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Abstract

Statement of the problem: Many methods for surrogate outcome validation require
individual patient data which is often inaccessible by clinical trialists. Methods: A review
was performed to identify statistical methods for surrogate outcome validation that may
be implemented using summary data from published clinical trials. The methods were
used to evaluate carotid intima-media thickness (CIMT) as a surrogate outcome for
cardiovascular events in a systematic review of randomized trials of interventions for
atherosclerosis. Results: the review of methods identified five procedures. At two or more
years of follow-up, there was a marginally significant association of CIMT with
myocardial infarction and a statistically significant association with cardiovascular
mortality. At > four years of follow-up, a statistically significant, negative relationship
was observed between CIMT and stroke. Conclusions: CIMT may be a valid surrogate
outcome for myocardial infarction and cardiovascular mortality. Additional data is

needed to evaluate CIMT in specific drug classes.
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Figure 4.19: STE for 12 month mean difference in CIMT and cardiovascular mortality at

4 or more years of follow-up.

Figure 4.20: Graphical analysis for 12 month mean difference in CIMT and all-cause

mortality for hormone therapy versus placebo.

Figure 4.21: STE for 12 month mean difference in CIMT and all-cause mortality for

hormone therapy vs. placebo.

Figure 4.22: Graphical analysis for 12 month mean difference in CIMT and all-cause

mortality for statin versus placebo.

Figure 4.23: STE for 12 month mean difference in CIMT and all-cause mortality for

statin vs. placebo.

Figure 4.24: Graphical analysis for 12 month mean difference in CIMT and myocardial

infarction for statin versus placebo.

Figure 4.25: STE for 12 month mean difference in CIMT and myocardial infarction for

statin vs placebo.
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1 INTRODUCTION

1.1 Statement of the problem

Surrogate outcomes are commonly measured in clinical trials to evaluate the
effectiveness of treatment. The National Institutes of Health (NIH) working group for
definitions of biomarkers and surrogate outcomes has recommended the following

definitions '

“Biological Marker (Biomarker): a characteristic that is objectively measured
and evaluated as an indicator of normal biologic processes, pathogenic

processes, or pharmacologic responses to a therapeutic intervention.

Clinical endpoint: A characteristic or variable that reflects how a patient feels or

functions, and how long a patient survives.

Surrogate endpoint: A biomarker intended to substitute for a clinical endpoint. A
clinical investigator uses epidemiologic, therapeutic, pathophysiologic, or other
scientific evidence to select a surrogate endpoint that is expected to predict

clinical benefit, harm, or lack of benefit or harm”".

Evidence based medicine relies on the results of clinical trials to summarize the effect of
treatment on clinical or health outcomes that are relevant to the patient population. In
various situations, it may not be feasible to conduct a trial that assesses the occurrence of
clinical outcomes. As compared to surrogate outcomes, the assessment of clinical
outcomes generally requires longer follow-up periods and larger sample sizes, placing a
greater burden on patients, health care providers and health care resources. The size and
length of these trials may result in substantially increased study costs and decreased
patient compliance. For serious diseases with no effective treatment, the follow-up period
required to measure clinical outcomes hinder the accelerated drug approval process. As
compared to surrogate outcomes, some clinical outcomes of interest may be difficult

and/or costly to measure reliably.



As indicated by the definition for surrogate outcomes, their use should be preceded by
compelling evidence which suggests that the effect of treatment on the surrogate outcome
reliably predicts the effect of treatment on the surrogate outcome. Various statistics have
been proposed to evaluate the validity of surrogate outcomes. These statistics are based
on quantitative models that require either single-study data or data from multiple studies.
While there are differences in the methods proposed, the underlying purpose of these
methods is to evaluate the strength with which a treatment related change in a particular
surrogate outcome can predict treatment related change in the clinical outcome. It is
expected that in situations where a surrogate outcome is not a valid substitute for the
clinical outcome, due to the relationship between the disease process, treatment, surrogate
and clinical outcome, statistical methods will be able to reflect this quantitatively through
an appropriate statistic that shows there is very little or no strength in the relationship
between change in surrogate outcome and change in clinical outcome. It is also expected
that in the cases where a surrogate outcome is considered to be a valid substitute for the
clinical outcome, and this is quantified using one of the relevant statistics, investigators
will recognize that the relationship between the change in surrogate outcome and change
in clinical outcome may or may not be present if a different drug or drug class were under
consideration. It will be necessary to undergo further statistical evaluation of the
surrogate outcome when a new drug is under investigation. An important limitation of the
major statistical approaches for surrogate outcome evaluation is that they require access

to individual patient data which cannot be easily obtained.

Surrogate outcomes measured through imaging technologies have received considerable
attention in trials for the treatment of atherosclerosis, a progressive pathology which
presents itself as coronary heart disease, cerebrovascular disease and peripheral arterial
disease. Progression of atherosclerosis leads to major cardiovascular disease (CVD)
events that include fatal and non-fatal myocardial infarction (MI), stroke, and coronary
death. Carotid intima-media thickness (CIMT), measured through b-mode ultrasound, is a
commonly used surrogate outcome in trials for atherosclerosis in which imaging
technologies have been used to evaluate the effectiveness of treatment. The confidence in
measuring CIMT to evaluate the effect of treatments is reflected in the report from the

2009 Canadian Biomarkers and Surrogate Endpoints Symposium which concluded that



despite its limitations, b-mode ultrasound provides ‘established surrogate outcomes’ *.
Several reviews have discussed the use of this vascular imaging outcome >~; however, a
systematic evaluation of this surrogate outcome could not be identified. For this reason, it
is important to perform a systematic evaluation which quantifies the strength of CIMT as

a surrogate outcome and determines its validity to substitute for major CVD events.

1.2 Objectives

The objectives of the thesis are as follows:

e To identify and describe statistical methods for surrogate outcome evaluation that

may be implemented using summary statistics from published clinical trials.

e To perform a systematic review of trials for atherosclerosis evaluating the effect of

treatment on carotid intima media thickness.

e To evaluate the strength of carotid intima media thickness as a surrogate outcome for

clinical events using the statistical methods identified.

