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Abstract

The ASCOT randomised factorial trial compared calcium channel blocker (CCB)
based-therapy versus beta blocker (BB) based-therapy and statin versus placebo.
19,342 hypertensive patients were recruited between 1998 and 2001 and followed
for a median of 5.5 years. Primary results were published in 2003 and 2005. A total
of 8,580 British ASCOT patients were followed-up for a median of 17.4 years to the
end of January 2018, by which time 4040 deaths had occurred, 1,402 from
cardiovascular (CV) causes. This thesis analysed the impact of randomised
treatment and blood pressure on long-term mortality in this subset of patients and
consists of three main sections.

The effect of randomised treatment on long-term survival was assessed, taking into
consideration potentially non-proportional treatment effects over time and
competing risks from different causes of death. Results showed that statin-therapy
reduced coronary heart disease (CHD) mortality compared to placebo (hazard ratio
[HR]=0.76, p=0.018) and CCB-based treatment reduced stroke mortality compared
to BB-based treatment (HR=0.73, p=0.011).

Several alternative components of blood pressure recorded at baseline were
compared for their ability to predict long-term CV mortality. Each was strongly
associated with CV mortality and their relative association attenuated with age.
While systolic and pulse pressure (PP) were the strongest single predictors, PP had
the clearest continuous monotonic relationship with risk, and was the stronger
predictor in older subjects.

Repeated blood pressure measurements collected during the trial were used to
investigate how features of blood pressure profiles relate to and predict CV-related
mortality, e.g. within-subject mean blood pressure, variability and rate of change
over time. Factors influencing blood pressure level and variation were investigated.
Landmark survival analyses showed again that PP was the most useful summary
measure, and both its mean and its variability were independently associated with
risk of CV mortality. A clinically useful risk score model was developed containing
mean PP and the coefficient of variation (COV) for PP, along with key risk factors.

Overall, this thesis provides useful insights into the impact of treatments on CV
mortality risk in the long-term and how blood pressure relates to CV mortality risk
in the long-term.
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Chapter 1: Introduction and background to the ASCOT trial and legacy study

1.1 Background

1.1.1 Introduction
The collective group of disorders relating to the heart and vascular system is known
as cardiovascular disease (CVD). CVD is responsible for the largest global mortality
burden. The World Health Organisation (WHO) estimates that currently around 17.9

million people lose their lives to CV-related causes each year .

This research degree centres around blood pressure (BP) and treatment for
hypertension and hyperlipidaemia, two of the most well-established risk factors for
CVD. This thesis presents analyses which utilise long-term mortality follow-up
data relating to a hypertensive UK cohort of subjects at high risk of CVD who took
part in the Anglo-Scandinavian Cardiac Outcomes Trial (ASCOT), to address

meaningful scientific questions with practical applications.

Subjects were eligible to be enrolled and randomised into the ASCOT trial if they
presented with hypertension and had an additional three risk factors for CV disease.
The factorial trial randomised all patients to one of two blood pressure lowering
treatment regimens. This factor of the trial is referred to as the blood pressure-
lowering arm (BPLA). The trial further randomised a subset of those patients who
were eligible to either lipid-lowering statin-therapy or placebo. This factor of the

trial, made up of a subset of the BPLA is referred to as the lipid-lowering arm (LLA).

19



Chapter 1: Introduction and background to the ASCOT trial and legacy study

A cohort of subjects from England, Wales, and Scotland were targeted for long-term

post-trial follow-up for mortality outcomes.

This thesis presents research which focuses on three main topics that are covered
across the next three chapters. The first investigates the long-term legacy effect
on survival of originally allocated trial treatments. The second compares the
predictive ability of different components of blood pressure as measured at
baseline in relation to long-term CV-related mortality, with a particular focus on
comparing systolic blood pressure (SBP) and pulse pressure (PP). The final topic
focuses on assessing the impact of blood pressure level and variability on long-

term CV-related mortality.

1.1.2 Blood pressure
Blood pressure is a well-established important risk factor for CV morbidity and
mortality 2-4. When blood pressure levels are too high (hypertension), excess strain
is exerted in the arteries which can cause damage, leading to increased risk of CV
disease. Hypertension is highly prevalent and recognised to be a leading

preventable risk factor for cardiovascular disease and mortality.

Examination of the pulse goes back centuries, but it was not until the beginning of
the 20th century that a non-invasive, clinically applicable way of measuring blood

pressure was developed. After that time, a greater understanding of the link
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between blood pressure was developed and CVD was developed. The first study to

provide real evidence of the connection was the Framingham Heart Study 2.

Blood pressure is measured at two points: the maximum arterial pressure reached
during the contraction of the left ventricle (SBP); and the lowest arterial pressure
reached during cardiac relaxation (DBP). Other aspects of these measurements are
often also of interest, such as pulse pressure (PP) which is the magnitude in change

in blood pressure between systolic and diastolic states.

Only since the 1940s has hypertension been considered a treatable condition. The
introduction of thiazide diuretics in the late 1950s were among the first to gain
evidence of hypotensive effects. The Veterans Administration Medical Centres in the
US conducted large multi-centre studies which led to the first multi-centre
randomised placebo-controlled antihypertensive treatment trial, providing evidence
that antihypertensive treatment exerted a beneficial effect in reducing CVD risk in

high-risk patients 5.

Researchers have studied many new anti-hypertensive treatments over the years.
The beta blocker (BB) were considered the leading anti-hypertensive treatment in
the 1960s. Thereafter the converting-enzyme blockers and Calcium channel

blocker (CCB) rose up as important treatments. Many studies have demonstrated

the effectiveness of anti-hypertensive treatments 6. The ASCOT trial is among a
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number of studies that have compared active treatments and helped provide

evidence that can help improve treatment strategies.

1.1.3 Lipids

Lipids play a variety of important roles in the body, such as acting as energy stores

and contributing to tissue structures. Triglycerides and cholesterol are two types of

lipids that circulate in the bloodstream.

Lipoproteins are compounds that serve to transport cholesterol around the body via

the bloodstream. They are mainly differentiated by their density: low- and high-

density lipoproteins (LDL and HDL, respectively). LDL transports cholesterol to

bodily cells while HDL is involved in excess cholesterol removal and transportation

to be broken down in the liver. High levels of LDL cholesterol greatly increase the

risk of atherosclerosis in blood vessels because LDL molecules contribute to

atherosclerotic plaque formation 7. Conversely, low levels of HDL increase the risk

of atherosclerosis because HDL molecules work to prevent plaque formation, and

can even cause existing build-ups to reduce 89.

