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ABSTRACT

Exercise testing 1s used for a variety of purposes, in particular for the evaluation
of patients with or at high risk of having coronary artery disease. The occurrence of
chest pain or electrocardiographic (ECG) changes indicative of restricted coronary
blood supply (ischacmia) during exercise are diagnostic for the presence of disease and

prognostic of poor coronary outcomes. In a clinical setting the analysis of exercise test
data is the responsibility of an experienced physician, based on test outcomes and

knowledge of the particular patient.

In climcal trials of anti-anginal therapies, the use of exercise tests in the
evaluation of treatment efficacy is required by agencies responsible for authorising the
use of new medicinal products. Considerable attention has been paid to the development
of standardised exercise protocols that elicit reproducible ischaemic responses, and to

alternative methods of analysing exercise test outcomes in order to improve the
diagnostic or prognostic value of the test. However, comparatively little research has
addressed the problem of analysing exercise test data produced for the assessment of

treatment efficacy in clinical trials.

Exercise tests have played a prominent role in the evaluation of therapies
currently used for the management of patients with angina, such as nitrates, 3-blockers,
and calcium antagonists. Such evaluations have shown dramatic improvements 1n
exercise tolerance, most commonly measured by the time spent exercising until the
occurrence of anginal pain or ECG signs of ischaemia, and often amongst patients with
severe disease. However, the statistical methods used have generally been based on
Normal theory, such as the t-test, or non-parametric equivalents, such as the Wilcoxon
rank sum test. Such methods make no allowance for the fact that ischaemic endpoints
may not occur in all patients, particularly when patients are under active treatment or in
patients with less severe symptoms. In the current situation, where there are several
therapeutic options of proven clinical effectiveness, new treatments must be evaluated
In opposition, or in addition to existing therapies. Thus it is of particular importance that
the statistician responsible for an analysis of exercise test data should use appropriate

and efficient techniques, since the benefits of new treatments may be small.

Since exercise times may be censored, in that the event of interest need not occur,
It has been recognised that methods for the analysis of survival data are the most

appropriate for analyses of exercise test data. Using data from the TIBET Study, a large
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chinical trial of two anti-anginal therapies administered singly or in combination, this

thesis examines in detail the appropriateness of the Cox proportional hazards model, the

most popular method for survival regression in the medical literature, to this type of
data. It then considers alternatives to this model, and addresses the implications of some
common features of exercise test data, in particular the presence of interval censoring
and the possibility of multiple exercise tests being conducted on the same patient, using
data from the TIBET Study and through simulation studies. Finally, using real data

examples, two methods that appear to have received little or no attention with respect to

exercise test data are explored, namely competing risks and repeated measures analyses.

It 1s shown that the Cox model, and potentially other parametric survival
regression models perform well with these data, even in the presence of moderate

interval censoring. When multiple exercise times are analysed from the same group of

patients, however, there is the potential for considerable bias and loss of power if this is

not taken into account in the analysis. There is also much potential in the use of more
complex statistical models, considering the volume of data routinely collected as part of

each exercise test, and these may prove to be useful avenues for further research.
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CHAPTER 1 Introduction

1.1 Exercise Testing

The diagnosis and treatment of patients with cardiac conditions begins with their
medical history and a physical examination. An important step in determining the
aetiology of chest pain, the extent of disease, the response to therapy and the capacity to
do work or other activities is to then perform an exercise test. At relatively little cost in
terms of both health care resources and patient discomfort, clinically useful information
is obtained that can drive the decision-making process, leading to the appropriate

implementation of more expensive, invasive and/or dangerous procedures'.

1.1.1 Preparation and Safety Precautions

The patient’s history and physical exam, including resting electrocardiogram and
lung function tests, will identify many of the numerous contraindications to performing
an exercise test’, including serious cardiac conditions (such as acute myocardial
infarction, serious dysrhythmias or unstable angina), acute or serious non-cardiac
disorders and severe physical disability. Other conditions that might contraindicate an
exercise test include less serious disorders (cardiac or non-cardiac), drug effects and

psychiatric disease.

Patients should not have smoked tobacco, drunk caffeine or had a meal for at least
two hours prior to a test. They should wear clothes and shoes appropriate for exercise
and be allowed time to familiarise themselves with the apparatus. They must give

written informed consent to participate and be aware that they can terminate the test at

any time they choose.

Under such conditions, the safety of exercise testing has been established™
though facilities for emergency cardiopulmonary resuscitation should be available, and

trained staff should be close at hand in the event of an emergency.



1.1.2 Types of Exercise

Exercise can be classified into two types, isometric and dynamic, though most
activities consist of a mixture of the two. Isometric exercise involves constant muscular
contraction, whereas dynamic exercise 1s that which results in movement, usually by the
rhythmical contraction of large muscle groups. For the assessment of cardiac patients, a
dynamic exercise test is preferred since it results in a greater increase in the total oxygen

requirement of the whole body.

As the total body oxygen requirement is increased, cardiac output must increase to

ensure that sufficient blood is delivered to the working muscles, where oxygen is used
in the energy releasing process, and to the lungs, where oxygen is extracted from the
inhaled air, in exchange for the carbon dioxide produced in the muscles. As the result of
an exercise load, the metabolic rate can increase by up to 20 times, and cardiac output

by up to 6 times relative to the resting rate. The maximal extent of these increases will

depend on the age, sex and fitness of the patient, the type of exercise performed, and the

presence and extent of heart disease.

During an exercise test, the total workload can be controlled, as can the cardiac

output needed to meet the increased oxygen requirements. If necessary, total workload
(and hence cardiac output) can be increased to the point where the subject is unable to
continue. By studying the patient's haemodynamic and electrocardiographic responses
to exercise, particularly near their maximal exercise capacity, the physician may be able
to determine the cause or extent of heart disease, evaluate suitability for a surgical

procedure or other course of action, or assess the progress of current therapies.

In modern clinical practice, exercise tests are often performed using either a

treadmill or bicycle. Bicycle ergometry is cheaper and requires less space, but many
patients will suffer muscle fatigue before reaching their cardiorespiratory exercise limit.

Treadmills are larger and more costly, but offer greater flexibility in terms of controlling
workload. They may also elicit greater effort from patients who are more used to

walking than cycling, thereby producing a greater maximal work rate.

1.1.3 Exercise Protocol

Any exercise test should be carried out according to a pre-specified protocol. An
early example 1s the Master step test’ in which subjects made a certain number of trips
on standard sized steps, the number being determined by their age, sex and weight. This

was a single stage test in the sense that an individual exercised against a fixed load
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throughout the test. More recently, with the use of treadmill and bicycle ergometers, it

has become possible to alter the workload during a test without interruption, whilst

keeping the patient in a relatively fixed position. This enables measurements to be made
throughout the test under increasing levels of stress, giving a more detailed picture of

the response to exercise.

A large number of exercise protocols are currently in use, some of which are
based on protocols devised more than 30 years ag06’7'3. For some time, the most
commonly used protocol was that devised by Bruce®, though the relatively large and
unequal increments in workload were found to give biased estimates of exercise
capacity’, and protocols with small or even continuous increments have subsequently

been recommended'®! 1413,

1.1.4 Responses to Exercise

Cardiac output is defined as the product of stroke volume (the quantity of blood
pumped at each beat) and heart rate. When exercise begins, stroke volume increases

almost immediately“, with the magnitude of this increase dependent upon fitness, age
and body size"’. As exercise continues, changes in stroke volume are small, and the

. . . : : : 16
necessary increases in cardiac output are predominantly met by increases in heart rate™ .