1.3 Relevance of the research

A central aspect in implementing clinical trials is the outcome chosen to measure
response to treatment. Despite the widespread use of surrogate outcomes, there are many
examples in which treatments that showed beneficial effects on surrogate outcomes
subsequently showed no effect, or the opposite effect, on clinical outcomes. These
examples indicate that clinical trialists are using surrogate outcomes that have not been
validated. Reliance on these outcomes has important consequences in cardiovascular
disease because clinical events such as myocardial infarction and stroke result in
significant patient harm. Given the complexity of some of the major statistical
approaches for surrogate outcome evaluation, it is plausible that many clinical trialists do
not have the statistical support required to evaluate surrogate outcomes that may be of
interest. Even in the presence of statistical support, there is often a lack of access to

individual patient data from previous studies. In these situations, the justification for the



choice of surrogate outcomes is more likely to be based on resources such as expert

opinion or animal models which are not sufficient to validate a surrogate outcome.

The statistical procedures identified in this thesis provide users of surrogate outcomes
with guidance on methods for surrogate outcome evaluation based on summary statistics
that are easily available from published reports of clinical trials. The evaluation of CIMT
illustrates a practical application of these statistical procedures and highlights some of
strengths and weaknesses associated with these methods. The evaluation of CIMT also
quantifies its strength as a surrogate outcome and in this way provides evidence about
whether it should continue to be used as a surrogate outcome in clinical trials for
atherosclerosis. While it is possible that results for CIMT based on summary data do not
reflect the results that would be obtained using individual patient data, these results may
be the best estimates when individual patient data is unavailable or inaccessible. The
clinical trials obtained in the review of CIMT provide an indication about the current best
summary data available for the evaluation of CIMT in specific drug classes and
additional data that is required in order to improve the accuracy of the results describing

the validity of CIMT as a surrogate outcome.

1.4 Outline

This first chapter provides an introduction to the thesis. This chapter explains the concept
of surrogate outcomes and discusses advantages and limitations associated with their use
in clinical trials. The chapter also explains the concept of surrogate outcome validation
and some general characteristics of well known statistical methods for the validation of
surrogate outcomes. Information is presented about atherosclerosis and the role of carotid
intima-media thickness as a surrogate outcome, provided by b-mode ultrasound
technology, in clinical trials of interventions for atherosclerosis. The need to validate this
surrogate outcome is discussed. The objectives of the thesis are listed in this introductory
chapter. The relevance of the thesis is described in the context of the current use of and

research on surrogate outcomes with a focus on CIMT.

Chapter 2 presents a background with detailed information that expands on the content

presented in the introductory chapter. The information contained in Chapter 2 is relevant



for readers interested in additional details about the introductory material and for readers
who may need clarification about any aspects of the thesis work. The background
contains a section on the primary properties of surrogate outcomes. A section is included
to describe the various factors in the relationship between the surrogate outcome, the
disease process and the intervention due to which a surrogate outcome is likely to be a
good versus poor substitute for the clinical outcome. The key equations, advantages and
limitations of the well known surrogate outcome validation methods are described. These
methods include both single-trial and multi-trial statistical techniques. The background
chapter also discusses popular surrogate validation schemas that provide guidance to
users of surrogate outcomes for integrating the overall evidence about a particular
surrogate outcome in determining its validity. The chapter ends with a section on
surrogate outcomes in atherosclerosis. The section describes the important role of
surrogate outcomes in clinical trials of atherosclerosis. The section also describes the
disease process for atherosclerosis to explain the current interest in surrogate outcomes

provided by imaging of the vessel walls in contrast to plasma based surrogate outcomes.

Chapter 3 presents the methodology used to perform the literature review for
identification of the relevant surrogate outcome validation methods/procedures. The
chapter also provides detailed results with information about each of the statistical
procedures that were identified from the review. The methods section includes
information on the types of reports that were considered eligible for inclusion in the
review, the specific characteristics of the eligible reports and the electronic and other
sources that were used to search for relevant reports. The methods section also provides
information on how eligible reports of the statistical procedures were selected from the
set of potentially relevant reports and the data that was extracted from these reports. For
the results, a section is included to describe the results of the search process, with
information on the number of potentially eligible studies at each phase of the search
process, reasons for exclusion of reports and the final number of eligible reports. For each
of the identified statistical procedures, a description is provided about the number of
reports with information about the procedure, the specific contribution of each report to
the procedure, the description of the procedure, key equations, and any measures of

association.



Chapter 4 presents the methods and results for 1) a systematic review of the literature to
identify randomized trials that have evaluated the effectiveness of interventions on CIMT
and ii) the evaluation of CIMT as a surrogate outcome through application of the
statistical procedures identified from the previous chapter to data obtained from the

systematic review.

The methods section of Chapter 4 describes the criteria used to identify eligible studies,
with information about the populations, interventions and clinical and surrogate outcomes
that were considered relevant. Information is included about the electronic and other
sources to search for studies, the selection process used to identify the included studies
from the set of potentially relevant studies and the data that was collected. A section is
also presented with details about the methods used to evaluate the risk of bias in the
included studies. In describing the methods, a data synthesis section is included to
describe the application of the statistical procedures identified in the previous chapter.
The measures of treatment effect for CIMT and the clinical outcomes are provided.
Assessment of heterogeneity between studies, planned sensitivity analyses, and issues of

multiple treatment arms and missing data are described.

The results section of Chapter 4 presents the search results with information about the
number of potentially eligible studies at each step of the selection process, reasons for
exclusions and the final number of included studies. A description is provided for the
characteristics of the eligible studies including information about the study designs,
sample sizes, participants, interventions, CIMT measurements and the number of studies
that reported each of the clinical outcomes of interest. In describing the results, a brief
section is also presented for excluded and ongoing studies. The results of the risk of bias
assessment are described in detail. The results obtained from applying each of the
relevant statistical techniques are described and estimates are presented for the relevant
measures of association. The results are described separately for studies of varying
follow-up durations. The results for analyses that were not limited to specific drug classes
are reported separately from analyses performed in specific drug classes. The results of

the sensitivity analysis are reported.



Chapter 5 contains a discussion. The chapter begins with a summary of the findings from
the third and fourth chapter, followed by an explanation of the observed results. A section
is included to describe the role of the findings in the context of current literature on
surrogate outcome validation and the use of CIMT as a surrogate outcome in clinical

trials of atherosclerosis. Recommendations for future work are discussed.



