documented model of the condition 
is a prerequisite, as has been emphasized by many authors 
[5, 19], but it should be remembered that a model is only a 
model and as such may be far from reality, and that new 
data may reveal its inadequacy. 
2. Precise, relevant data from prior epidemiological 
studies is always priceless. 
3. In some situations, it is obligatory to have results from a 
sufficient number of carefully conducted, randomised 
clinical trials using a clinical event as the outcome, in- 
volving a large number of different treatments (covering 
all possible interactions between potentially effective 
treatments and [I-E], i. e. all possible therapeutic models). 
These should have been conducted so that an intermedi- 
ate endpoint can be validated as a true surrogate end- 
point. 

Due to the limited experience available in this area, it is 
not possible to give precise guidelines to validate the 
choice of surrogate endpoints. Howevel, it is possible 
to establish a sketchy algorithm from the derivations 
presented above. This is based on the type of available 
data, and assumes that they are both reliable and ade- 
quate: 

1. I f  only epidemiological data are available. The choice 
will not be possible since the third proviso cannot be veri- 
fied. 
2. I f  only data concerning the pathophysiology of  the dis- 
ease and the mechanism of  action of the treatment (which 
will be referred to as PP-MAT data) are available. The 
choice will not be possible because the second and third 
provisos cannot be verified, ever in the optimal case when: 
* this corresponds to either Model 3 or 4, i.e. the inter- 
mediate endpoint is the only cause of the clinical event or 
is one step in the sequence, 
. this corresponds to Model 1 or 2, i.e. it is not causal but 
it is strongly correlated, with both having a common 
remote cause, and the treatment acts at B 
° or, there is strong evidence to suggest that the treatment 
does not modify the interaction [I-E]. 
3. l f  epidemiological and PP-MAT data are available. The 
second and third provisos may be checked if the PP-MAT 
data enables the three conditions in 2 (above) to be satis- 
fied, i.e. those concerning the model and the effect of 
treatment on the interaction [I-E]. 
4. I f  data from epidemiological studies and randomised 
clinical trials with clinical events as endpoints are available. 
It is possible to check the second and third provisos by 
using Equations 4, 5 or 7'-10' and the corresponding con- 
ditions, which will be dependent on the situation being in- 
vestigated. 
5. l f  only data from randomised clinical trials with clinical 
events as endpoints are available. As in 4 above. 

It should be noted that verification of the first proviso is 
not always feasible, due to the cost. For example, FUT and 
phlebography results are expensive as intermediate end- 
points, are subject to technical difficulties and can also be 
hazardous for the patients. On the other hand, assessment 
of death from pulmonary embolism is inexpensive and 
simple, if a suitable definition is available. An indirect 
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c o n s e q u e n c e  o f  t he  u se  o f  i n t e r m e d i a t e  e n d p o i n t s ,  such  as 
F U T  o r  p h l e b o g r a p h y  resu l t s ,  is t he  s e l e c t i o n  of  sub-  
g r o u p s  of  t h e  t a r g e t  p o p u l a t i o n ,  i .e .  t h o s e  p a t i e n t s  w h o  
give t h e i r  c o n s e n t  a n d  w h o  a r e  s u i t a b l e  for  t he  p r o c e d u r e .  

T h e s e  g u i d e l i n e s  d o  n o t  c o n s i d e r  t he  p o t e n t i a l  h a z a r d s  
a s s o c i a t e d  w i t h  t h e  t r e a t m e n t  w h e n  t h e  c l in ica l  e v e n t  can  
b e  a d v e r s e l y  a f f e c t e d ,  i . e .  the  s o - c a l l e d  " n e g a t i v e "  c o m -  
p o n e n t ,  o r  w h e n  p o t e n t i a l  a d v e r s e  e f fec t s  on  the  s u r r o g a t e  
e n d p o i n t  t a k e  l o n g e r  to  a p p e a r  t h a n  the  " p o s i t i v e "  effects .  