Atherosclerotic plaque is one of the main causes of CV dysfunction. As plaque

builds up, walls of blood vessels thicken and vessel aperture narrows at the build-

up sites. This can lead to restricted blood flow, vascular inflammation, remodelling,

and vessel dysfunction, all of which can eventually lead to reduced blood flow to
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target organs. In addition, the formation of blood clots (thrombosis) could occur at

the plaque build-up sites which could break loose and cause blockages elsewhere.

High levels of triglycerides can also increase the risk of atherosclerosis, although

the mechanism behind this is not exactly known.

The Framingham Heart Study was the first major study to link cholesterol to risk of
CVD in the 1960s. The study identified the positive relationship between LDL level

and risk and the negative relationship between HDL level and risk 2.9.

There are a variety of differently functioning lipid-lowering treatments available,
but the most commonly prescribed are drugs from the statin family. Statins work
by inhibiting the rate of cholesterol synthesis resulting in blood LDL cholesterol

decline.

There is now a wealth of evidence for the efficacy of statins in reducing CVD
morbidity and mortality. The West of Scotland Coronary Prevention

Study (WOSCOPS) was the first primary prevention study to show that statins were
associated with reducing coronary heart disease (CHD) events and CV mortality,

compared to placebo 10,

Many other studies followed, such as the MRC/BHF Heart Protection Study (HPS) of
simvastatin which showed a significant reduction in all-cause mortality associated

with statin use compared to placebo ''. More recently the Justification for the Use
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of Statins in Prevention: an Intervention Trial Evaluating Rosuvastatin JUPITER)
showed statin benefit in a population with elevated C-reactive protein levels 12. The
ASCOT trial is among those influential studies that demonstrated the cardio-
protective effects of statin-use, contributing to their well-established efficacy and

safety profile 13.

1.2 The ASCOT Trial

The ASCOT trial enrolled 19,342 hypertensive subjects between 1998 and 2001
who were over 40 years of age, had no history of CHD, but with at least three
additional risk factors for CV disease. The trial had a two-by-two factorial design,

with a blood pressure-lowering arm (BPLA) and a lipid lowering arm (LLA).

All eligible, consenting participants were randomised with a ratio of 1:1 to one of
two blood pressure-lowering treatment regimen in the BPLA: either BB-based or
CCB-based treatment. The BB-based regimen consisted of atenolol with additional
thiazide diuretic, bendroflumethiazide (BFZ), if necessary, and the “newer” CCB-
based regimen consisted of amlodipine with additional angiotensin-converting

enzyme inhibitor (ACEi), perindopril, if necessary.

A subset of 10,305 patients with non-fasting total cholesterol concentrations of 6.5
mmol/L or less and no history of statin use were further randomised with a ratio of

1:1 to either anti-hyperlipidaemia statin therapy with atorvastatin or placebo.
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The BPLA was stopped early, after a median of 5.5 years following the
recommendation from the data safety and monitoring board (DSMB) in October
2004, on grounds of excess mortality and other secondary outcomes in the
atenolol-based group. Results, published in the Lancet in 2005, provided evidence
that amlodipine-based treatment is associated with reduced risk of CV-related and
all-cause mortality, stroke, and heart failure, compared to atenolol-based treatment
14, The primary endpoint of non-fatal Ml plus fatal CHD did not quite reach
statistical significance at the 5% level (HR=0.90, p=0.105), likely a consequence of

reduced power from early trial termination.

Prior to the early termination of the BPLA, the LLA was also stopped early after a
median of 3.3 years following the recommendation from the DSMB in September
2002, on grounds of reduced CHD and stroke events associated with the
atorvastatin arm. Results, published in the Lancet in 2003, provided evidence that
atorvastatin is associated with a reduction in the primary endpoint (HR=0.64,
p=0.001), and also with reductions in CV events and procedures, and coronary

events, compared to placebo 13.

1.3 The ASCOT Legacy Cohort

A subset of ASCOT patients from England and Scotland were targeted for long-term
follow-up at the end of the trial. 718 (8.4%) of these patients had died within the
trial period, and out of the remaining 7862 patients who were alive at the end of the

25



Chapter 1: Introduction and background to the ASCOT trial and legacy study

trial, 7300 (92.9%) consented to long-term follow-up for morbidity and mortality

outcomes. The complete subset of 8580 patients are referred to as the ASCOT

legacy cohort. Those who were alive at the end of the trial but did not give consent

for further follow-up were included in relevant analyses but were censored at the

trial end.

Mortality data has been acquired from NHS Digital for the consenting ASCOT legacy

patients up to the end of 2015, a median follow-up time of 15.7 years (maximum

17.9 years). We used this data to analyse the long-term effects of the originally

randomised trial treatment, results published in the Lancet in 2018 5.

Subsequently, additional data has been received from NHS Digital containing

mortality data up to the end of January 2019, a median follow-up time of 17.4

years (maximum 20.9 years). Hence, the analysis conducted in Chapter 2 of this

thesis, which reflects the work done for the 2018 Lancet paper, has been updated

to utilise the more recently updated follow-up data.

The mortality data includes date of death as well as detailed causes of death. Two

clinicians independently adjudicated the causes of deaths, and classified them as

being either CV-related or not CV-related. The CV-related deaths were further

categorised as being related to either stroke, CHD, or “other” CV causes. Deaths

that were classified as not being related to CVD were further categorised as being

related to either cancer, infection or respiratory, or “other”.
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Over long-term follow-up after trial end, a further 3322 subjects had died, a total
of 4040 subjects, 47.1% of the total 8580 ASCOT legacy cohort. This overall
number of deaths is, of course, likely to be slightly less than the true number, due

to the number of censored subjects for whom we have no post-trial follow-up data.

1.4 Aims and objectives of this research degree

This research degree uses long-term follow-up mortality data relating to
participants who took part in the ASCOT trial, and who form the ASCOT legacy

Cohort, to address three main aims.

1.4.1 Aim 1: Measure the impact of trial treatments on mortality over long-term
follow-up

The first aim was to assess the impact of randomised trial treatments on long-term
survival. This aim is addressed in Chapter 2, where the objective was to use
survival analysis to measure the relationship between the trial treatment groups
that subjects were randomised to on an intention to treat (ITT) basis, and mortality.
Specifically, the objectives included assessing the effect of statin use as compared
to placebo, and the effect of amlodipine-based treatment use as compared to
atenolol-based, on long-term mortality. In addition to effects on all-cause

mortality, effects on cause-specific mortality was also analysed.