As workload increases, cardiac output must increase in order for the muscles to
perform to the greater work rate. Consequently, myocardial oxygen consumption will
increase, as the heart must also perform to a higher work rate. Myocardial oxygen
consumption is dependent upon intramyocardial wall tension (the product of left
ventricular pressure and end diastolic volume), contractility and heart rate’. An accurate

measurement of myocardial oxygen consumption requires catheters to be placed in the

coronary arteries and coronary venous sinus to measure oxygen content. In most clinical

settings this is impractical, but the “double product” of heart rate and systolic blood

pressure (SBP) is a good surrogate measure' . During progressively increasing exercise,

]

SBP (as well as heart rate) will normally increase’, as will diastolic blood pressure

(DBP), though the increase is less marked.

1.1.5 Measurements

For cardiac patients, the main objective of exercise testing is to assess the

response to increased demand of myocardial oxygen supply, which is measured by the

double product of heart rate and SBP. Automatic devices for recording blood pressures



during exercise initially suffered from technical difficulties caused by the patient’s
motion, but have since improved performancels’w. SBP, as measured by cuff and

auscultation, is a reliable method where an automated device is not available. DBP

provides little additional information to the test, and is generally not recorded. If data on
SBP are not available, the heart rate alone can be used as a proxy for myocardial oxygen

consumption, since it correlates almost as well as the double product*’.

The principal device used to monitor the patient during exercise testing is the
electrocardiogram (ECG). This measures the variations in electrical potential across the
heart, with a recognisable pattern occurring during each heartbeat. The length of each

cycle of this pattern, or an average over several beats, is used to calculate the heart rate

of the patient at any stage before, during or after the test.

The level of exercise performed can be measured by several methods. The total
workload, or the time spent exercising under a standard protocol, measures the amount
of work that a subject is doing, whereas the double product or heart rate estimate the
amount of work that the heart is doing. What is often of interest is the level of exercise

that a subject can achieve before the blood supply to the heart fails to match 1its oxygen

requirements (ischaemia). When this occurs, a patient will often experience pain to the
chest (angina) and/or abnormal ECG changes (see Section 1.3.1). Though the
occurrence of anginal pain will be of most interest to the patient, it is a subjective
endpoint and may be influenced by motivation. ECG changes offer a more objective
measure of ischaecmia. However, anginal pain and abnormal ECG changes give

alternative but dependent indications of coronary artery disease and increased risk?!*.

With the necessary equipment, it is possible to measure the gases expired by a

subject during exercise. This enables calculation of total body oxygen uptake and thus
accurate measurement of workload. It is also useful in assessment of respiratory and

physical response to exercise, such as anaerobic threshold. Other physical responses to
exercise can be measured by taking small blood samples during exercise. However, 1n
cardiac patients, it is the response to exercise of the heart, rather than the whole body,

which is of greatest interest, and these measurements do not add much to a test.

Other methods of detecting myocardial 1schaemia are based on the premise that
when an area of heart muscle becomes 1schaemic, the muscle ceases to move. Such wall
motion abnormalities can be detected by nuclear imaging techniques, in which a
radioactive substance is injected into the subject, making the heart visible to detectors

once the heart becomes filled with blood containing the radionuclides. An alternative
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technique is to use an echocardiogram, whereby ultrasound is used to view the heart'.
These methods allow measurement of wall motion as well as estimation of the volumes
of the chambers of the heart. The images can be digitised and recorded for later
analysis. Methodological advances have enabled measurements to be made during
exercise, when ischaemia 1s most likely to occur, rather than after the subject has
stopped moving, thus increasing the sensitivity of these tests for detecting ischaemic
events. However, the equipment required does increase the costs involved in conducting
a test, and may be prohibitive for routine tests on a single patient as well as in the

clinical trial setting, where large numbers of patients may be tested on several occasions

at a number of different sites.

1.2 Angina

Angina pectoris (AP) is a collection of symptoms characterised by discomfort in
the chest area associated with a disturbance to the function of the heart™. It usually
involves pain to the chest, but the pain can radiate to the arms (more often the left), the
neck or the back. Sufferers often describe the pain as a sense of tightness, of pressure or
an aching or burning feeling across the chest; the name angina comes from the Greek
work meaning to choke. It is common, with symptoms becoming more severe with age.
In the 1998 Scottish Health Survey”*, the prevalence of angina in the Scottish
population was estimated as 3.5% i1n men and 3.1% in women, based on the Rose
Angina Questionnaire® definition of angina, Grade I or Grade IL. In the oldest age

group surveyed (65-74 years) these prevalences were estimated as 8.9% and 5.9%

respectively:.

Angina can be categorised as stable or unstable. As the term implies, stable angina
will have been present for a number of weeks with no recent increase in frequency or

severity of attacks. It is brought on by effort or other predictable stressors, and 1s
relieved by rest or sublingual nitrates (see Section 1.2.2). Unstable angina is of recent
onset, of increasing frequency or severity, or occurs at rest for no obvious reason.

Exercise tests should not be performed on a subject suffering from unstable angina

(Section 1.1.1).

1.2.1 Causes

Angina is 1schaemic cardiac pain. It occurs when the coronary blood supply
cannot meet an increased myocardial demand for oxygen, such as during exercise. It is

usually a reflection of coronary artery disease (CAD), the second leading cause of death
d
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after cancer in both men and women® accounting for 22.9% of all male deaths and

18.8% of female deaths in Scotland in 2001. CAD is mostly caused by occlusion of the
coronary arteries, which reduces the rate at which blood can be supplied to the heart
muscle. Any factor which causes an increase in heart rate and thus in the need of the
heart muscle for oxygen is likely to precipitate angina. Common causes are €X€rcise,
strong emotion (anger or fear), a recent meal, cold temperature, vivid dreams or sex.

Combinations of factors increase the risks.

Arterial narrowing is not the only cause of angina. The extent of symptoms does

not predict the extent of CAD well, up to 30% of those who have coronary

arteriography for the evaluation of chest pain are found to have normal coronary
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and many of those with CAD are asymptomatic™. Several possible

arteries
mechanisms have been postulated for altenative causes of anginal symptoms, such as

coronary vasospasng, platelet aggregation® and small vessel disease’’.

1.2.2 Management and Treatment

The first phase of management of angina patients involves lifestyle changes,
including stopping smoking, improving diet, stress management and possibly some
exercise, depending on the patient. Further management of angina is obtained through
drug therapy, or in severe cases, surgical intervention. The treatment of stable angina
has two aims, namely to prevent coronary endpoints such as myocardial infarction (MI)

or death, and secondly to reduce the symptoms of angina.

1.2.3 Drug Therapies to Prevent MI and Death

The primary concern in the management of patients with stable angina is to
extend life. Aspirin is antithrombotic and should be used routinely’%, and Angiotensin
Converting Enzyme (ACE) Inhibitors are also useful for patients with or at high risk of
developing CAD?. Statins and antihypertensive agents that are used to control risk

factor levels can also prevent severe coronary endpoints and should be prescribed to

patients at highest risk™".

1.2.4 Drug Therapies to Prevent Anginal Symptoms

The four main classes of medical treatment for the relief of anginal symptoms are
nitrates, beta-blockers, calcium antagonists and potassium channel openers>. Though
primarily used to prevent ischaemic symptoms, in some cases they also prevent

coronary endpoints such as MI and death.