2 BACKGROUND

2.1 Surrogate outcomes

2.1.1 Properties of surrogate outcomes

The surrogate outcome literature describes the properties of surrogate outcomes using
various related terminology. These descriptions indicate that surrogate outcomes are
characterized by three important properties: (1) a surrogate endpoint should be a
modifiable biomarker so that drugs have the potential to change the value of the surrogate

endpoint " ¢'; (2) changes in the surrogate outcome should be prognostic of changes in

the clinical outcome * "% '°; (3) the effect of treatment on changes in the surrogate
endpoint should be predictive of the effect of treatment on changes in the clinical
endpoint * "% '°. As such, the association between change in the surrogate outcome and
change in the clinical outcome is biologically plausible- the surrogate outcome lies on the
causal pathway of the disease process (Figure 2.1), and the effect of treatment induced
changes in the surrogate outcome occur before treatment induced changes in the clinical
outcome. Because changes in the surrogate outcome should be predictive of the clinical
outcome, a mere correlation between changes in the surrogate outcome and changes in
the clinical outcome is insufficient to establish the validity of a biomarker for use a

surrogate endpoint ',

N

Disease » Surrogate Clinical
Outcome outcome

Figure 2.1: The surrogate outcome is on the causal pathway of disease progression to
the clinical outcome and the effect of treatment on changes in the surrogate outcome
precedes the effect of treatment on changes in the clinical outcome.

*Adapted from Fleming TR, DeMets DL. Surrogate endpoints in clinical trials:
are we being mislead? Ann Intern Med 1996; 125:605-613.
2.1.2 Surrogate outcomes and the disease process

For any given disease, the greater our understanding is about the disease process and its

relationship with the surrogate outcome, clinical outcome and the treatment under



consideration, the better will be our ability to determine the suitability of a particular
surrogate outcome to substitute for a clinical outcome when measuring response to
treatment °. Due to these factors, Figure 2.2 depicts various scenarios in which a

surrogate outcome may not be a good substitute for a clinical outcome.

In Figure 2.2A, there is a correlation between the surrogate and clinical outcome, but the
surrogate is not on the causal pathway of disease progression to the clinical outcome. For

this reason, the surrogate is not prognostic of the clinical outcome.

In Figure 2.2B, there are several causal pathways, one of which involves the surrogate
outcome. The treatment under consideration only has an effect on the causal pathway in
which the surrogate is present. Changes in the surrogate precede and therefore predict

changes in the clinical outcome.

In Figure 2.2C, there are also several causal pathways, one of which involves the
surrogate outcome. However, in this scenario, the treatment has an effect on the clinical
outcome via the pathway that does not include the surrogate outcome and therefore, the

treatment will have no effect on the surrogate.

In Figure 2.2D, the intervention affects the clinical outcome through pathways that are
both dependent and independent of the surrogate outcome. This figure provides several
instructive scenarios. First, when treatment affects a clinical outcome through several
disease pathways, only some of which involve the surrogate outcome, it is possible for a
drug to have an overall negative effect on the clinical outcome and a positive effect on
the surrogate outcome. This may occur because the treatment affects the clinical outcome
to a greater extent from the pathway that does not involve the surrogate outcome, and the
effect of treatment on the clinical outcome through this pathway is in the opposite
direction to the effect on the clinical outcome through the pathway mediated by the
surrogate outcome. Second, the true amount of change in the clinical outcome may be
overestimated by considering treatment induced changes in the surrogate outcome
because the treatment may have a small effect on the disease pathway that involves the
surrogate outcome, and a greater effect on the disease pathway that does not involve the

surrogate outcome. Third, the true amount of change in a clinical outcome may also be



overestimated if the effect of the treatment on the surrogate outcome is only of short-term
duration. In this scenario, the effect of treatment on the pathway in which the surrogate
outcome is present does not appreciably alter the clinical outcome and the majority of
change in the clinical outcome occurs through an alternative mechanism of action related

to the disease pathway.

Figure 2.2D also illustrates the situation in which treatment can affect the clinical
outcome through a mechanism of action that is completely independent of the disease
processes. Even if treatment affects a clinical outcome through several disease
pathways, only some of which involve the surrogate outcome, and even if the effect of
the treatment on the surrogate is predictive of its effect on the clinical outcome through
its mechanisms of action involving the various disease pathways, the treatment may still
have a harmful effect on the clinical outcome in the presence of mechanisms of action
that are independent of the disease process and which have a detrimental impact on the

clinical outcome.

Figure 2.1 presents the scenario in which the surrogate outcome is most likely to be a
good substitute for the clinical outcome. In this scenario, there is only one disease
pathway, and the surrogate outcome lies on this pathway mediating the full effect of the
treatment on the clinical outcome. The drug does not have any unintended mechanisms of
action independent of the disease pathway that may affect the clinical outcome in a way
that is opposite to the effect of the drug on the disease pathway. Although ideal, as

compared to the other scenarios, this scenario is unlikely to occur in reality.

Collectively, these scenarios illustrate the difficulties involved in determining the
suitability of a surrogate outcome due to the complex relationship between the pathways
of disease progression, the surrogate and clinical outcome and the treatment under
consideration. Importantly, these scenarios also illustrate that the suitability of a surrogate
outcome largely depends on the intervention under consideration. Different interventions
have varying mechanisms of action and affect the disease pathway(s) in different ways.
For this reason, a surrogate that is considered a valid substitute for a clinical outcome

may fail to be valid when used in a trial evaluating a new drug for which it is unknown
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whether treatment related changes in the surrogate outcome can predict treatment related
changes in the clinical outcome ®°*'°. Trials that use surrogate outcomes commonly
evaluate new drugs, and the primary use of surrogate outcomes is in the testing of new
therapeutics. It may be very difficult to know in advance of beginning the trial, whether
or not the chosen surrogate outcome will be a good substitute for the clinical outcome.
However, if the treatment under consideration is from the same drug class as a previous
treatment in which the surrogate outcome was a valid substitute for the clinical outcome,
then there is greater confidence that changes in the surrogate outcome will predict

changes in the clinical outcome '.
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Figure 2.2: Possible relationships between the surrogate outcome, clinical outcome and the intervention

under consideration.

*Adapted from Fleming TR, DeMets DL. Surrogate endpoints in clinical trials: are we being mislead? Ann Intern Med

1996; 125:605-613.



2.2 Statistical Methods for the Evaluation of Surrogate
Endpoints

A summary of the major single-trial and meta-analytic statistical approaches to the

validation of surrogate outcomes is described below.

2.2.1 Single-trial methods

2.2.1.1 The Prentice criteria

Prentice in 1989 defined a surrogate endpoint as “a response variable for which a test of
the null hypothesis of no relationship to the treatment groups under comparison is also a
valid test of the corresponding null hypothesis based on the true endpoint” 2.