1.4.2 Aim 2: Assess and compare the relationship that different components of

blood pressure have with long-term mortality

27



Chapter 1: Introduction and background to the ASCOT trial and legacy study

The second aim was to assess how different components of blood pressure relate to
mortality, and to compare their predictive ability. This aim is addressed in Chapter
3, with the objective to relate different components of blood pressure, using blood
pressure recorded at baseline, to mortality using survival analysis, and to make
direct comparisons between components’ predictive ability. The influence of
subject age on such relationships and strength of predictive ability was also
considered. The focus for this aim was on CV-mortality, but in addition all-cause
mortality, as well as the more specific stroke- and CHD-related causes of death

were analysed.

1.4.3 Aim 3: Evaluate the relationship between blood pressure level and long-
term CV-related mortality, and the independent importance of variability
in blood pressure over time

The third aim was to evaluate how blood pressure level and variability predict CV-
related mortality, and in the process identify the best representations of these
characteristics of blood pressure profiles. This aim is addressed in Chapter 4, with
the objective to use repeated measurements of blood pressure collected during the
ASCOT trial period, to estimate blood pressure level and the amount of variability in
blood pressure for each subject, to investigate factors that influence these
characteristics of BP profile, and describe and quantify the relationship of these

blood pressure characteristics with CV-related mortality.
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Building upon the work in Chapter 3, those components of blood pressure: SBP and
PP, that demonstrated the strongest predictive ability (both in this research and in

wider research), became the focus to address this aim.

The final objective to conclude this thesis was to build a clinically useful and
appropriate predictive survival model for CV-related mortality containing both a
representation of blood pressure level and blood pressure variability, modelled
appropriately together with other important risk factors. This model contained the
single representation of both blood pressure level and blood pressure variability
that demonstrated the strongest predictive ability in this dataset. The purpose of
the model was to investigate and illustrate how both the level and viability of blood
pressure can fit together appropriately within a useful clinical risk prediction model

alongside other key risk factors.
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Chapter 2: Impact of originally
randomised trial treatment on long-
term survival
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2.1 Background

2.1.1 Legacy studies in cardiovascular medicine
The term “legacy study” is often used to describe a study which is birthed out of an
existing interventional study. A legacy study uses longer-term follow-up of
subjects beyond the original designed study period to assess potential treatment
effects beyond that seen during the trial. “Legacy effect” refers to interventional
effect that are sustained or even emerge beyond the original study period. Legacy
effects have been described as “a memory of a treatment which produces benefits
long after the cessation of the intervention” 6. In many legacy studies, the
assumption behind legacy effects is that the intervention was responsible for
making pathological changes that have some permanency and in turn impact on
disease in the long-term. However, in these settings, causal effects, whether direct

or indirect, are often hard or impossible to prove.

There have been a number of legacy studies that have been born out of clinical
trials in cardiovascular medicine, including placebo controlled statin and blood
pressure-lowering trials that have shown long-term survival benefits to those

originally randomised to active treatments 17-19,

2.1.2 Blood pressure lowering legacy studies
Evidence for long-term, post-trial, persistent effects of decreased all-cause

mortality associated with randomisation to active antihypertensive medication has
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been presented from placebo-controlled trials. A meta-analysis involving 18 anti-
hypertensive studies was conducted by Kostis et al. which produced evidence of a
reduction in all-cause mortality both within the trial periods as well as in the post-
trial periods, and was observed in all drug classes included in the analysis (ACEis,
BBs, diuretics) 20, Overall reduction in mortality was similar out of trial (open-label
period) as it was within the trial period, despite subjects in both active and placebo

randomised arms being advised to go on to the same active treatments post-trial.

Many individual studies have reported a “carry-over” of effect on mortality reduction
associated with active anti-hypertensive interventions in post-trial periods 21.
However, there is sparse long-term data available from studies comparing active

treatments 22,

Evidence for sustained benefits of CCB therapy coupled with an ACEi as compared
to placebo over longer post-trial follow-up have been presented 23. Although there
is good evidence of the benefits of randomisation to a CCB-based regimen
compared to another active treatment within trial periods, there are few long-term
follow-up studies that have investigated whether randomisation to a CCB-based

therapy boasts longer-term benefits on survival beyond the end of a trial 24.

Another study to randomise subjects both to lipid-lowering and blood pressure-
lowering treatment arms was the Antihypertensive Lipid-Lowering to prevent Heart

Attack Trial (ALLHAT). They randomised hypertensive patients to one of four anti-
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hypertensive treatments, either the diuretic: chlorthalidone, the ACEi: lisinopril, the

CCB: amlodipine, or the alpha blocker: doxazosin (although the doxazosin arm was

discontinued due to safety concerns). The trial duration varied from four to eight

years, after which patients were followed-up up through electronic health records

for morbidity and mortality outcomes for a total follow-up varying from eight to 13

years. At the end of follow-up results were varied, but the in-trial benefits

associated with the diuretic chlorthalidone over Lisinopril and amlodipine were no

longer evident over longer follow-up 25-27,

2.1.3 Lipid lowering legacy studies

There has been a lot of interest in the long-term benefits of statins and there has

been evidence from a number of large placebo controlled trials for the longer-term

benefits of statin use 828, Such studies have presented evidence of sustained

survival advantages beyond the trial period to subjects randomised to statins.

It has been suggested that legacy effects from statins could be due to plaque

stabilisation, that statin treatment can slow down the development of

atherosclerotic plaque build-ups in arteries which alters the progression of the

disease even after cessation of treatment 2930, As a result it has been argued that

treatment of high cholesterol in younger people with statins early on should be

considered, and further, some have even argued that statins should be offered to all

young people regardless of their cholesterol level 31-34,
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The results from the 20-year follow-up of the West of Scotland Coronary Prevention
Study (WOSCOPS) in high-risk men with elevated LDL cholesterol but no history of
myocardial infarction (Ml), concluded that a 5-year period of statin treatment was
associated with a legacy benefit of statin use compared to placebo over the 20-year
follow-up period 35. They reported lower mortality from any cause in the statin arm
over the whole of follow-up with a hazard ratio (HR) of 0.87 (95% Cl: 0.80-0.94,
p=0.0007), a larger reduction in CV-related mortality with a HR of 0.79 (95% ClI:
0.69-0.90, p=0.0004), and an even stronger effect for mortality attributed to CHD
with a HR of 0.73 (95% Cl: 0.62-0.86, p=0.0002), estimated from adjusted Cox
proportional hazards (PHs) models. They commented that although the greatest
relative risk reduction was seen during the trial-treatment period, the continued
long-lasting effect that was observed, questioned the need for life-long treatment.
They concluded that life-long exposure to the drug may not be required if such
legacy effects from shorter therapy duration yield clinically acceptable benefit, and
that a study comparing outcomes from varying durations of statin-use could add

value to this question.