Conclusion 

In  g e n e r a l ,  t h o s e  w h o  use  i n t e r m e d i a t e  e n d p o i n t s  as sur -  
r o g a t e  e n d p o i n t s  for  c l in ica l  e v e n t s  d o  n o t  k n o w  if t h e y  
sa t i s fy  the  t h r e e  bas i c  p rov i sos ,  in  p a r t i c u l a r  t he  s e c o n d  
a n d  t h i rd ,  s ince  t h e r e  a r e  u s u a l l y  in su f f i c i en t  d a t a  ava i l -  
ab le .  Th i s  can  r e s u l t  in  t h e  r e l e a s e  a n d  w i d e s p r e a d  use  of  
new t r e a t m e n t s  b e f o r e  t h e i r  r i s k / b e n e f i t  r a t i o  has  b e e n  
c o r r e c t l y  d e t e r m i n e d .  I t  is s u g g e s t e d  t h a t  t h e  a s s e s s m e n t  
p r o c e s s  fo r  t he  e f f i cacy  o f  n e w  t r e a t m e n t s  s h o u l d  a l so  p r o -  
v ide  p r o o f  of  t h e  b e n e f i t  a n d  an  e s t i m a t e  of  it. I t  ha s  b e e n  
s h o w n  t h a t  e v e n  s t r o n g  s t a t i s t i ca l  c o r r e l a t i o n  is n o t  a d e -  
q u a t e  as a c r i t e r i o n  fo r  t he  d e f i n i t i o n  of  a s u r r o g a t e  e n d -  
po in t .  In  c o n c l u s i o n ,  s ince  i t  is a l m o s t  a lways  e x t r e m e l y  
di f f icul t ,  o r  e v e n  i m p o s s i b l e ,  to  p r o v e  t ha t  a g iven  i n t e r -  
m e d i a t e  e n d p o i n t  is, w i t h o u t  d o u b t ,  a n  a p p r o p r i a t e  su r ro -  
g a t e  e n d p o i n t ,  w h e n e v e r  p o s s i b l e  t he  a s s e s s m e n t  o f  n e w  
a n d  o l d  t r e a t m e n t s  s h o u l d  b e  b a s e d  o n  c l in ica l  r a t h e r  t h a n  
i n t e r m e d i a t e  e n d p o i n t s .  

Appendix 2 

Mathematical properties of  [I-EJ 

Depending on the nature of [I-E], there are cases where an inter- 
mediate endpoint is a true surrogate endpoint: 

L P(E/nl) = 0 

E cannot occur when I has not occurred. It is probable that 
Pt(E/nI) = 0, therefore: 

Equation 1' becomes: P(E) = P(E/I).P(I) 
and Equation 3' becomes: P~(E) = Pt(E/I).P~(I) 

and therefore: 

St(E) = [P(E/I) - kE(E/I)].P(I) (6') 
o r :  

8~(E) = P(E/I).(1 - kr-*).P(I) (7') 

1.1. I f  the treatment T does not affect H-E] 

This gives P~(E/I) = P(E/I), and if the treatment has a favourable ef- 
fect on P(I), then 0 _< k < 1, and from Equation 6', it can be deduced 
that 8~(E) > 0. Also from Equation 6': 

St(E) = P(E/I).6t(I) (7') 

Therefore, since P(E/I) is known from previous epidemiological 
studies, the third proviso is satisfied ~. 

1.2. I f  the treatment mod~fies [I-El 

Appendix I 

Basic equations 

The derivation of the basic equations is straightforward. Given P(E) 
and P(I), and P,(E) and P~(I), which are linked through [I-E], irre- 
spective of [I-El, and of whether the intermediate endpoint is a true 
surrogate endpoint for the clinical event or not: 

which gives: 

P(E) = P(EAI) + P(EAnI) 
P(E)  = P(E/I) .P(I)  + e(E/nl).P(nI) 
P(E) = P(E/f).P(~) + P(E/nI).[1 - P(I)] 
P(E) = P(E/I),P(I) + P(E/nI) - e (E /n I ) . e ( I )  

P(E) = [P(E/I) - (E/nI)].P(I) + P(E/nI) (1') 

If P(E/nI) :~ 0, since L = P(E/I)/P(E/nI), equation (1') becomes: 

P(E) = P(E/nI).{[L - 1].e(I) + 11 (2') 

This same derivation applies under treatment, therefore: 

Pt(E) = let(E/I) - e,(E/nI)].et(I) + P~(E/nI) (Y) 

and if P,(E/nI) ~ 0, equation (3') becomes: 

PdE) = P~(E/nD.{[G - 1].P~(I) + 1} (4') 