Burzykowski et al have provided an overview of the Prentice criteria and indicate that

symbolically, his definition can be summarized as follows ’:

f82)=1(S) = (T|2)=1(T) [1]

where, S, T and Z are variables representing the surrogate outcome, clinical outcome and

treatment, respectively; f(X)denotes the probability distribution of random variable X;
(X |Z ) denotes the probability distribution of X conditional on the value of Z.

Burzykowski et al indicate that 4 operational criteria should be satisfied according to the

Prentice definition of a surrogate outcome. They are as follows ’:

f(S|12)= “(S) [2]
STZ)# (T) 3]
f(@|$) = (1) [4]
f(T18,2) = 1(T|S) [5]
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Textually, these four criteria indicate the following: 1) treatment has a statistically
significant effect on the biomarker; 2) treatment has a statistically significant effect on
the true clinical endpoint; 3) the biomarker has a statistically significant effect on the true
clinical endpoint; and 4) the biomarker fully acquires the complete effect of treatment on

the true clinical endpoint.

Burzykowski et al described various tests of significance that can be performed to verify
whether a surrogate outcome, clinical outcome and treatment triplet satisfy these criteria.
Although the Prentice criteria are informative, it is accepted that the fourth criteria, which
requires the surrogate to fully capture the effect of treatment on the clinical outcome, is

. 7,11,13
too strict and cannot be proven 7.

2.2.1.2 Freedman’s proportion of treatment effect explained by a surrogate

In response to the limitations of the Prentice criteria, Freedman et al in 1992, proposed a
new statistic, known as the proportion of treatment effect (PTE) explained by a surrogate

!4 This statistic is the ratio of the regression coefficients for the treatment indicator from

two separate models, in each of which the clinical outcome is the response variable '* >
Letting PTE(T,S,Z)indicate the proportion of the effect of Z on T which can be
explained by S, then

PTE(T,S,Z) = 6= 3 :1_;_5 [6]

where, [ is the regression coefficient for the effect of the treatment on the clinical
outcome from the model without adjustment for surrogate outcome; and S is the
regression coefficient for the effect of treatment on the clinical outcome from the model
with adjustment for the surrogate outcome. f and f can be obtained from the

following models:
T,=u+73% ,+:, [7]

T.=u0+37+78+7, [8]
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where T, represents the change in the clinical outcome for patient j;  and i represent

the intercept for the models without and with adjustment for the surrogate outcome,

respectively; ¢ ,and & ; represent the random errors in the clinical outcome for patient j

in the models without and with adjustment for the surrogate outcome, respectively; and

y . represents the regression coefficient for the effect of the surrogate outcome on the

clinical outcome from the model with adjustment for the treatment. A confidence interval
for PTE can be calculated. Change in the surrogate is considered to have acceptable
strength of association with change in the clinical outcome if the lower limit of this

. . 1
confidence interval is large .

Freedman et al indicated however, that if the effect of treatment on the clinical outcome
is small and if only small sample sizes are available, then the confidence intervals of this
statistic will be wide and there will be uncertainty in the proportion of the treatment
effect that can be explained by the surrogate " '*. Even in the presence of large sample
sizes, the denominator in the formula for the PTE, which provides an estimate of the
effect of the treatment on the clinical outcome, will generally be measured with little
precision. For this reason, there will be uncertainty in the estimate of the proportion of
treatment effect explained by the surrogate °. Additionally, in the not uncommon
situations in which /3 is less than four times its standard error, Freedman has indicated

11, 14
k'

that the estimate of the proportion explained will be wea . It has also been shown

that the value of PTE can lie outside the range of 0-1 and for this reason, it is not truly a

proportion ' 3.

2.2.1.3 Relative Effect and Adjusted Association

Buyse and Molenberghs in 1998, suggested two statistics for the validation of surrogate
outcomes " °. The approach proposed by these investigators consists of validating the
surrogate at the trial level and the individual level. The trial level association between
change in the surrogate and change in the clinical outcome is known as the ‘relative
effect’ (RE). This statistic represents the strength of the association between the treatment
effect on the surrogate and clinical outcome at the trial level. The individual level

association between the two outcomes is the adjusted association (AA). RE is the ratio of
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the regression coefficients for the effect of treatment on the clinical and surrogate
outcome. Letting RE (T,S,Z) indicate the effect of treatment on the clinical outcome

relative to the effect of treatment on the surrogate outcome, then,

RE(T,S,Z) = 087 [9]

where, a 1is the regression coefficient for the effect of treatment on the surrogate

outcome, and f is the regression coefficient for the effect of treatment on the clinical

outcome. o and S can be obtained from the following models:
Si=u+v 41, [10]

To=u+3 ,+:, [11]

where §;represents change in the clinical outcome for patient j; 4 and z  represent the
intercepts in the models for the surrogate and clinical outcome, respectively; and ¢, and
¢_;represent the random errors for patient j in the models for the surrogate and clinical

outcome, respectively. The random errors follow a joint zero-mean normal distribution

with the following variance-covariance matrix:

‘c. o
Y= 77 vf\| [12]
. o)
Letting p represent the adjusted association, then,
p = [13]
\/O',jo',r

where,o ., 0 ; and o , are the elements of the variance-covariance matrix [12].

If RE=1, then the effect of treatment on both the surrogate and clinical outcome will be
equal and the surrogate will be ‘perfect at the trial level’. If AA=1, then there is a

deterministic association between the surrogate and the clinical outcome, and the

16



surrogate will be ‘perfect at the individual level’. The authors indicate that if a
multiplicative relationship could be assumed in [9] and if the true value of RE is known ,

then the RE may be used to predict the effect of treatment on a clinical outcome based on

data which only includes information about the effect of treatment on the surrogate

outcome '. Although in practice RE needs to be estimated, the assumption of the

multiplicative relationship between the effect of treatment on the clinical and surrogate

outcome may be inappropriate and the can only be checked by using data from multiple

trials .

2.2.2 Meta-analytic techniques

To address some of the limitations present in the individual level parameters, various

other statistics have been developed within a meta-analytic framework. Buyse et al have

proposed two well-known statistics by extending the concepts of RE and AA to the meta-

analytic setting " '°. In this setting, the coefficient of determination, R>

is the trial-level

trial >

association between the surrogate and clinical outcome and is equivalent to RE.

Similarly, the coefficient of determination, R,

indiv ®

is the individual level association

between the surrogate and clinical outcome and is equivalent to AA. In their book,

Burzykowski, Molenberghs and Buyse have applied and modified the models used to

2
and &ndiv

determine R?

trial

Table 2.1: Different types of surrogate and clinical outcomes

for different types of outcomes ’ (Table 2.1).