The long-term follow-up of ASCOT legacy patients provided a great opportunity to
investigate the long-term impact of being randomised to CCB-based treatment

compared to BB-based treatment, as well as to potentially strengthen existing
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evidence of the long-term benefits associated with statin therapy compared to

placebo 3637,

2.2 Aims

The aim of this chapter was to evaluate the impact of having been randomised to a
particular blood-pressure lowering treatment regimen, and the impact of being
randomised to statin-therapy compared with placebo, on long-term survival using
post-trial follow-up data from the ASCOT legacy cohort. The focus was to assess
the legacy impact of treatment on CV-related mortality, and more specifically from

stroke-related and CHD-related mortality.

Furthermore, the aim was to assess whether treatment effects change over time,
and describe such patterns of change should they exist. Paying particular focus to
the comparison of within-trial and post-trial periods, the aim was to assess the
extent to which effects are sustained and whether some effects are later to emerge

over time.

Lastly, the aim was to assess the impact of competing causes of mortality

(competing risks) when estimating effects on specific causes of death.

2.3 Measuring the effects of treatments on survival over time

The statistical analysis of time-to-event data is often referred to as survival

analysis, although the event need not be mortality.
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Survival analysis is distinct from other types of statistical analysis due to the
presence of right or left censoring of observation time. Censoring refers to periods
in time during which we are unable to observe subject outcomes. One of the most
common types of censoring, and relevant in this context, is right censoring which
occurs from the point when a subject is no longer being observed at a certain time-
point. This could be due to the death of the subject, when a subject is lost-to-
follow-up, or when a subject experiences an alternative event (also known as a
competing event) which subsequently precludes the subject from experiencing the

event of interest.

Censoring can be seen as either informative (i.e. the reason behind censoring is
related to risk in some way) or non-informative (i.e. given observed co-variates,
censoring can be considered to occur at random, unrelated to risk). Common
approaches to survival analysis assume that censoring (not due to the event of

interest) is not informative. This can lead to biased estimates if untrue.

There are many approaches to analysing survival data. There are non-parametric
approaches such as life tables, Kaplan Meier or Nelson-Aalen methods 38. There are
parametric approaches relating a set of covariates to survival time assuming an
appropriate distributional form of the underlying risk over time, for example
Poisson, exponential, or Weibull models. There are also alternative parametric

approaches, for example, the flexible parametric model proposed by Royston &
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Parmar which involves the use of restricted cubic splines to model the underlying

hazard rate over time rather than assuming a more specific distribution 39,

An alternative to a fully parametric approach was proposed by Sir David Cox in
1972, known as the Cox Proportional-Hazards (PH) model. While this semi-
parametric model assumes that relative hazards (for unit increases in covariates
present in a model) are proportional over time, it makes no parametric assumptions
about the underlying “baseline” hazard, which is data-driven and free to vary over
time. This approach has become the most commonly used model for analysing
survival data, possibly due to its robust nature making it simple to use as one does
not have to consider the distributional shape of the underlying risk over time. Still,
as with other parametric approaches, care must be taken in assessing whether the
assumption of proportional hazards is appropriate, otherwise estimates of hazard

ratios can be misleading 40.

2.4 Challenges in estimating long-term impact of randomisation to

trial treatment

There are many factors that make any long-term differences between randomised
treatment groups difficult to interpret and form direct causal inferences. Any long-
term differences in mortality observed between originally randomised groups must

be interpreted within the context they are in, acknowledging existing limitations.
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One of the main challenges in interpreting long-term effects beyond the end of the
trial was that information about post-trial treatment was not available. It may be
the case that treatment choices beyond the end of the trial were completely
independent of which trial arms subjects were randomised to. However, there may

be some association between post-trial treatment and randomised trial treatment.

If post-trial treatment choices were independent of the original treatment
randomised to, then we might expect that any within-trial survival effect seen
between groups would diminish post-trial over time as groups become more similar
with regard to treatment received. It might be that some treatment effects could be
sustained beyond the end of the trial if the effect of a treatment during the trial
period actually was to have a fundamental impact that was able to continue to

outwork, or possibly even emerge later.

However, it might be that post-trial treatment choices were impacted by which
randomised treatment group a subject was assigned to, at least in some way. For
example, subjects may be more likely to remain on the same treatment they were
allocated to during the trial due to familiarity. Conversely, perhaps subjects in a
treatment arm associated with worse outcomes would be more likely to go on to a

more favourable therapy after the trial than those in the comparator group.

Depending on the mechanisms at play, differences in ongoing treatment choices

between the originally allocated groups could have an effect on survival, but as
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post-trial treatment choices were unknown, strong causal interpretations of effect

that link directly to the randomised treatments are hard to make.

In addition to the problem of unknown confounding due to unknown post-trial

treatment choices, the emergence of other confounders over time is an additional

problem when analysing long-term survival differences between originally

randomised groups. While treatment groups were similar at baseline as a result of

the randomisation process, over time fundamental differences between groups

could have emerged as a direct result of differences associated with allocation to

specific trial group. When we analyse survival over time, at each time-point survival

is conditional on subjects having survived at least up to that time-point. If

differences between groups emerge over time, including in survival, prior to a

certain time-point then the surviving populations in each group will no longer be

completely random as a direct result of differences in interventions. Hence,

randomised comparisons may become increasingly less similar over time.

While faced with such limitations, this research opportunity was rare and powerful,

giving the opportunity to investigate treatment effects in a large cohort of subjects

over an extensive time-span. Evidence for the benefits of statins over longer time-

frames, and whether usage over a period can have long-lasting favourable effects

on cardiovascular health is needed. The optimal therapy for hypertension is still

uncertain, and while there are recommended strategies, evidence for the long-term
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impacts of strategies is lacking. This research, while needing to be interpreted in
the context of existing limitations, can contribute greatly and provide substantial

insight into long-term benefit of these treatments.