Nitrates cause vasodilatation, resulting in improved myocardial perfusion and
reduced oxygen requirements of the heart. Sublingual nitroglycerin tablets or sprays act
within 1-2 minutes and last for half an hour, and are used 1n the short term to give relief
from symptoms or prophylactically, before an activity which 1s likely to be
precipitative. Slow release nitrates, such as 1sosorbide dinitrate, transdermal
nitroglycerin patches and ointments can also be used to prevent the recurrence of
angina, but tolerance can become a problem unless sufficient nitrate-free periods are

provided. Side effects include headache, syncope, tachycardia and halitosis.

Beta-blockers reduce heart rate, blood pressure and contractility, thereby reducing
myocardial oxygen demand. They are effective in most patients, leading to fewer
1schaemic events and less need to use sublingual nitrates. They also improve prognosis
1n terms of survival and the occurrence of stroke and chronic heart failure in patients
with a recent infarction®™. Adversely, they can cause fatigue, insomnia, nightmares and

impotence.

Calcium antagonists reduce coronary vascular resistance and arterial pressure,
reducing cardiac demand and increasing coronary blood flow. They are therefore of
benefit in the treatment of both supply and demand ischaemia. Side effects are due
mainly to vasodilatation and include headaches and water retention. They can
potentially increase the risk of adverse cardiac events®® and are used in combination
with beta-blockers if the initial treatment is ineffective, or as an alternative when the

side effects of initial treatment are unacceptable.

Nicorandil is a potassium channel opener with nitrate-like properties, which
dilates coronary blood vessels, increasing blood flow and reducing cardiac preload and
afterload®’. Nicorandil is the only antianginal agent to have been shown to reduce
coronary endpoints in patients with stable angina>°. Evidence regarding side effects is
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and anal™ ulceration as well as

scarce, though there have been some reports of ora

other gastrointestinal events and headache™.

1.2.5 Surgical Intervention

For patients who are at high nsk of death or whose symptoms do not improve
after some weeks of medical treatment, surgical intervention will be considered*!.
Depending on the particular circumstances, treatment will be either percutaneous

coronary intervention (PCI) or coronary artery bypass grafting (CABG). PCI originally

involved the inflation of a balloon within an occluded artery to reduce the level of



stenosis, but more recent techniques have involved the use of rotating blades or lasers to
remove lesions, and the insertion of intracoronary stents to prevent restenosis. CABG

involves bypassing the damaged section of a coronary artery with a section of another

blood vessel.

Both methods increase the blood flow to the myocardium, reducing anginal
symptoms and the need for drug therapy, and improving prognosis in terms of
subsequent MI or death. However, the chances are high that a severe coronary event
will occur or further treatment will be required, even if lifestyle changes are made. In
general, CABGs involve longer hospitalisations and recovery periods, but patients show
greater improvements in symptoms, whilst PCIs are relatively inexpensive, low risk and

repeatable. Mortality and re-infarction rates are similar, except for diabetic patients, for

whom CABG offers a better prognosis ™.

1.3 Exercise Testing and Angina

Exercise testing of angina patients is used for a number of reasons. It is used as a
diagnostic tool, to detect both the presence and severity of disease; for evaluation of
prognosis; to monitor the progress of patients after drug or surgical therapy; and in

clinical trials for the comparison of different drug treatments.

1.3.1 Ischaemia

When subjected to increasing levels of exercise, an individual’s heart rate and
systolic blood pressure will increase, as will the need of the heart muscle for oxygen,

and therefore blood. The main factor in controlling supply is the resistance of the
vessels that deliver the blood. These are the coronary arteries, which are basically fixed
in width and cannot vary their resistance, and arterioles, which can dilate in the presence
of increased need and supply greater amounts of blood. The ability of these vessels to
dilate is limited; for people with normal coronary arteries this limit is not reached and
fatigue or breathlessness is the limiting factor in exercise. For people with obstructed
coronary arteries, which have reduced capacity to carry the blood, the arterioles are
slightly dilated at rest and under exercise they reach the limit of their ability to increase
diameter. The coronary blood supply is then unable to meet the raised requirements of

the heart, resulting in myocardial ischaemia.

When ischaemia occurs, it may result in chest pain, though the inability of a

subject to exercise may prevent the individual reaching the necessary level of cardiac



work to produce this response. This exercise capacity will depend on both physical

fitness and on motivation, which reduces the usefulness of exercise induced chest pain
as an outcome. An alternative measure of ischaemia can be defined through ECG

changes, usually by inspection of the ST-segment of the ECG curve.

During ischaemia, the ST-segment can become elevated, normalise or become
depressed. ST elevation at rest is normal, but during exercise could have one of several

> and is more common in those with a prior myocardial

causes including variant angina’
infarction. Normalisation of the ST-segment can be thought of as ST elevation in a
subject whose ST-segment was depressed at baseline. The most common manifestation

of exercise induced myocardial ischaemia is ST-segment depression.

1.3.2 Diagnosis of CAD

Both the occurrence of chest pain and ST-segment depression during exercise can
be used as diagnostic indicators for CAD, though the occurrence of either is generally
taken as a positive test. A depressed but up-sloping ST-segment is normal; horizontal or
down-sloping ST-segment depression indicates ischaemia. Greater levels of ST-segment
depression, as well as a more down-sloping ST-segment are related to a greater
likelihood of, and greater severity of disease. The level of ST-segment depression used

as a sign of disease will influence the sensitivity and specificity of the diagnostic test. A
threshold often used to indicate significant ischaemia is 2Imm of ST-segment

depression.

1.3.3 Evaluation of Prognosis

In those with severe CAD, the use of exercise testing to predict outcome 1s

valuable to identify patients for whom surgery will improve prognosis. It is those

patients with the poorest prognosis that are most likely to benefit from surgery.
Indicators of high risk or improved prognosis with surgery include short exercise time,
significant ST-segment depression at low exercise levels that persists late into the

recovery period or large amounts of ST-segment depression*,

1.3.4 Post Myocardial Infarction Testing

Patients may be at greater risk of death or major dysrhythmia during an exercise
test after a myocardial infarction (MI). Risks can be reduced, however, by using a
submaximal test for these patients. Benefits of post MI exercise testing include

optimising the date of discharge, assessment of drug therapy and evaluation of
9



prognosis. By involvement of the patient’s spouse, through watching the test or even
performing one themself, the confidence of both patient and spouse can be

increased***°.

1.3.5 Patient Follow-Up

After starting a course of drug therapy or after surgical treatment, the exercise test

can be used to monitor a patient. There is a tendency for an individual to have improved
exercise tolerance in terms of total exercise times as more tests are performed, due to

improved efficiency or lower levels of anxiety caused by the test’’. However, endpoints
of anginal pain and >1mm ST-segment depression will occur at approximately the same
double product or heart rate. Thus, changes in the condition of a patient can be seen in

changes in the heart rate or double product at ischaemic endpoints during exercise.

1.3.6 Treatment Evaluation

The comparison of different anti-anginal drug treatments in clinical trials 1s a

major application of exercise testing. The European Agency for the Evaluation of

Medicinal Products cite exercise testing as the principal method for assessment of

efficacy of anti-anginal products in stable angina pectoris®.

The aim of this thesis is to review methods of analysis of the various data that are
produced during exercise tests, with the objective of highlighting differences between
treatments. Most trials are performed under a parallel groups desig1149, where subjects
are randomised to different treatments, and after a period of stabilisation, are given an

exercise test.

Since angina is a comparatively stable condition in which treatments are used to
control symptoms rather than to cure, it is also sensible to use crossover designs in their

evaluation®®. Here subjects are given all of the treatments under consideration, In a
randomised order, allowing a period between the start of each treatment and the exercise
test for the effects of the previous treatment to wear off. Such designs should allow
more accurate comparisons of treatment effects, since the effects of all treatments are

observed in each individual.