Although it may be assumed in most cases that Pt(E/I) = P(E/I) and 
P~(E/nI) = P(E/nI), it is important not to exclude the cases where the 
treatment may modify [I-El, in which ease P~(E/I);eP(E/I) and 
Pt(E/nI) ¢: P(E/nI). The effect of treatment on the clinical endpoint, 
if any, is given by: 

St(E) = P(E) - P,(E) 
= P(E/nI).{[L - 1].P(I) + 1}-  Pt(E/nI).{[L~- 1]. Pt(I) + 1} (5") 

This case, where P~(E/I) ¢ P(E/I), cannot be excluded. In this case 
St(E) can be derived from P(I) and Pt(I), only if P~(E/I) is known. If 
an intermediate endpoint is used instead of a clinical event, P,(E/I) 
cannot be estimated. It is not possible, therefore, to verify the third 
proviso, except if each treatment has an identical effect on [LE] and 
r is constant and can be taken to be r, and there is at least one ran- 
domised clinical trial with a clinical event as the endpoint which pro- 
vides an estimate of Pt(E/I), and therefore: 

St(E) - P(E/I).(I - kr ~).e(I) (9') 

In general, this condition can be checked only if several randomized 
clinical trials have been completed with a clinical event as the end- 
point. 

2. P(E/nt) > 0 

The clinical event may occur in patients who do not have any risk fac- 
tors, e.g. patients with normal blood cholesterol levels and blood 
pressure can suffer from CHD. 

2.1. If the treatment does not affect [I-El 

In this situation Pt(E/I) = P(E/I) and P~(E/nI) = P(E/nI), and there- 
fore Lt = L. From Equation 5': 

St(E) = P(E/nI).[L-1].8~(I) (10") 

The second proviso is satisfied because P(E/I) > P(E/nI), since the 
intermediate endpoint is a risk factor for the clinical event. ~Pne third 
proviso is satisfied if estimates for P(E/I) and P(E/nI) are available 
from the data from previous epidemioIogical studies. 

~if P(E/I) is not constant, 8(E) can be derived from 8(I), if the 
function which links P(E/I) to P(I), written as It[P(I)], is known 



244 

2. 2. I f  the treatment modifies I t -El  

In this case Pt(E/I) ¢ P(E/I), and Pt(E/nI) ;~ P(E/nI). Also Lt ~ L, and 
in general, St(E) is no longer a simple function of St(I). Equation 5' 
becomes: 

5~(E) = P(E/nI).{P(I).[L.(1-rk)-I + r'k] + 1-r'} (11') 

The second and third provisos can be checked only if k, r, r', P(E/I) 
and P(E/nI) are all known. This is possible in the unlikely case where 
r and r' are independent of the type of treatment, and if previous ran- 
domized clinical trials with a clinical event as the endpoint have 
yielded sufficient data, and if precise estimates of P(E/I) and P(E/nI) 
are available from the data from previous epidemiological studies. If 
r and r' are taken to be the constant values of r and r', respectively, 
Equation 10' then becomes: 

6~(E) = P(E/nI).{P(I).[L(1 - rk)-I + r 'k] + 1 - r'} (12') 

There is an exceptional case where the effects of the treatment on the 
intermediate endpoint and the clinical event are: 
• based on the same pharmacodynamic mechanism (i. e; the treat- 
ment acts on the same receptor to evoke the effects), and thus they 
are statistically correlated, but 
* the intermediate endpoint is not a causal link in the sequence of 
events which results in the occurrence of the clinical event, although 
they share a common remote cause (see model no. 2, Ng. 2). 
In this case the effect of the treatment on [I-E] is said to be isotropic 
because r = r' (another isotropic effect is seen when Pt (E/I)= P 
(E/hi). The comments made in section 2.1. (above) apply and Equa- 
tion 11' is reduced to: 

St(E) - P(E/nI).{P(I).[(L- 1).(1 - rk)] + 1 - r} (13') 

It is simple to verify that St(E) is always positive if is greater than I, 
which is always true if I is a risk factor for E, and r and k are less than, 
i. e. the treatment is effective on both I and E. If r is independent of 
the type of treatment, r becomes r, which is constant, and therefore 
the second and third provisos can be verified if sufficient data is 
available from epidemiological studies and randomized clinical 
trials with clinical events as endpoints. Equation 12', thus, becomes: 

cS~(g) = P(g/nI).{P(I).[(L - 1).(1 - rk)] + 1 - r} (14') 
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