2.5 Changes in effect over time

In the context of clinical trials and observational studies, a common approach to
survival analysis is to estimate a measure of effect comparing different
interventions that assumes that the effect is constant over time. For example, a
common approach is to use the Cox PH model to estimate a hazard ratio, under the
assumption that the relative hazards are the same across all of time. A single HR
will represent an average effect over the whole of follow-up time, and the validity of
this single measure depends on the assumption that the relative hazard has truly

remained constant over time.

However, the assumption of proportional hazards over time may not always be
valid. Treatment effects may change over time, even when use of treatment is
consistent. For example, there may be delayed effects or early effects that reduce
over time. In settings where the hazard ratio is not truly constant over follow-up
time, estimating a single hazard ratio for the duration may no longer be meaningful
or appropriate. In such settings there are many alternative approaches to
describing and comparing treatment effects over time that have been proposed.
Alternative approaches include the treatment effect expressed as a ratio of failure
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time (accelerated failure time model), comparing mean survival times between

interventions (restricted mean survival times), and milestone analyses whereby one

compares the proportion of events that have occurred by a specified “milestone”

time-point.

In settings where relative hazards do change with time, the choice of alternative

approach should be appropriate to the scenario, e.g. early effect or delayed effect.

The approach should be considered in the context of the research questions being

asked, making sure that it is appropriate and ultimately meaningful.

2.5.1 Milestone analysis

Milestone analysis refers to the comparison of the difference in proportion of events

between study groups that have occurred by a certain fixed milestone time-point.

In this approach there is no assumption placed on whether the effect is constant

over time, but purely the overall effect by the fixed time-point. Therefore, this

approach is dependent on the choice of milestone time, and hence the choice of

milestone time is important and should be meaningful.

2.5.2 Restricted mean survival time analysis

Restricted mean survival time (RMST) refers to the mean time spent free of an event

of interest up to a defined time-point (milestone time). It is the integral of the

survival function up to a specified time, i.e. area under the survival curve from time

of origin to the defined time-point. This analysis is concerned with the comparison
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of RMSTs between study groups. As with milestone analysis, this approach makes
no assumption about the consistency of effect over time, but is dependent on the

choice of milestone time.

2.5.3 Accelerated failure time analysis
Rather than considering the hazard of failure at a given time, the accelerated failure
time approach considers the time until failure, and assumes that the effect of study
group on failure time can be represented by a fixed constant. The accelerated
failure time models used are predominantly fully parametric, with a distributional
assumption placed on the underlying failure time, most commonly a log-logistic or

Weibull distribution.

2.6 Competing risks

In time to event analysis, competing risk refers to the risk of the occurrence of an
alternative event to that of interest, and the occurrence of such would preclude the
event of interest from occurring. For example, a subject may be at risk of both
CHD-related and stroke-related mortality, if they should die from one cause, they
can no longer die from the other, and hence risk of either of these causes of death

are competing risks for the other.

Standard approaches to survival analysis often ignore the issue of competing risk,
and censor exposure time from the time a competing event occurs under the

assumption that the competing event was not informative. However, if this
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assumption was not true and the occurrence of a competing event was informative
about subjects’ risk for the event of interest, then to ignore this in the analysis
could lead to biased estimation of underlying risk, and also relative risks between

covariate levels 41,

In this context where we are studying specific causes of death, it is possible and
indeed likely that to some extent certain classifications of death may be informative

of the risk subjects were also at for death from an alternative cause.

If we censor time at the point of a death from a competing cause, then we may end
up with an over-estimate of the overall risk of death from the cause of interest if
both causes of death are in some way correlated. For example, if we study the time
to stroke-related death but ignore the possibility of dying from something other
than stroke and censor subjects at the time of death from an alternative cause, then
eventually all cumulative incidence curves for stroke-related mortality would be
one, i.e. everyone either leaves the study (censored prior to stroke event) or goes on
to die from stroke. Hence this approach may increasingly overestimate the risk of
stroke as time goes on and as an increasing number of subjects are censored from
competing events. As mentioned above, this approach can also lead to biased
estimates for relative effects between levels of covariates, if there are differences in
risk of alternative events between groups, and correlation between the risk of

alternative events and the risk of the event of interest. For example, consider
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comparing the effect on stroke-related death of one treatment (treatment group A)
to another (treatment group B). If there was an excess of CHD-related deaths in
treatment group A, and if those who are at higher risk of CHD-related death are
also at higher risk of stroke-related death, this would result in a higher number of
subjects at high risk from stroke-related death being censored in treatment group
A compared to treatment group B. Hence, a bias would be emerging over time as
risk of mortality from stroke is being reduced in treatment group A at a higher rate
than in treatment group B, and would falsely give the impression that there was
lower risk of stroke-related death in relation to treatment B group. In such a
scenario, it would be important to consider the effect on the event of interest in the

context of the effect on correlated completing events.

There are a number of approaches to survival analysis which consider the issue of
competing risks in some form. Each method carries some value along with its own
limitations. While there is no single universally correct approach, it is important
that competing risks are not simply ignored but should be taken into consideration

as part of the analysis.

There are two main approaches in the literature, each describing the hazard
function differently. The first approach is concerned with estimating cause-specific

relative hazard, and the second with estimating sub-distribution relative hazard.
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Each type of relative hazard has value but represents something different, and

hence should be interpreted appropriately.

2.6.1 Cause-specific hazard model
The cause-specific approach refers to the most commonly used Cox PH model
approach, and considers the hazard function for the cause of interest in the
presence of competing causes of failure. The probability of each type of event is
estimated, while treating other competing events as censored in addition to those

who are censored from loss-to-follow-up or withdrawal etc.

The cause-specific hazard function hy(t) is defined as the probability, at a given
time t, of a subject experiencing the event of interest k in the next infinitesimal
space of time, given that the subject has survived until time t. The cause-specific

hazard function for cause k is expressed below:

Pt<T<t+dt,K=k|T>t)
dt

hi () = limge

A proportional cause-specific hazards model is as follows:

P
hk(t|X) = hOk(t) exp <Z BikXi> k= 1, ,N
i=1

Where hg is the baseline hazard and B;, are the corresponding regression

coefficients (log HRs) for cause k, for parameters i=1 to P.
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The cause-specific modelling approach can be carried out by modelling a single
cause of interest, or by jointly modelling all types of events together, using a

stacked data approach 42.43,

In the cause-specific setting, one can only assume that the relative hazard is an
actual true measure of effect if the assumption of independence of alternative risks
is valid, otherwise the hazard ratio would represent an apparent effect given that
individuals have survived all competing events up to time t. Obviously, there is no
way to formally test this assumption directly from a dataset because subjects will

never experience more than one such competing event.