1.4 Exercise Test Data

A number of variables are analysed in trials involving exercise tests. Dichotomous

variables include the occurrence or not of anginal pain or significant ST-segment
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depression. Exercise times include total exercise time and the time until the onset of
anginal symptoms or until significant ST depression. Other variables are heart rate or

double product at the end of exercise, at the onset of anginal pain or at the occurrence of

significant ST-segment depression.

The exercise times or haemodynamic variables at the occurrence of ischaemia are
censored, since there is no guarantee that the ischaemic events will occur. The
participants in a study may be chosen according to the criterion that at least one of these
ischaemic events occurred during an exercise test when no treatment was administered;
it may be that when treatment is given to the same subject, an exercise test will not be

able to 1induce these events. Hence in large trials involving patients whose angina is not

severe there may be considerable censoring of these variables.

Initially, comparisons of treatments that used exercise testing looked at exercise
times, and used methods such as t-tests or non-parametric equivalents to compare
treatment groups. The same techniques were used for haemodynamic variables such as
heart rate and double product. Censoring of these variables was not a major problem

since the patients studied were mostly those with severe CAD, with most suffering
1schaemic events during exercise, even when under treatment. Also, treatments were

often compared to placebo, and large treatment effect differences were observed, so that

the small bias involved in ignoring the censoring of the response did not affect the

conclusions of the trials.

More recently, it has been recognised that these response vanables are censored
and that to ignore this fact will lead to biased estimates of treatment effect differences.
This may be important with larger trials, involving healthier subjects for whom
treatment effects may not be so drastic. Also, trials that compare new with standard
treatments are becoming more common’' as the benefits of therapy become accepted, so
the expected treatment differences are less. Biased estimating procedures may have less

power to detect treatment differences. Methods are needed that take account of the

censoring to give as much power as possible to find differences between treatments.

For dealing with time to event data, the obvious methods to use for any analysts
are those of survival analysis. Simulations>? have shown that survival methods are more
appropriate than other methods in the presence of censoring. For the heart rate or double
product at these events, 1t should be noted that these variables are also, in a sense,

censored, since the events do not always occur.
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Given that the onset of anginal pain 1s a subjective response variable, it is
desirable to conduct an analysis of the exercise times until significant ST-segment
depression occurs. However, though the ECG 1s monitored throughout the test, 1t will
only be recorded at certain times, usually at regular intervals, for example, every
minute. Most ST-segment depression data will thus be interval censored; that 1s, most
events that occur will be detected as having done so at one of these predetermined
recording times. In fact, (assuming that ST-segment depression varies monotonically

between recording points) we only know that the event occurred during an interval.

Analytic methods that take account of this form of censoring could be applied, but the

amount to be gained by this in terms of reduced bias or increased power is unclear.

Also, since we know that within any particular individual, the haemodynamic
endpoints are highly reproducible, it would seem that within subject variability with
these outcomes 1s much less than between subjects. Models that allow for such
heterogeneity in survival data, known as frailty models, can be used to fit a random
effect to the hazard of each individual. These methods may be particularly useful for

situations where there are repeated exercise tests, either with baseline tests, or tests on

different treatments, as in a trial with a crossover design.

1.5 Summary

Exercise tests can be used for a wide range of patients, but are particularly useful
In cardiology. They have many applications for angina sufferers, and are a vital part of
the process of evaluating new drug therapies. Drug development depends on accurate
analysis of exercise test data, some of which is subject to heavy interval censoring and
large between subject variability. This thesis will look at the relative merits of various

analytical methods, by looking at their application to real and simulated data.
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CHAPTER 2 Clinical Trials of Anti-Anginal
Therapies

This thesis will outline the various methods that have been used or could be used
to analyse data from exercise tests. These methods will be applied to data from exercise
tests carmed out during the Total Ischaemic Burden European Trial (TIBET). This
Chapter describes the TIBET study and other major studies of angina therapies, with

particular emphasts on their use of exercise testing.

2.1 Total Ischaemic Burden European Trial (TIBET)

TIBET was a double-blind, parallel-group clinical trial of three anti-anginal
therapies, Atenolol (a pB-blocker), Nifedipine (a calcium antagonist) and their
combination. The main outcomes were cardiovascular morbidity and mortality.

Secondary outcomes were exercise test results and 48-hour Holter monitoring.

The study was innovative in that it examined the long-term effects of medical
therapy on morbidity and mortality in patients with chronic stable angina. It was a large
study, with over 200 patients assigned to each of the three treatments. Each patient
underwent four exercise tests, some of which could be used to compare the effects of

treatments. Patients were tested by either a bicycle or treadmill exercise test, and were

evenly divided between the two types of exercise.

2.1.1 Design

Men and women, aged 40-79 with chronic stable angina were selected for
inclusion in the tnal (Figure 2.1). Each underwent a two-week active run-in pernod,
when the combination therapy was given to ascertain if the patient was able to tolerate
the treatments under study. After a further two weeks of placebo washout, patients
underwent their first exercise test of the study, which was also the final inclusion test.
Those who did not demonstrate exercise-induced ischaemia defined as >Imm ST-

segment depression occurring before 10 METS (metabolic equivalents of oxygen
13
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Figure 2.1 Design of the Total Ischaemic Burden European Trnial (TIBET

consumption) were excluded. A more complete description of inclusion and exclusion

criteria has been given elsewhere™.

Those who were selected to take part in the study were then randomised to one of
the three treatments; Atenolol (50mg b.i.d.), Nifedipine (20mg b.i.d.) or their
combination. Since each treatment had been previously demonstrated to be beneficial,
there was no placebo control group. After two weeks of treatment, patients underwent

an examination and a second exercise test; those for whom there was clinical indication

for increased therapy were given placebo if they were on Atenolol, or a further dose of

20mg Nifedipine if they were on one of the other treatments. A third exercise test took

place four weeks later. Patients were followed up with regular visits for an average of 2

years, and were given a final exercise test upon withdrawal from randomised treatment.

2.1.2 Endpoints

Primary endpoints related to morbidity and mortality. Hard endpoints were
defined as cardiac mortality, MI and unstable angina. Soft endpoints were defined as
CABG, PCTA and treatment failure. Secondary endpoints related to exercise test data

and 48 hours of continuous ECG (Holter) monitoring. Endpoints from exercise tests
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were time to and exercise capacity at onset of 21mm ST-segment depression, onset of

anginal pain and termination of exercise. Holter endpoints were number, total duration
and circadian distribution of significant ischaemic episodes (defined as >1mm ST-

segment depression).

2.1.3 Exercise Tests

Approximately half of randomised subjects were given treadmill exercise tests
and half used a bicycle. All treadmill tests were conducted according to a standard
Bruce protocol®. That is, each patient began exercising on a treadmill moving at 1.7mph
on a gradient of 10%. Every 3 minutes, both the speed and the gradient of the treadmill
were increased: the speed to 2.5, 3.4, 4.2, 5.0, 5.5 and 6.0mph; the gradient increased by
2% at the end of each stage, up to a maximum of 22% at the start of stage 7 (18
minutes). Bicycle tests used a protocol that started at a workrate of 30W and increased

by 30W every 3 minutes.

ECG was recorded before exercise commenced, then at the end of every minute of
exercise and immediately on stopping; it was also recorded at 1, 3 and 5 minutes after
exercise, while the patient was seated and resting. From the ECG recording, the level of
ST-segment depression as well as heart rate could be determined. Systolic blood

pressure was measured immediately prior to exercise, after every stage (3 minutes)

during the exercise test and at the end of exercise.