Qutcome measurement

Example of surrogate outcome

Example of clinical outcome

Binary CD4+ counts over 500/mm’ Tumor shrinkage
Categorical Cholesterol levels Clinical response (complete
< 200mg/dl, 200-299 mg/dl, 300 | response, partial response,
+ mg/dl stable disease, progressive
disease)
Continuous Log-PSA level Depression scale

Censored continuous

Time to undetectable viral load

Time to cardiovascular death

Longitudinal/repeated measures

CD4+ counts over time

Depression scale measurements
over time

Multivariate longitudinal

CD4+ and viral load over time

Dimensions of quality life over
time

*Adapted from Burzykowski T, Molenberghs G, Buyse M. The evaluation of surrogate endpoints
[Statistics in biology and health]. New York: Springer; 2005.
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2.2.2.1 Trial and individual level association between surrogate and clinical outcome
for normally distributed outcomes

This section describes the models used to determine R> in the case of a

tria

,and R’

indiv

normally distributed surrogate and clinical outcome. In the models described by Buyse et

al, T;and S, are random variables that represent the clinical and surrogate outcome,

respectively, for subject j in trial i. The first stage of a hierarchical two-staged model is

described as follows:
S;=u +x .+, [14]

T.=u.+37+:, [15]

where, ¢ and u are intercepts, the variable Z is the treatment indicator; « and S are the
regression coefficients, for the effect of treatment Z on the surrogate and clinical

outcome, respectively; and & ; and € jare error terms which represent the imprecision in

the estimate of the treatment effect in the models. The error terms follow a mean-zero

normal distribution with covariance matrix
c. o)
E - - [16]

In the second stage of the model,

) (1) ()
IR N 7]
I N R B B
VIRVIRCY

where, £ and u are fixed intercepts; mg; and m,, are the random intercepts; o and f

are the regression coefficients representing the fixed effects of treatment Z on the

surrogate and clinical outcome, respectively; anda; and b, are the random effects of
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treatment Z. mg,, m,,, a,,and b, follow a zero-mean normal distribution with covariance

matrix
)
|
b | [18]
|
)

The random effects representation consists of combining both stages as follows:

S;=u +ng+ v+, + [19]
Ti=u+n,+3 ,+23Z,+:, [20]
To define R’,,, Buyse et al used the results obtained from the aforementioned models in

the context of prediction. In this context, a new trial, i=0 contains data on the surrogate

outcome, but not on the clinical outcome. To predict the effect of the treatment on the

clinical outcome in i=0, E(8 - y|my,.a,), based on the observed effect of treatment on

the surrogate outcome, S ,

dSb\ (dss dSa\ (,Uso /’ls\

ab) dea daa) ka() [21]

E(p b|mso= ag)=p -

fdy\ (dy dg,\'(d
Var (B -bymgy,a,) =d,, - Sb\| ( 5 S“\| ( Sb\| [22]

\dw ) \dsy du) \dus)

where the superscript T denotes transpose of the vector.

Then,

I( Sb\ (ZSS dSa\ (ZSb\
R;al(ﬁ Q2 _ I\ lab} k lSa daa) k {ab) [23]

bilmSi,ai d
bb
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where the subscript (f) in the above formula indicates that R’ , was obtained from

trial(

model in which the prediction of b,depends on my, . In the original text, the authors also
provide a formula for Rﬁial(r) based on a ‘reduced’ model in which the prediction of b,

does not depend on my, .

Buyse et al defined the strength of the association between S and T, after adjustment for

Zas R’

indiv *

To do this, they constructed the conditional distribution of T, given S and Z.

For models [14]-[15], this conditional distribution is described as follows:

‘Z,],S ~N{y.—oco;u + f-00,a Z;+0 ;6;5,,0 ,—0 ;0,0 ;}

[24]
For model [19]-[20]:

‘le’ ~N{pu +ny—o 50 ;(u +ng)+ f -, -0 50 5(a - 1))Z;

[25]
+0 0,80 ,—0 0}

) l]’

Then,

Rndlv = Qz ‘g = B [26]

A surrogate outcome is “trial-level valid” if R;.al@ (or Rfﬂal(r) ) are reasonably close to 1

and a surrogate outcome is “individual-level valid” if R’ is reasonably close to 1. A

indiv
surrogate outcome is “valid” if it has both trial-level validity and individual-level

validity.

The models in this section for normally distributed outcomes have also be adapted to
describe another statistic, the surrogate threshold effect (STE). The STE quantifies the
strength of the relationship between the surrogate outcome and its target. A full

description of this parameter is beyond the scope of this chapter. The meta-analytic
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approach may be an improvement over the single-trial methods for the evaluation of

surrogate endpoints; however, it is computationally complex.

2.3 Surrogate Validation Schemas

Various Surrogate Validation schemas have been developed whose purpose is to provide
a systematic guide that can be used to evaluate the adequacy or validity of a particular

surrogate outcome.

2.3.1 The evidence based medicine (EBM) users’ guide

A well-known surrogate validation schema was developed by Bucher et al . This schema
can be used when there is interest in evaluating the validity of a surrogate outcome for a
specific class of drugs. According to this schema, a valid surrogate is one that fulfills the
following three criteria: 1) there is a strong and independent, consistent association
between the surrogate endpoint and the clinical endpoint; 2) there is evidence from
randomized trials in other drug classes that improvement in the surrogate endpoint has
consistently led to improvement in the target outcome; 3) there is evidence from
randomized trials in the same drug class that improvement in the surrogate endpoint has

consistently led to improvement in the target outcome.

The first of the three criteria requires evidence from observational studies in which there
is a strong association between the surrogate and clinical outcome. The strength of the
association is reflected through measures such as the relative risk (RR) and the odds ratio
(OR). The strong relationship between the surrogate and clinical outcome is independent
and consistent if the same relationship is observed after adjusting for potential
confounders and is observed across multiple observational studies. However,
observational studies do not evaluate the effect of treatment. For this reason, Bucher et al
have developed criteria 2 and 3, which require evidence that the effect of treatment on
changes in the surrogate outcome is associated with the effect of treatment on changes in
the clinical outcome. Because randomization balances unknown confounders, the EBM
users’ guide indicates that this evidence should be derived from randomized controlled

trials.
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When a surrogate outcome satisfies criteria 2, the relationship between change in the
surrogate outcome and change in the clinical outcome is considered to be consistent
across drug classes. While it is not certain that the same relationship between the
outcomes will be observed for a new class of drugs, fulfillment of this criteria provides
strength to the inference that if treatment has a beneficial effect on the surrogate outcome,

it will also result in a beneficial effect on the clinical outcome.