As discussed above, the cause-specific hazard model might overestimate true

cumulative hazard of an event over time when competing risks are present.

If the assumption of independence of competing risks was valid then this approach
would lead to the interpretation of a relative hazard that represents a more
conceptual difference, in a world where subjects can only experience the event of

interest.

2.6.2 Sub-distribution hazard model
Due to the strong assumption of independence in the censoring of time following a
competing risk in the cause specific approach, competing risk literature has also

focused on alternative approaches, the most popular being based on the sub-

46



Chapter 2: Impact of originally randomised trial treatment on long-term survival

distribution of the cumulative incidence function (CIF) for each competing event. In
this approach, the CIF for the event of interest would be equivalent to the 1-
[Kaplan-Meier (KM)] estimator in the cause-specific setting when there are no
competing events. When there are competing events, the CIF differs in that it
represents an overall survival function that includes failures from all competing
events in addition to the event of interest. Therefore, there is no assumption being
made about independent censoring in relation to competing events, because
subjects are not being censored upon the occurrence of a competing event, rather,

they remain in the risk set thereafter.

Unlike in the cause-specific approach, with this approach, the cumulative incidence
will have an interpretation that represents the proportion of subjects that
experience the event of interest, recognising that those who have a competing
event will never have that event of interest. Retaining subjects in the risk set
following a competing event places a constraint on this hazard function definition.
Under this structure, the hazard function is defined as the probability of the event
of interest given a subject has survived up to time t either event-free or having

experienced a competing event prior to time t.

Fine & Gray proposed a proportional hazards model, similar to the Cox PH model,

except that it models the sub-distribution hazard which is derived from the CIF,
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and uses inverse probability of censoring weighting with a time-dependent weight

function 44.

The sub-distribution hazard function for cause k is expressed below:

Pt<T<t+dt,K=k|T<t U(T<tNK #k))
dt

hi (t) = limge

A proportional sub-distribution hazard model is as follows:
P
hy (t]X) = hg(t) exp <Z yile-> k=1,..,N
i=1
Where hg is the baseline sub-distribution hazard for cause k, and y;;, are the
corresponding regression coefficients (log sub-distribution hazard ratios [log
sHRs]) for cause k, for parameters i=1 to P. As with the Cox PH model, this model

also carries the assumption of proportional hazards.

The estimated coefficients from the sub-distribution hazard model can be
interpreted in a similar way to those from a Cox PH model, except that these
coefficients are estimated in the presence of competing events. Therefore, this
approach leads to more pragmatic, less theoretical estimates of underlying hazard
and covariate effect. This approach may be more of interest when wanting to
estimate the actual incidence, or predicting an individual’s risk of an event truly
occurring. This would be helpful in a clinical setting, or for the allocation of

medical resources, for example.
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2.7 Methods

Cumulative incidence curves were plotted for death from any cause, as well as from
overall CV-related causes, and more specifically mortality from stroke and from
CHD, showing the cumulative proportions of death for each randomised trial arm.
Subjects who did not give consent for follow-up beyond the end of the trial period
will be included in analyses, censored at their end of trial date if they were still
alive. Those consenting to long-term post-trial follow-up will be censored at the
time of a competing event, at the time when they are lost-to-follow-up or at the

end of the follow-up period.

The impact of both the BPLA and the LLA randomised group allocations on long-
term mortality were analysed using Cox PH models. The outcome of death from all
causes was assessed, as well as death from a more specific cause, with a focus on
overall CV-related mortality, and more specifically mortality from CHD and from

stroke. Cause-specific HRs were estimated for each cause of death.

For each cause-specific Cox PH model, the proportional hazards assumption was
tested for the randomised treatment effect for each treatment comparison using
scaled Schoenfeld residuals (on the Cox models). The residuals when plotted
against [functions of] time should have a zero gradient if hazards are proportional.
The null hypothesis that the gradient is equal to zero for each model was be tested
using a global test proposed by Grambsch and Therneau (1994) 45,
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An alternative approach was also undertaken where sub-distribution hazard ratios
were estimated from sub-distribution proportional hazards models in the analysis

of each specific cause of death, using the approach proposed by Fine and Gray.

Cumulative hazard plots from both cause-specific and sub-distribution

proportional hazards models were produced by randomised treatment arm.

Three alternative approaches to the analysis of treatment effect were undertaken
using methods that do not make the assumption of proportional effects over time.
Firstly, accelerated failure-time models were used to estimate failure time ratios,
using a Weibull distribution to model failure times. Secondly, milestone analyses
were used to compare the difference in the proportion of subjects experiencing the
event of interest at the milestone time of 18 years. The proportion of patients
experiencing the event at the milestone time was estimated using the Kaplan Meier
method and the Greenwood formula was used to calculate the standard errors 46-48,
The milestone time was chosen as 18 years since randomisation, because this was

close to the median subject follow-up of 17.4 years.

Lastly, RMST was calculated for each randomised treatment arm up to the same
fixed milestone time of 18 years from randomisation. RMSTs were modelled using
flexible parametric models with 3 degrees of freedom, as suggested by Royston and
Parmar, and the difference in RMST between randomised treatment arms was

estimated 49.
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Piecewise proportional hazards models were used to estimate hazards ratios within
each defined time segments since baseline. Two approaches were used to define
time-segments. Firstly, time was split into within-trial and post-trial periods. The
within-trial periods differed for BPLA and LLA parts of the trial, and were different
in length for each subject. Secondly, time since randomisation was split into 3-year
time-bands. Hazard ratios were calculated for each time band, and tests for linear
trend between intervals were performed to investigate whether the hazard ratios

differed between time-bands.

Subgroup analyses were undertaken to investigate whether treatment effects
differed between: age-groups, sexes, diabetes status at baseline, SBP groups at
baseline, and total cholesterol groups at baseline. In addition, a treatment
interaction was investigated between the randomised BPLA group and the
randomised LLA group, as well as assessing a difference in BPLA treatment effect

between those randomised or not to an LLA treatment (LLA vs. non-LLA).

All adjusted models were adjusted for the pre-specified baseline risk factors: age;
sex; BMI; SBP; total cholesterol; smoking status; diabetes status; the age at which

the subject left full-time education; and ethnicity.