2.1.4 Baseline Characteristics

Table 2.1 shows some baseline characteristics for the TIBET Study population.
There were 682 participants randomised to one of the study treatments, though after

subsequent examination of exercise test ECG data, the dataset was reduced to 608 for

some analyses. The results given in this thesis are based on the full dataset.

2.1.5 Published Results

The results of the TIBET Study relating to primary’* and secondary®> endpoints
were published simultaneously 1n 1996. There were no significant differences between
treatment groups in terms of the time to primary endpoint though the trend was towards
fewer events with the combination therapy (Atenolol, 47 events; Nifedipine, 46 events;
Combination, 31 events; logrank test p=0.14). There were, however, significantly more

withdrawals from study medication for those using Nifedipine (Atenolol, 60
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Atenolol Nifedipine Combination

N Total 226 232 224
Treadmill (g,) (5;.179%) 5 } .1324) (5} .13?%;)
Males N 193 191 197
(%) (86.9%) (82.3%) (88.3%)
AeGear) () 76 75 79)
Weight (kg) %ﬁ:)a? (ﬁfg) (332'3) (-1,?:;)
Previous MI N 77 71 77
ooty z 4 1
Hypertension N 52 54 47
Diabetes N 10 7 18
Previous Angiogram N 67 62 64
Previous PTCA N 4 d 5
Previous CABG N 14 12 9

Table 2.1 Baseline characteristics of TIBET Study population

withdrawals; Nifedipine, 93 withdrawals; Combination 64 withdrawals; logrank test
p=0.001).

Though it was reported that survival analysis techniques had been used to analyse
exercise times’, these results were reduced to a single paragraph stating that no
significant differences were found. The data were mainly reported in terms of

improvement compared to the baseline exercise test of total exercise time, time to pain
(or total exercise time, 1if pain did not occur), time to Imm ST Segment depression (or
total exercise time) and maximum ST segment depression, with data from treadmill and
exercise tests reported separately. Also given, for both types of exercise combined, were
changes from baseline heart rate, systolic and diastolic blood pressure, both sitting and

standing. These data are summarised in Table 2.2.

Atenolol and Combination were associated with reductions in resting heart rate,
whilst Nifedipine was found to cause a slight increase. All treatments caused reductions

in blood pressure, though these were greater for combination therapy. All treatments
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Atenolol Nifedipine Combination
N 177 175 162
Sitting HR (bpm) 15.4 (0.8) -2.9 (0.8) 13.5 (0.8)
Sitting SBP (mmHg) 12.9 (1.2) 12.5 (1.3) 20.6 (1.3)
Sitting DBP (mmHg) 7.3 (0.6) 6.7 (0.8) 11.0 (0.8)
Standing HR (bpm) 17.2 (0.8) -3.7(0.9) 15.6 (0.9)
Standing SBP (mmHg) 12.8 (1.2) 13.6 (1.2) 204 (1.2)
Standing DBP (mmHg) 7.5 (0.7) 6.5 (0.7) 11.4 (0.8)
N o1 87 80
Total exercise time (s) 91.4 (10.0) 90.5(11.1) 98.0 (11.7)
Treadmill Time to pain (s) 128.0 (11.3) 126.7 (15.0) 144.3 (13.7)
Time to 1mm ST depression (s) 136.4 (12.4) 131.4 (13.9) 147.3 (11.3)
Maximum ST depression (mm) 0.43 (0.08) 0.49 (0.09) 0.50 (0.11)
N 86 88 82
Total exercise time (s) 63.2 (11.0) 63.6 (13.3) 78.5 (17.3)
Bicycle Time to pain (s) 106.8 (15.4) 109.4 (15.3) 138.8 (17.9)
Time to 1mm ST depression (s) 147.4 (14.4) 146.5 (15.6) 162.7 (17.6)
Maximum ST depression (mm) 0.59 (0.08) 0.74 (0.08) 0.76 (0.10)

Table 2.2 Reductions baseline sitting and standing heart rate (HR), systolic blood
pressure (SBP) and diastolic blood pressure (DBP) at rest, and increases from baseline
exercise times (total exercise time, time to pain (or total exercise time), time to lmm ST
segment depression (or total exercise time)) and maximum ST segment depression,

reported as mean (SE

were associated with increased exercise times and reduced ST-segment depression
during exercise, and though none of these improvements were significantly different
between treatment groups, there was a tendency for those on combination therapy to

perform better than either single treatment.

2.2 Previous Studies

Clinical studies of the treatment of stable angina concentrate on endpoints such as

myocardial infarction (MI) and death (coronary or all cause) to measure the quantity of

life, and anginal symptoms and the occurrence of ischaemia to measure the quality of

life. Exercise tests are used in the assessment of the latter of these objectives.

2.2.1 Drug Therapies to Prevent MI and Death

Many treatments used in patients with stable angina are targeted at the prevention
of MI and death, which is the primary concem in the management of these patients.
However, they do not directly influence the myocardial response to exercise and so will

be dealt with briefly here.
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Aspirin has antithrombotic effects and is recommended as a routine therapy for
patients with stable angina®, since the risk of adverse cardiovascular events has been
shown in randomised trials to be reduced by about a third in this way’®. Angiotensin
Converting Enzyme (ACE) Inhibitors are now advocated for patients with or at high
risk of developing coronary artery disease (CAD), particularly diabetics™; a 20%
reduction in the incidence of MI was observed in the HOPE Study’’ which included
5162 (55.5%) sufferers of stable angina. None of these studies reported results of

exercise tests, since the reduction of anginal symptoms was not of concern.

It has been observed that fibrinolytic function is associated with subsequent

cardiovascular mortality in patients with stable angina®

, and despite evidence of
reduced coronary events after treatment with the anticoagulant warfarin in patients
without stable angina®, there is as yet no firm evidence of reduced mortality amongst
symptomatic patients. However, low-molecular-weight heparin has been shown to
reduce fibrinogen levels and increase exercise time to Imm ST-segment depression®.
This study involved 29 patients and analysed exercise times to lmm ST-segment

depression, peak exercise and moderate anginal symptoms, as well as the maximal

double product achieved and the double product at 1mm ST-segment depression.
Analyses were performed using t-tests and ANOVA methods, though no mention was
made of whether all participants achieved the stated endpoints during the on-treatment
exercise test. If it occurred, censoring may have been minor, since all participants were

required to achieve 1schaemic endpoints on two baseline exercise tests

Therapies that aim to reduce risk factors for coronary events have also been
shown to reduce subsequent coronary event rates. Lipid lowering with statins has been
associated with a reduction in mortality and coronary events of approximately one
third®"*** in large randomised controlled trials that included sufferers of stable angina.
Similarly, those with stable angina and hypertension benefit from antihypertensive

treatment®. These trials have again focused on reductions in morbidity and mortality,

without measuring exercise tolerance.

2.2.2 Drug Therapies to Prevent Anginal Symptoms

The main classes of pharmacotherapy for ischaemia and angina, namely (-

64 : . . .
, calcium antagonists®, nitrates®® and potassium channel openers®”®®, have all

blockers
been shown to improve exercise tolerance. The statistical methods used in these studies

have been based on normal theory methods, such as t-tests and ANOVA. A variety of
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endpoints were used, including time to angina (onset or exercise-limiting), time to
>Imm ST-segment depression, total exercise time and double product at maximal

exercise. One of these studies used individualised exercise protocols for each subject®,

6

another used log-transformed exercise times® and a third analysed changes in exercise

times compared to a baseline exercise test"®.