Criteria 3 is used to determine whether changes in the surrogate outcome are associated

with changes in the clinical outcome for the particular class of drugs under consideration.

2.3.2: The National Institutes of Health (NIH)-derived guide

Lassere et al have recently developed another surrogate validation guide, based on
definitions established by the NIH working group on surrogate outcomes ' . This
evaluation tool consists of four domains: 1) ‘target’, 2) ‘study design’, 3) ‘statistical
strength’ and 4) ‘penalties’. Each of these domains contains a set of hierarchically ranked
criteria. A surrogate outcome receives an additive score in each of the first 3 domains,

according to the highest ranked criteria that it satisfies.

The purpose of the target domain is to rank the clinical outcome according to the degree
to which it reflects how a patient “feels, functions or survives” '. Lassere et al considered
outcomes as variables that lie on a ‘variables in medicine’ continuum. One end of the
continuum contains disease centered variables. These variables are essentially biomarkes
that are related to the disease pathway and do not directly describe how a patient feels,
functions or survives. The other end of the continuum contains patient centered variables
that directly describe how a patient feels, functions or survives. The target domain
captures the location of the clinical outcome on this continuum. Clinical outcomes such

as death and irreversible major organ morbidity receive a high score.

Similar to the EBM-users’ guide, in the study design domain of the NIH-derived guide,
treatment related change in the biomarker should be evaluated through randomized

controlled trials and these studies receive a higher grade than observational studies.
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Changes in surrogate outcomes that are consistently related to changes in the clinical

outcome across different drug classes, receive the highest grade.

The third domain ranks the statistical strength of the association between change in
surrogate outcome and change in clinical outcome from ‘no association’ to ‘excellent

association’.

In the fourth domain, penalty points can be obtained and are used to reduce the overall
score. Penalty points can result if there is a lack of evidence, evidence that does not

support surrogate validity or evidence of harm.

According to the NIH-derived guide, surrogate outcomes that receive a final score of 13-
15 or 10-12 are considered level 1 and 2 surrogates, respectively. Lassere et al propose
that only level 1 and level 2 surrogates are valid substitutes for clinical outcomes when
measuring response to therapy. This evaluation schema incorporates a variety of
perspectives into one surrogate validation guide, namely: biological, epidemiological,
statistical and clinical. In this way, the NIH-derived guide may be viewed as an
improvement to the EBM users’ guide, which incorporated primarily a clinical
perspective. The usefulness of this schema for various stakeholders has the advantage of

facilitating communication between these viewpoints.

2.4 Surrogate OQutcomes in Cardiovascular Disease Research

2.4.1 The importance of surrogate outcomes in the treatment of
atherosclerosis

Clinical trials of drug therapy for CVD that evaluate the effect of treatment on
cardiovascular events currently require a sample size of thousands of patients and a
follow-up period of many years in order to have the statistical power necessary to detect a
difference in outcomes between treatment arms °. Surrogate endpoint trials for CVD
require a sample size of a much smaller number of patients and a follow-up period of
several months. For instance, clinical trials evaluating the effect of treatment on lipid

levels typically include a sample size of 100 patients followed-up for 3 to 12 months .
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For this reason, comprehensive trial programmes include surrogate endpoint trials of new
CVD drugs alongside ongoing clinical endpoint trials. In the last decades, many surrogate
endpoint trials have evaluated the effectiveness of drugs on soluble surrogate endpoints,
which are plasma-based and include LDL-c, HDL-c and triglycerides. However, based on
the current understanding of the vascular biology of atherosclerosis, it is accepted that
these surrogate endpoints form only a part of the complex pathways in atherosclerosis

progression that lead to cardiovascular events *.

2.4.2 The vascular biology of atherosclerosis

There is considerable complexity in the pathophysiology of atherosclerosis. Both genetic
and environmental factors ultimately result in the development and progression of
atherosclerosis, which biologically results from slowly progressive processes that begin
with endothelial dysfunction and systemtic mediators, and lead to lipid accumulation, and
migration of inflammatory cells into the arterial wall *'*. This section describes the

general framework for the development and progression of atherosclerosis.

2.4.2.1 Composition and function of the healthy arterial wall

The arterial wall is composed of three layers (Figure 2.3): (1) the intima, which is the
layer nearest to the arterial lumen and also, therefore, closest to the blood in circulation;
(2) the media, which is the middle layer; and (3) the adventitia, which is the outer layer of

the arterial wall.
The intima

While often portrayed as a single layer of endothelial cells, the intima consists of
endothelial cells residing on a basement membrane with various constituents of the
extracellular matrix. In healthy arteries, the endothelial cells are tightly joined together
and serve as a barrier between the circulating blood within the lumen and the sub-
endothelial space. The endothelial cells also serve a metabolic and signalling function. In
particular, the endothelium provides various molecules, either on its surface or through
secretion into the circulation, which in normal arteries have a net antithrombotic effect.

The endothelium is involved in the immune response when tissue injury occurs, such as
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in atherosclerosis, by attracting leukocytes of the vessel wall; however, in normal
arteries, the endothelial cells resist leukocyte adhesion and in this way, serve an anti-
inflammatory role. The endothelial cells also secrete various substances that modulate
the contraction of the smooth muscle cells that are present in the medial layer of the
vessel wall. In healthy arteries, these substances have a net dilatory effect enabling

relaxation of the smooth muscle cells.
The media

The medial layer of the artery is the thickest and consists primarily of smooth muscle
cells and extracellular matrix. At its boundaries, the media consists of internal and
external laminae which are composed of elastin. The internal and external laminae
separate the medial layer from the intima and adventitia, respectively. The media serves a
contractile and synthetic purpose. In response to various substances, some of which are
released from the endothelium, the smooth muscle cells are stimulated to contract or
relax. The smooth muscle cells also synthesize collagen, elastin and proteoglycans to
form the extracellular matrix, which maintain the structural integrity of the vessel. In the
case of tissue injury, the smooth muscle cells of the medial layer are capable of
synthesizing various inflammatory mediators that stimulate the immune response of the
endothelial cells, promote lymphocyte proliferation and propagate the inflammatory
response. In diseased states such as that of atherosclerosis, these inflammatory functions

of the smooth muscle cells increase.
The adventitia

The adventitia consists of blood vessels, nerves and lymphatics which provide

nourishment to the artery.
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2.4.2.2 Pathogenesis of atherosclerosis