51



Chapter 2: Impact of originally randomised trial treatment on long-term survival

2.8 Results

2.8.1 Population
This analysis included all 8580 subjects who took part in the ASCOT trial from
England and Scotland. However, 562 subjects who were alive at the end of the trial
did not give consent to long-term follow-up. These subjects were kept in the
analyses, but censored at the time they ceased trial participation. Other subjects
were censored if they were lost to follow-up, died, or at the end of January 2018 if
they were still alive and in follow-up at that time. Over the whole long-term period
of observation including the trial period and beyond, the median follow-up time

was 17.4 years (IQR: 9.1 to 19.3) with a maximum follow-up of 20.9 years.

The mean age of this ASCOT legacy cohort was 64 years at randomisation (with a
SD of 8 years), ranging from 40 to 80 years. Over 80% were male, and almost 90%
were of white ethnic background. On average trial participants were overweight
based on WHO criteria with mean BMI just over 28 kg/m2. 35% of subjects were in
the obese category with a BMI over 30 kg/m2, and 9% had a BMI over 35 kg/mz2.

Over 28% of subjects were classed as diabetic at baseline.

Just over 11% of subjects had suffered a stroke or TIA in the past, and over 17% had
a history of coronary artery disease. Over 90% of subjects were on some anti-

hypertensive treatment within the month prior to randomisation.
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Those who had a baseline total cholesterol of 6.5 mmol/L or higher, or who were
currently already on statin or fibrate therapy were not further randomised to an LLA
group. As a result, those not in the LLA part of the trial were a slightly higher risk
group for CVD compared to those randomised to a LLA treatment. Mean total
cholesterol and LDL cholesterol at baseline were slightly higher in those not eligible
for the LLA compared to the LLA sub-cohort. Those who were not further
randomised to an LLA group had mean total cholesterol at baseline of 6.5 mmol/L
and over 23% had been on lipid-lowering therapy in the past. While the LLA cohort
had mean total cholesterol of 5.5 mmol/L, with a small proportion (1.3%) having

ever been on lipid-lowering therapy in the past.

Characteristics between both LLA and BPLA randomised groups were very well
balanced as was expected from the randomisation process and the large number of
study participants randomised. Baseline characteristics are presented in Table 1,

split by both randomised treatment comparisons.
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Table 1: Baseline characteristics of the ASCOT legacy cohort by randomised treatment group

BPLA (N=8580)

| LLA (N=4605)

Characteristic

Age (years)

Sex Female
Male
Ethnicity African/Caribbean

Asian (East)

Asian (South)

Mixed/other

White/European
Height (cm)
Weight (kg)
Body mass index (kg/m2)
Smoking status Current smoker

Ex-smoker <12 months

Non or ex-smoker >12 months
Alcohol status Non-drinker
1-13 units per week
14+ units per week
Units of alcohol consumed per week
Systolic blood pressure (mmHg)
Diastolic blood pressure (mmHg)
Heart rate (bmp)
Total cholesterol (mmol/L)
HDL-cholesterol (mmol/L)
LDL-cholesterol (mmol/L)
Triglycerides (mmol/L)
Glucose (mmol/L)
Creatinine (umol/L)

n (%), mean (SD) or median (IQR)

Amlodipine
(n=4305)

64 (8)

813 (18.9%)
3492 (81.1%)
222 (5.2%)

7 (0.2%)

130 (3.0%)

85 (2.0%)
3861 (89.7%)
170 (9)

84 (16)

28.9 (4.7)
1035 (24.0%)
1882 (43.7%)
1388 (32.2%)
1088 (25.3%)
1816 (42.2%)
1401 (32.5%)
6 (0to17)
162 (18)

92 (10)

71 (13)
5.9(1.1)

1.3 (0.4)

3.8 (1.0)

1.6 (1.2 to 2.3)
5.6 (5.1 to 6.6)
99 (89 to 109)

Atenolol
(n=4275)

64 (8)

807 (18.9%)
3468 (81.1%)
237 (5.5%)

3 (0.1%)

109 (2.5%)

86 (2.0%)
3840 (89.8%)
170 (9)

84 (15)

28.9 (4.6)
1006 (23.5%)
1874 (43.8%)
1395 (32.6%)
1089 (25.5%)
1831 (42.8%)
1355 (31.7%)
6 (0 to 16)
162 (17)

92 (10)

71 (12)

5.9 (1.1)

1.3 (0.4)

3.8 (1.0)

1.6 (1.2 to 2.3)
5.6 (5.1 t0 6.6)
98 (89 to 109)

301 (13.0%)
2016 (87.0%)
162 (7.0%)

2 (0.1%)

72 (3.1%)

36 (1.6%)
2045 (88.3%)
171 (8)

85 (15)

28.8 (4.9)
547 (23.6%)
995 (42.9%)
775 (33.4%)
574 (24.8%)
1010 (43.6%)
733 (31.6%)
6 (1 to 16)
162 (17)

92 (10)

70 (12)
5.5(0.8)

1.3 (0.3)
3.5(0.7)

1.4 (1.0 to 2.0)
5.6 (5.1 t0 6.5)

99 (90 to 109)

Atorvastatin Placebo
(n=2317) (n=2288)
64 (8) 64 (8)

284 (12.4%)
2004 (87.6%)
154 (6.7%)

2 (0.1%)

80 (3.5%)

33 (1.4%)
2019 (88.2%)
171 (9)

84 (15)

28.8 (4.6)
541 (23.6%)
984 (43.0%)
763 (33.3%)
571 (25.0%)
983 (43.0%)
734 (32.1%)

6 (1 to 16)

162 (18)

93 (10

71 (13)
5.5(0.8)

1.3 (0.3)
3.5(0.8)

1.4 (1.1 to 2.0)
5.6 (5.1 t0 6.6)
99 (90 to 109)
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BPLA (N=8580) LLA (N=4605)

Characteristic n (%), mean (SD) or median (IQR)

Diabetes mellitus
Renal dysfunction
Metabolic syndrome

Number of 2

cardiovascular 3

risk factors 4
5+

Prior stroke / transient ischemic attach
History of coronary artery disease

Peripheral vascular disease

Left ventricular hypertrophy

ECG abnormalities other than LVH

Atrial fibrillation

Antihypertensive treatment within last month
Prior lipid-lowering therapy

Prior aspirin use

1139 (26.5%)
2803 (65.1%)
1914 (44.5%)
19 (0.4%)
2036 (47.3%)
1416 (32.9%)
834 (19.4%)
507 (11.8%)
734 (17.0%)
359 (8.3%)
602 (14.0%)
746 (17.3%)
60 (1.4%)
3961 (92.0%)
490 (11.4%)
1083 (25.2%)