In general, patients with stable angina should be administered sublingual
nitroglycerin spray or tablets and be educated in their use for the immediate relief of
symptoms and to prevent pain when this can be anticipated’. For the long-term
prevention of symptoms, the initial treatment choice would be B-blockers®*, though in

patients who are intolerant, each of the other classes of treatment may be used as

monotherapy, though oral nitrates should be used in a way that avoids nitrate tolerance.

Undesirable side effects may be reduced by combination therapy, and there 1s

evidence of beneficial effects of adding isosorbide mononitrate®® or a long-acting

dihydropiridine” (calcium antagonist) to a B-blocker. Studies have compared times to

>Imm ST-segment depression, levels of ST-segment depression at comparable

workload or maximal workload, and maximal ST-segment depression. The method of

analysis has been the t-test. Other therapeutic combinations are not recommended, nor 1s

treatment with more that two agents; patients for whom treatment fails to control

symptoms may be candidates for surgical intervention.

2.2.3 Surgical Intervention

Surgical interventions for patients with CAD, whether by CABG or PCI, aim to

increase life expectancy and relieve symptoms. The survival of patients treated with
CABG is greater than that of patients treated pharmaccal'::tgically-'l at first, particularly
for those with the most severe disease, who were at the greatest risk of death without
surgery. Approximately 80% of CABG patients are free from angina 5 years after
surgery’*; CABG offers a greater level of symptom relief than initial medical treatment

at 5 years and, to a lesser extent at 10 years, though more than 40% of patients initially

treated medically will have undergone CABG within that time’'.

In patients with mild symptoms, who are at relatively low risk of coronary death,
PCI offers a greater reduction in symptoms than medical treatment, but at a slightly
higher rate of future coronary events’”. Both CABG and PCI provide better symptom
relief than medical treatment in patients with more severe, single vessel disease’,

demonstrated using the exercise test endpoint of the occurrence or not of an ischaemic
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event. All three methods have similar rates of mortality and MI"*, though CABG offers
the lowest risk of future coronary events including surgical interventions. In patients
with multivessel disease, CABG and PCI result in similar rates of survival from
mortality, MI or stroke, and despite higher rates of additional surgical interventions
following PCI, the cost per patient is lower’. Only in patients at the highest risk of
death does CABG offer lower mortality rates, for example in diabetics’® and/or those

with severe multivessel disease’’.

2.2.4 Literature Review

To assess the statistical methods used to analyse time to event data from exercise
tests 1n situations similar to those seen in the TIBET Study, a bnief literature search was
performed. Using the PubMed search system’®, a search was carried out using the
expressions “exercise test”, “clinical trial” and “angina”. Searches were limited to
English language articles and studies of human subjects. To determine whether there
have been any changes in the statistical methods used with these data, the same search

was performed for articles published during 1983, 1993 and 2003.

A total of 105 articles were identified (31 from 1983, 52 from 1993 and 22 from
2003). Six were excluded as they were review articles, editorials or meta analyses. On
closer inspection, 30 were found not to include any analyses of exercise times. The
remaining 69 articles were inspected to determine whether survival methods were used
to analyse exercise times, or methods that ignore the censored nature of the data, such as
those based on Normal theory (t-tests, ANOVA, regression), or similar non-parametric

methods.

Table 2.3 summarises the findings of this literature search. Amongst these articles,

the overwhelming majority were found to use methods of analysis suitable for
uncensored continuous data, predominantly those based on a Normal distribution. Only
two papers’*° presented results of survival analysis of exercise times. Equally few used
neither method®!"*%, reporting comparisons of exercise times in terms of the numbers of
participants showing improvement in exercise time under treatment. Though the sample
is limited to only three years’ publications, they seem to indicate a considerable

preference towards the more widely used statistical techniques.

A number of factors might be influencing this apparent lack of use of survival
analysis methods with censored time to event data from exercise tests. In medical

research, many small-scale studies are carried out by individual or small groups of
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Method of Analysis

Year Total
Both Survival Uncensored Neither

2003 0 0 10 0 10

1993 1 1 31 0 33

1983 0 0 24 2 26

Total 1 1 65 2 69

Table 2.3 Numbers of articles published in 2003, 1993 or 1983, analysing exercise

times using survival analysis and/or methods for uncensored continuous data (based
on the Normal distribution or non-parametric equivalent) methods, by year of
bublication

clinicians. In such cases, the statistical analyses may be conducted by those without the
breadth of statistical training to recognise the need for survival analysis. Furthermore,
based on previous studies, it would appear that survival techniques are not the standard
method of analysis for such data, and an individual confident in the use of t-test or

ANOVA methods would be able to report the findings of their study.

In larger trials, in which more experienced statisticians are employed to perform
the analyses, the use of survival methods may be under reported. If methods for both

censored and uncensored data are used, it may be the case that the results, whether
showing statistically significant differences or not, result in similar conclusions being
reached. Since, in general, the readership of such articles will be, or be perceived to be
(by the authors of the articles or the editors of the journals) less able to comprehend
analyses presented using survival techniques, such analyses may be omitted from
articles. It may even be the case that studies analysed using survival analysis methods

are less likely to be accepted for publication, particularly when the results are negative.

Finally, in many studies, multiple exercise tests are employed, and the results are

presented in terms of the change 1n exercise time following intervention. Methods for
the analysis of repeated survival data are relatively new, particularly with respect to
their application using standard statistical software packages. As a result, their use may
be limited to those with an interest in current research into statistical methodology,
particularly academic statisticians. Statisticians working in medical research may be less
aware of developments 1 methodology. They will be working to more stringent
timescales, with the emphasis on producing coherent results on time, with less scope to

experiment with alternative methods. Furthermore, they will have to report their results

to clinical colleagues in formats that are clearly understood, a constraint that often
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efficiency or validity.
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CHAPTER 3 Estimation of Treatment Effect
Differences I: Cox Proportional Hazards Models

Clinical trials of angina therapies are required to include exercise testing to
demonstrate differences in treatment efficacy”". In order that test results are comparable
between subjects, they should be performed to a standard protocol, or performed to the
same protocol on several occasions to demonstrate changes in individual exercise
performance. There are numerous response variables that can be recorded, but primary
analyses will often be carried out using the time spent exercising until the occurrence of

chest pain and/or significant ST-segment depression, or the total exercise duration.

There may be a single exercise test per subject, or a series of tests to measure
responses to exercise before and during active treatment. In a randomised trial, subjects
will be allocated to receive one of the candidate treatments (in a parallel groups design)
or different treatments during different periods of the study (in a crossover design) at
random. Since allocations are random, differences in average exercise response between
treatment groups can be attributed to differences in treatment effects, subject to the

limits of uncertainty due to chance differences between the groups.

It will often be the case that other patient information will be available. In a
clinical trial setting, 1t may be of interest to test whether intervention effects are
homogeneous across subgroups of the study population. In clinical epidemiology, it

may be necessary to adjust for the potentially confounding effects of factors other than

the exposure of interest.

This would generally be achieved through regression models, whereby treatment
and covariate effects are estimated simultaneously. It is possible to incorporate
covariates that change over time, but this thesis shall only consider models in which
covariates are fixed, such as age, sex and weight. Variables that change during exercise,

such as heart rate or blood pressure, are undoubtedly connected with the risk of
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suffering an ischaemic event, but are also affected by workload, and so to include them

in models of the time to an 1schaemic event could be misleading.

3.1 Survival Analysis

Survival data consist of survival times, failure indicators and covariate data. That
is, (t;, 8, zj) fori=1, 2, ..., n, where §; = 0 if the i"* subject is censored at t; and &; = 1 if

the subject suffers an event at t;.