In the contemporary view, the pathogenesis of atherosclerosis is described by a concept
known as the response to injury hypothesis '°. In this view, atherosclerosis progression
occurs in the following steps: 1) endothelial dysfunction, 2) lipoprotein entry and

modification, 3) recruitment of leukocytes and 4) recruitment of smooth muscle cells '®.
Endothelial dysfunction

A primary step in the earliest stages of atherosclerosis is endothelial dysfunction. This
occurs as a result of injury to the endothelial cells. An important factor in endothelial

. . . . 18
dysfunction is exposure to a “toxic environment”

, represented for example, by
smoking, abnormal lipid levels and diabetes. In the presence of a toxic chemical
environment, the endothelium increases its production of reactive oxygen species which
then alter the normal structural, metabolic and signalling functions that prevail in the

healthy artery.
Lipoprotein entry and modification

Lipoproteins transport fats through the bloodstream. The levels of one type of lipoprotein,
low-density lipoprotein, are positively correlated with atherosclerosis. In a state of
endothelial dysfunction, the ability of the endothelial cells to prevent entry of molecules
into the intima is significantly reduced. In this situation, and especially if LDL levels are
high, LDL is able to enter the intima (Figure 2.4, step 1). Once inside the intima, LDL
binds to components of the extracellular matrix, where it becomes trapped, and therefore,
has an increased residence time. During this time, LDL undergoes various modifications
which, importantly, include oxidation, and are critical to the development of

atherosclerosis (Figure 2.4, step 2).
Recruitment of leukocytes

The modified LDL (mLDL) has various chemoattractant properties which attract and
enable the adherence of leukocytes, primarily monocyte and t lymphocytes, to the

luminal surface of the vessel wall. In response to the entry and modification of LDL,
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there is also an increased expression of specific cytokines which in turn promote and
increased endothelial expression of leukocyte adhesion molecules that bind the
monocytes (Figure 2.4, step 3). Once these monocytes have adhered to the intima, they
can penetrate into the subendothelial space by slipping through the junctions of the
endothelial monolayer. The cytokines also promote expression of chemokines that direct
the movement of the leukocytes into the intima. In the subendothelial space, the
monocytes differentiate into macrophages (Figure 2.4, step 4) which are capable of
engulfing large quantities of LDL because their receptors are unaffected by negative
feedback inhibition. The lipid-laden macrophages are known as foam cells and are a

primary constituent of the atherosclerotic lesions known as fatty streaks (Figure 2.4, step

5).
Recruitment of smooth muscle cells

The foam cells and injured endothelium activate platelets alongside producing various
substances that stimulate the migration of smooth muscle cells into the intima. The
activated platelets also stimulate migration of the smooth muscle cells into the intima
(Figure 2.4, step 6). Once inside the intima, the smooth muscle cells proliferate and
produce constituents of extracellular matrix (Figure 2.4, step 7). During this process of
atherosclerosis progression, there is an increase in the intima thickness. Fibrofatty plaque
that is present in advanced atherosclerosis consists of the accumulated smooth muscle
cells, foam cells, leukocytes and a fibrous cap of extracellular matrix (Figure 2.5). The
term fibrofatty plaque is used interchangeably with various other terms; namely,
atheroma, atheromatous and fibroatheromatous '*. While typical atheromas consist of
abundant lipid, many fibrous plaques are composed primarily of smooth muscle cells and

. 1
fibrous tissue '°.
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2.4.2.3 Atherosclerosis and thrombus formation

Fibrous plaques often contain a necrotic core of cell debris and foam cells (Figure 2.6) '*
' This core is excessively thrombogenic because the foam cells produce tissue factor
which can activate the coagulation pathway when contact is made with components in the
blood. The fibrous cap and endothelium protect the atheromatous plaque and in this way

prevent the thrombogenic core containing tissue factor from the circulation. Rupture or
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ulceration of the fibrous plaque may expose the thrombogenic material to the blood,
resulting in the formation of a thrombus which can occlude the artery and cause an
infarction of the involved organ. Epidemiological studies have shown that the degree of
artery narrowing viewed by angiography is not highly correlated with myocardial
infarction. It has been observed that myocardial infarction has a greater association with
plaque rupture and subsequent thrombosis, as compared to vessel occlusion caused by the
progression of fibrous plaque. It is postulated that the tendency of plaque to rupture is
partly influenced by the thickness of the fibrous cap that serves as a barrier between the
foam cells containing tissue factor and the blood in circulation '*. Although
atherosclerotic plaque that contains a thick fibrous cap may cause a high degree of
luminal narrowing, this type of plaque has a comparatively low susceptibility to rupture.
This is known as ‘stable plaque’. Conversely, ‘vulnerable plaques’ consist of a thinner
fibrous cap, and show less luminal narrowing upon angiography '8 however, these types

of plaques are more closely associated with acute coronary events.
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Figure 2.6 Necrotic core of a fibrofatty atheroma

*Adapted from Schoen FJ, MD. Blood Vessels. In: Kumar V, Abbas AK, Fausto N,
Robbins SL, Cotran RS, editors. Robbins and Cotran pathologic basis of disease.
Philadelphia: Elsevier/Saunders: 2005
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Direction of growth of the atherosclerotic lesion

As the presence of atherosclerotic plaque progresses, the arteries initially expand
outward, to accommodate the plaque '®. This outward growth is termed positive
remodelling or compensatory enlargement and likely involves the turnover of
extracellular matrix molecules so that the arterial lumen can increase in size. Luminal
stenosis tends to occur only after the plaque burden is greater than approximately 40

percent of the cross-sectional area of the artery.

2.5 Vascular Imaging in Atherosclerosis and Associated
Surrogate Qutcomes

There has been a growing trend in the imaging of atherosclerosis to evaluate treatment
related changes in surrogate outcomes. Vascular imaging directly evaluates
atherosclerosis progression and also, therefore, displays the net effect of genetic and
environmental factors on the arterial wall *. Clinical trials have been using various

imaging modalities to evaluate the effect of new drugs on change in atherosclerotic

. . . 4 . . .
disease status, most often measured as a continuous variable . In these imaging trials, the

expectation is that treatments which stop or slow the progression of, or result in a

regression of, atherosclerosis will lead to a reduction in major cardiovascular events.

Among the various imaging modalities that have been used to evaluate the effectiveness

of treatments on atherosclerosis, three well-known technologies include quantitative

coronary angiography (QCA), b-mode ultrasound and intravascular ultrasound (IVUS) *.