3.2 Proportional Hazards Regression Models

Proportional hazards regression models relate the hazard function for an
individual to a common baseline hazard function through multiplication by a positive
function of that individual’s covariates. That is, if A(t|z) is the hazard function for an

individual with covariates z, and Aq(t) is the baseline hazard function, then

Atz)=Ao(t)y(z,B). The vector B is a set of parameters, at least some of which it may be

of interest to estimate.

A common form for the function y(z,B) is exp(zp), so that an element of B, B; say,
has the interpretation of being the log hazard ratio associated with a unit increase in the
corresponding covariate, z;, with all other covariates held constant. In particular, if a
binary covariate is represented by a {0, 1} indicator variable, then the corresponding

parameter 1s the log hazard ratio between the subgroups. The effects of categorical

variables of more than two levels can be estimated by the construction of dummy

Indicator variables, in exactly the same way as for other linear models.

3.3 Cox Proportional Hazards Regression Model

Different proportional hazards regression models make different assumptions
about the baseline hazard function, Ag(t). There are a number of fully parametric
formulations for Ao(t), some of which are demonstrated in Section 4.1; however, the

Cox proportional hazards model®, which makes no assumptions about A(t), is the most
commonly used®. It is termed semi-parametric in the sense that, while the baseline

hazard is unspecified and is estimated non-parametrically, the covariate effects are

modelled parametrically.
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3.4 Parameter Estimation

The likelihood of a set of survival data can be written as

L(B, Bl{ti,i‘}i,zi 1= 1,2,...,n}) = IEIS(ti‘B,B,zi)JL(t]iIG,,B,,zi)ﬁi

i=l

=T Texp(-A(t)0.B,2,)A(t/0.8.2, "

1=1]

= TTexn(-Ao(t[0) iz, BN 2o(t]0)w(z, B

i=]

where O is the set of parameters for the baseline hazard function. Under the Cox

proportional hazards model, this is
L(e, Bl{ti y0,,Z; :1=1,2,..., n})= 11[ exp(.. A, (ti Ig) eXp(ziB)) { Aq (ti le) eXp(Ziﬁ)}ai
1=1

so that the log likelithood can be written as

n

1(9, BI{ti ,0,,Z; 1= 1,2,...,n})= Z { - Ao(tile)exp(zi[i)+ 0, (loglo(ti|6)+ ziB)}.

i=1

3.4.1 Partial Likelihood

When fitting the Cox proportional hazards model, the log likelihood cannot be
maximised directly, since the functional form of the baseline hazard function is
unknown, and an alternative method must be adopted. The partial likelihood function is

defined as

k eXp(Z(i)B)
L = 45—

jER(t(i))

where the t, 1 =1, 2, ..., k, are the ordered failure times and R(t;)) denotes the risk set

at time tg), or those subjects whose survival times are at least as large as t;). The term

CXP(ZG)B) 'S equi i . .o
——— 7~ is equivalent to , and can be interpreted as the conditional
> explz(B) 2 "(‘(i)|z(f))

jER(t(i)) jER(t(i))
probability that subject (1) fails at time tg; given that one of those under observation at

tq) fails at that time. Maximum partial likelihood estimates have similar properties to

83

normal maximum likelihood estimates™, and asymptotic variances of the parameter

estimates are dertved from the second derivative of the log partial likelihood function.
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The partial likelthood function as defined by (Eq. 3.1) is valid only when all
failure times are distinct. In practice, failure times are not unique, since times are often
rounded to convenient values. For example, total exercise time, or the time to
occurrence of anginal pain, might be recorded to the nearest 10 seconds. What is more,

the time to occurrence of significant ST-segment depression can only be one of those

times when an ECG trace was recorded, which might be every minute.

In situations where failure times are tied, the partial likelihood is defined as

k exp( (,)B)
Lt(ﬁlz) Hm (Eq. 3.2)

RER(t(I) d(:) jeR

where d) is the number of events occurring at time tg, sg is the sum of covariate
vectors of individuals observed to fail at time t) and R(t), dg;)) denotes the set of all sets
of size d;;y drawn from R(t;). An individual term 1n this product can be interpreted as a

conditional probability, that it was those subjects who were observed to fail at that time

who did so, given that d;;) individuals fail at time t.

With large datasets or large numbers of ties, the number of calculations required

to evaluate (Eq. 3.2) can make its maximisation slow, and approximations may be used

to speed up the calculations. When there are few ties at each failure time, the partial

likelihood is well approximated (Breslow®") by

melz)znﬂﬂﬂ_“? (Eq.3.3)
L)
JeR(t)

However, when the number of ties at any failure time is large, (Eq. 3.3) can produce

biased estimates, and a better approximation (Efron®) is given by

d(i)

Le(ﬂl2)=ﬁ[exp( (.)B) HL%;:))GXP(% B)- (:1 } Zexp(z(, )}} (Eq. 3.4)

j=] r=] (i) J’ED(t(:))

Example 3.1 TIBET Study, Cox Proportional Hazards Models for Time to Anginal Pain

Table 3.1 shows the treatment effect estimates obtained by fitting proportional
hazards regression models to the time until anginal pain under exercise (with 95%
confidence intervals and p-values) from the TIBET study. For each model, the estimates
were obtained using the Efron approximation to the partial likelihood; almost exactly

the same values were achieved using the Breslow approximation, in terms of effect
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Unadjusted Model Adjusted Model

Haz. Ratio 95% CI o Haz. Ratio 95% CI P
Nifedipine—-Atenolol 1.36 (0.96,191) 0.081 1.32 (094,187) 0.11
Nifedipine-Combination 1.06 (0.74,1.52) 0.75 1.06 (0.74,1.52) 0.76
Age (/10 years) 1.19 (0.97,1.45) 0.093
Gender (Female-Male) 1.19 (0.75,1.91) 046
Weight (/10 kg) 0.96 (0.83,1.12) 0.60
-2 log likelihood 1943.2 1939.1

Table 3.1 Treatment and covariate effect estimates from Cox proportional hazards

models for the time to anginal pain

estimates (and CIs) and the values of the log likelihoods of the fitted models. Each
model allows different baseline hazard functions for the different types of exercise, and

effect estimates are shown from models that do not adjust for other covariates as well as

models adjusting for gender, age (as a linear effect) and body weight (linear effect). The
changes in -2 log likelihood after inclusion of covariate effects (not shown) are small,

thus suggesting that none of these variables improves the fit of the model.

3.5 Goodness-of-Fit

When fitting any regression model, a number of assumptions are made, and the
extent to which the data deviate from these assumptions should be checked. Serious
lack of fit invalidates any inferences drawn and would indicate that the model needs

modification, if not complete respecification. However, study reports often do not refer

to any assessment of goodness-of-fit.

Under a proportional hazards regression model, it is particularly important to
check the appropriateness of the linear predictor, zB, and the validity of the proportional
hazards assumption. Whilst the Cox model in particular and proportional hazards
models in general are readily available as part of many statistical packages, methods for
checking the goodness-of-fit are more limited. However, some have been implemented
within standard software, and by manipulation of model outputs it is possible to carry

out a number of checks of model assumptions.
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3.5.1 Linear Predictor

An implicit assumption under the proportional hazards regression model in its
usual form, A(t|z)=Ao(t)exp(zP), 1s that equal increments in a continuous covariate, z;,

are associated with equal proportional increases in hazard.