A report from the 2009 Canadian Biomarkers and Surrogate Endpoints Symposium
indicated that surrogate outcomes provided by QCA, b-mode ultrasound and IVUS are

“established surrogate outcomes” . This section provides a description of each of these

technologies and the surrogate outcomes that they measure, along with each technology’s

strengths and limitations.
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2.5.1. Quantitative coronary angiography

2.5.1.1. Description of technique

Often considered as the gold standard for diagnosis of CHD, QCA has also been
performed in clinical trials to evaluate the effect of treatment on the progression of
atherosclerosis. QCA was the first vascular imaging technique to be used in clinical
practice and requires a patient to undergo cardiac catheterization. In this procedure, a
catheter is guided through an appropriately selected vessel, usually the femoral artery,
and into the coronary arteries > 2**2. A radio-opaque contrast agent is injected into the
coronary arteries and X-ray images are then recorded either on film or on a digital
detector. QCA provides a two-dimension (silhouette) view of the arterial lumen 2. In
clinical trials, treatment related changes in atherosclerotic lesions can be evaluated by

. . 21,22
performing serial measurements along a coronary artery or segment ~

. For images
obtained before and after treatment, a side-by-side analysis of the images is performed to

determine the change in atherosclerotic lesions.

2.5.1.2 Surrogate outcomes provided by QCA

Surrogate outcomes that have been measured to evaluate the effect of treatment include

the following:

e Change in percent stenosis, where percent stenosis is determined in relation to a
nearby “normal” reference segment °.

e Change in the mean of the minimum lumen diameter (MLD), which is also known as
the minimum obstructive diameter (MOD) .

e (Global change scores, determined by an expert panel who visually evaluates

angiographic changes over time and assigns a score for the overall degree of change
20

2.5.1.3 Advantages and limitations of QCA

The advantage of performing QCA is that it provides a two-dimensional image of the
arterial lumen and in this way provides information about the degree of stenosis.

However, this technique presents with several important limitations. Importantly, QCA is
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invasive, involves exposure to X-ray radiation and may lead to cardiovascular events
from procedural complications 2°. In addition, QCA only provides information on the
vessel lumen, and it is now accepted that atherosclerosis is primarily a disease of the
vessel wall, rather than the vessel lumen *°. As mentioned earlier, during the progression
of atherosclerotic lesions, the artery initially expands via positive remodelling and
stenosis only occurs in the advanced stages of atherosclerosis. As such, QCA 1is unable to
detect new non-stenotic lesions and is also unable to detect advanced lesions that are
present on the full length of an artery > **. Angiography poorly detects vulnerable
plaque, which is associated more closely with cardiovascular events than the stable
plaque which causes luminal narrowing *°. Also, with the change in angiography from
film to pixelated digital images, there has been a reduction in spatial resolution needed to
detect a treatment effect *. This limitation is particularly emphasized for trials in which
the comparator is an active control. Due to the risks associated with its invasiveness, and
the exposure to x-ray radiation, QCA is not generally performed in asymptomatic

g . 2
individuals *°.

2.5.2. B-mode ultrasound

2.5.2.1. Description of technique

B-mode ultrasound is a non-invasive ultrasound based technique used to visualize the
lumen and walls of selected arteries, which include the carotid, aorta and femoral arteries
22 Most of the evidence on atherosclerosis that has been obtained by b-mode ultrasound
is based on evaluation of the carotid arteries >. In this technique, an ultrasound transducer
is placed over the skin above extracranial segments of each of the carotid arteries.
Ultrasound images are recorded from multiple segments. The distance between arterial
lumen-intima boundary, and media-adventitia boundary can be identified from an image

of the carotid artery > (Figure 2.8).

2.5.2.2 Surrogate outcomes provided by b-mode ultrasound

Surrogate outcomes measured by b-mode ultrasound include the following:
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e Change in mean carotid intima media thickness (CIMT). The mean carotid intima
thickness is determined by finding the mean of multiple values from the same artery
or different branches *°.

e Change in maximum carotid intima media thickness (CIMT) °.

2.5.2.3 Advantages and limitations of B-mode ultrasound

An important advantage of B-mode ultrasound is that unlike QCA, it enables
measurement of the vessel wall and the lumen. In this way, the use of b-mode ultrasound
has greater sensitivity in detecting early atherosclerosis as compared to angiography °.
Additionally, b-mode ultrasound is non-invasive, does not expose patients to x-ray
radiation, is relatively simple to perform and is inexpensive. A number of limitations
have been identified in the use b-mode ultrasound. While this technique is associated
with high inter- and intra-observer reproducibility in well controlled research settings,
there is currently a lack of consensus with regards to these protocols in the clinical
settings. This limitation prevents its routine use 3. Improvements in medical treatments
have slowed the progression CIMT. For this reason, future trials using CIMT as a
surrogate endpoint may require larger sample sizes, longer-follow-up periods and

increased costs, reasons that may impede its use as a surrogate outcome °.
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Figure 2.7: B-mode ultrasound image of the carotid intima media thickness. Line 1
indicates the lumen-intima interface and line 2 indicates the media-adventitia
interface.

*Adapted from: Kastelein JJ, de Groot E. Ultrasound imaging techniques for the evaluation of
cardiovascular therapies. Eur Heart J 2008 Apr;29(7):849-58

2.5.3. Intravascular ultrasound (IVUS)

2.5.3.1. Description of technique

In this method, a miniaturized transducer is connected to the end of a catheter which is
advanced through a selected coronary artery. With a mechanical pull-back of the catheter
at a fixed rate of 0.5mm/s, the transducer rotates at 1800 rpm, allowing a 360°
characterization of the vessel wall thickness through the acquisition of serial images *°.
Approximately 30 images/s can be acquired. IVUS images are analyzed either manually
or with the use of semi-automated systems, by outlining the intimal lining of the vessel

lumen and the external elastic membrane that separates the media from the adventitia *°.

2.5.3.2 Surrogate outcomes provided by IVUS

The following surrogate outcomes are provided by IVUS:

e Change in total atheroma volume (TAV) >. TAV is calculated as:
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TAV =2(EEMcsa ~LUMENcsa) where, EEMcsa is the external elastic membrane
cross-sectional area, and LUMENcs, 1S the luminal cross-sectional area cross-

sections.

e Change in percent atheroma volume °. Percent atheroma volume is calculated as

follows: PAV = [2 (EEMCSA *LUMENCSA) /2