This assumption can easily be checked by a simple graphical technique. The
covaniate is divided into categories, for example into quartiles or quintiles, and the
model is refitted including the categorical variable in place of the continuous variable.
When the effect estimates for the levels of the new variable are plotted against the
median value of the continuous variable within each category, any severe departures

from the assumption of linearity will become apparent.

Alternatively, the assumption may be checked statistically. Including a quadratic
term in the covariate may be used to detect simple departures from linearity, though 1n
the same way as with linear regression models, parameter estimates are more stable and
more interpretable if covariates are centered by subtraction of a suitable value, such as
the mean or median. A more flexible method of determining non-linearity of covanate
effects is through the use of cubic splines®®, in which a smooth function of the covariate

1s estimated to represent the association between the covariate and the hazard. A
likelihood ratio test can then be used to test whether there is any statistically significant

departure from non-linearity for that covariate. These methods have been incorporated

into standard software®’.

3.5.2 Proportional Hazards Assumption

The model assumption that receives the greatest attention in proportional hazards

models is that of proportional hazards, and many methods have been proposed for
checking this assumption. Some of these are applicable under any proportional hazards

model, whilst some are exclusive to the Cox proportional hazards model.

Many of the global goodness-of-fit tests for the Cox proportional hazards model
are related to each other. The methods presented here are some of the more frequently

recommended, ranging from the simplest graphical checks to more formal significance

tests.

3.5.2.1 Log Cumulative Hazards Plots

This method is applicable to any proportional hazards model for survival data. If

the proportional hazards assumption holds, subjects in the separate treatment groups
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will have hazard functions that are proportional to the same baseline hazard function. If

there are J treatment groups,
A;(t)= 700 (t)

where j=1, 2, ..., J, and the y; are constants, so that
t
logA; (t)=1log I?\.j (u)du
0

= Iog{ Y; ].lo (u) du} (Eq. 3.5)

=logy, +logA0(t).

and the curves of A;(t) against t are parallel. A check of proportional hazards is given by

a plot of log(f\ j(t)) against t for each treatment group; severely non-parallel curves

indicate non-proportional hazards.

Aj(t) is estimated by first generating Kaplan Meier estimates of the survivor

functions, S j(t), for each treatment group. A j (t) is then evaluated as - log S j(t). It can

be useful to smooth the log cumulative hazard curves as an aid to assessing parallelism.

However, this assessment can be difficult even after smoothing, and by plotting the
differences between pairs of curves, logA i (t)-log f\jz (t), against time, a clearer

impression is given since these curves should be constant if the proportional hazards

assumption holds, as

log ;\j. (t)- log f\jz (t)= loglL.

Y2

These methods can be employed with many statistical packages that generate
Kaplan Meier curves, but there are difficulties in assessing parallelism of curves, or
constancy of differences between curves. It is not obvious how much non-parallelism

will occur due to random variations in survival or in covariates that affect survival

between groups.

Example 3.2 Logged Cumulative Hazards Plots for Cox PH Model of TIBET Time to
Anginal Pain

Figure 3.1 shows log cumulative hazards plots for the time until the onset of

anginal pain for patients exercising on a bicycle ergometer. Plot (2) is the estimated log
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Figure 3.1 Log cumulative hazards plots for time to anginal pain during bicycle
exercise: (a) raw estimates; (b) smoothed estimates.

cumulative hazard, log A(t), plotted against t for each treatment. If the hazards in the

three groups are proportional, these curves would be parallel, due to (Eq. 3.5); this 1s not
easy to assess, since the curves are step functions. In (b), a smooth version of plot (a) 1s
shown, where a normal kernel smoother with a bandwidth of 60 seconds®® has been
used. The question of parallelism 1s still difficult to judge, however, since the lines are

curved and are close together relative to the range of the y-axis.

Figure 3.2 shows differences in log cumulative hazards against t for each pairwise
treatment comparison. The steps in plot (a) confuse the issue, and a smooth of this plot

is given in (b). If the hazards are proportional, the lines should be horizontal, and this
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Figure 3.2 Log cumulative hazards contrast plots for time to anginal pain during
bicycle exercise: (a) raw estimates; (b) smoothed estimates.

plot is perhaps the most informative; the same graph 1s shown in Figure 3.3 for the time

until anginal pain for those who exercised on a treadmill.

The main difficulty in interpreting these plots is in deciding the extent of any
departures from horizontal lines. In general, a plot would to be interpreted as showing
non-proportionality if there was a clear and consistent trend over the time axis. For the
bicycle data, Figure 3.2(b) gives some cause for concern but is not equivocal, and
further investigation will be required; the treadmill data shown in Figure 3.3 do not
indicate non-proportional hazards, with the lines departing from horizontal during the

initial part of the time axis only.
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Figure 3.3 Smoothed log cumulative hazard contrast plots for time to anginal pain
during treadmill exercise

3.5.2.2 Time Dependent Covanates

Implicit in the proportional hazards assumption is that hazard ratios between
groups are constant over time. A test of the proportional hazards assumption is achieved

by adding time dependent covariates to the model and testing if this significantly
improves the fit.

To illustrate, consider a trtal with two treatments, A and B, represented by an

indicator variable z that takes the values 0 and 1 according to whether treatment A or B

is administered. By fitting the model
At]z)= 1o (t) exp{B,z + B, 2(log(t)- v))

(where ¥ = mean log failure time), the hazard ratio between treatment groups B and A

under this model will be exp(B1 - Bzy)tf" . Since exp(Bi-B2y)>0, this ratio will increase

over time if B,>0 or decrease if P2<0. A similar test of the proportional hazards

assumption can be achieved by including any covariate of the form zf(t), where f{t) is a

monotonic function of time.

This method has the advantage that 1t involves a formal significance test for a

monotonic trend in hazard ratio, though its power to detect non-proportional hazards
will be dependent upon the choice of functional form of the time dependent covariate.

In particular, it will be less effective if the hazard ratio between groups does not follow

32



-2 log likelihood

Exercise Difference p-
Type Without time dependent ~ With time dependent (~%35) value
covariates covariates
Bicycle 933.88 933.13 0.75 0.69
Treadmill 1455.03 1454.56 0.47 0.79

Table 3.2 Results of adding time dependent covariates to Cox models for the time to
anginal pain

a monotonic trend; in such instances a further time-dependent covariate, including a

quadratic function of time, might be considered.

Example 3.3 Time Dependent Covanates in Cox PH Model for TIBET Time to Anginal
Pain

The TIBET study involved the comparison of three treatment regimes. The

proportional hazards model for the time until the onset of anginal pain, allowing for the

effects of treatments can be written as

AMtlz)=2,(t)exp{B,z, +B,z,}, (Eq. 3.6)

where z; and z; are indicator variables for whether the patient is receiving the first or

second treatments. The effects of the third treatment are absorbed into the baseline

hazard, Ao(t), and the parameters ; and B, estimate effects of the first and second

treatments relative to that of the third. Assuming that z; identifies treatment with

atenolol and z; nifedipine, Ag(t) will be the hazard function of an individual on the

combination therapy.

Adding time dependent covariates involves fitting the model
Atlz) =24 () exp{Bz, + Bz, (log(t)- 1)+ Biz, + Bz, (log(t)- v)} (Eq. 3.7)

where y is the mean log failure time. Evidence that either 8, or B, are non-zero would

indicate that there are time trends in the hazard ratios between atenolol and combination

or between nifedipene and combination respectively. The change in -2(log likelihood)
between the models represented by (Eq. 3.6) and (Eq. 3.7) will follow a x§ distribution

if the hypothesis of proportional hazards 1s true.

Table 3.2 shows the improvement in fit as measured by the change in -2(log
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