1145 (26.8%)
2813 (65.8%)
1880 (44.0%)
18 (0.4%)
2026 (47.4%)
1417 (33.1%)
814 (19.0%)
492 (11.5%)
745 (17.4%)
383 (9.0%)
584 (13.7%)
742 (17.4%)
60 (1.4%)
3924 (91.8%)
478 (11.2%)
1040 (24.3%)

621 (26.8%)
1544 (66.6%)
906 (39.1%)
15 (0.6%)
1186 (51.2%)
716 (30.9%)
400 (17.3%)
233 (10.1%)
346 (14.9%)
160 (6.9%)
357 (15.4%)
387 (16.7%)
36 (1.6%)
2118 (91.4%)
29 (1.3%)
533 (23.0%)

630 (27.5%)
1538 (67.2%)
937 (41.0%)
8 (0.3%)
1133 (49.5%)
746 (32.6%)
401 (17.5%)
239 (10.4%)
388 (17.0%)
150 (6.6%)
341 (14.9%)
391 (17.1%)
32 (1.4%)
2106 (92.0%)
22 (1.0%)
519 (22.7%)
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2.8.2 Changes in blood pressure and lipid level during the ASCOT trial
Mean blood pressure was very similar between BPLA treatment groups at baseline.
SBP was 162 mmHg and DBP was 92 mmHg in both BPLA groups. Blood pressure
levels dropped most dramatically during the first six months of blood pressure-
lowering treatment initiation, and by the six-month trial visit, mean SBP had
dropped in both groups to below 150 mmHg, but dropped 4.67 mmHg lower in the
amlodipine-based arm compared to the atenolol-based arm. Over the course of

the trial SBP continued to fall but to a lesser extent, as is evident from Figure 1.

There remained a small difference in SBP over the course of the trial, with SBP in the
amlodipine-based group maintaining around a mean difference of 2 mmHg lower

than the atenolol-based group.

A similar pattern was observed with DBP over the course of the trial. Mean DBP
dropped from 92 mmHg to below 85 mmHg in both blood pressure-lowering
groups by the six-month visit, but the drop was lower in the amlodipine-based
group, about 82 mmHg compared to 84 mmHg in the atenolol-based group. As
with SBP the difference of about 2 mmHg was maintained for DBP over the

remainder of the trial period.

Blood pressure changes over the course of the trial are covered in more detail in

Chapter 4 (Section 4.2).

56



Chapter 2: Impact of originally randomised trial treatment on long-term survival

Figure 1: SBP profile graph by BPLA randomised groups during the trial

Mean SBP (95% CI) by visit
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Visit: Baseline 6 months 1 year 2 years 3 years 4 years 5 years Final visit
No. patients: 8580 8160 8030 7766 7462 7201 4803 6820
Difference: 0.48 -4.67 -2.70 -1.64 -2.25 -2.17 -1.64 -1.74
95% Cl: (-0.20,1.17) (-5.37,-3.97) (-3.40,-1.99) (-2.35,-0.92) (-2.97,-1.52) (-2.91,-1.43) (-2.50,-0.77) (-2.49,-0.98)
P-value: p=0.168 p<0.001 p<0.001 p<0.001 p<0.001 p<0.001 p<0.001 p<0.001

Note: Mean SBP is estimated using blood pressure taken at scheduled trial visits from a linear mixed model with a random

interaction between visit and BPLA treatment groups.
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At baseline, mean total cholesterol was 5.5 mmol/L in both randomised LLA groups,
but by the six-month trial visit it was down to just above 4 mmol/L in the statin
arm, 1.31 mmol/L less than in the placebo arm. Figure 2 shows mean total
cholesterol over the course of the whole BPLA trial and Figure 3 shows mean total
cholesterol only during the blinded LLA period of the trial, split by randomised LLA
group. When looking at the whole BPLA trial period, by the final trial visit total
cholesterol ends up very similar in both LLA groups, just above 4 mmol/L. This is
likely a result of those on placebo during the blinded LLA period switching to statin
therapy following the end of the LLA trial, and hence catching up with observed
reductions in lipids similar to that in the randomised statin group. When looking
only at the blinded LLA period in Figure 3, we see a large sustained difference
between groups. After six months, total cholesterol dropped to just over 4 mmol/L
in the statin group, with only a small drop to 5.4 mmol/L in the placebo arm. Over
the course of the LLA trial period, cholesterol levels in the statin group remained
quite stable at just over 4 mmol/L, and in the placebo group levels fell slightly

further but remained over 5 mmol/L for the duration of the blinded LLA trial.
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Figure 2: Total cholesterol profile graph by LLA group during the whole trial (both blinded LLA period and beyond)

Total cholesterol (mmol/L)

Mean total cholesterol (95% CI) by visit
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Visit: Baseline 6 months 1 year 2 years 3 years 4 years 5 years Final visit
No. patients: 4605 4188 4086 4034 3922 3807 3547 3663
Difference: -0.00 -1.30 -1.25 -1.16 -0.69 -0.15 0.01 -0.01
95% Cl: (-0.06,0.05) (-1.36,-1.24) (-1.31,-1.19) (-1.22,-1.10) (-0.75,-0.63) (-0.21,-0.09) (-0.05,0.07) (-0.07,0.05)
P-value: p=0.882 p<0.001 p<0.001 p<0.001 p<0.001 p<0.001 p=0.824 p=0.757

Note: Mean total cholesterol is estimated from a linear mixed model with subject random intercepts and an interaction between visit and LLA treatment
groups.
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Figure 3: Total cholesterol profile graph by LLA group during the trial - only including measurements taken during the
blinded LLA phase

Mean total cholesterol (95% CI) by visit
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Visit: Baseline 6 months 1 year 2 years 3 years 4 years
No. patients: 4605 4188 4086 4034 2057 114
Difference: -0.00 -1.31 -1.25 -1.16 -0.99 -0.90
95% Cl: (-0.06,0.05) (-1.37,-1.25) (-1.31,-1.20) (-1.22,-1.10) (-1.06,-0.91) (-1.15,-0.64)
P-value: p=0.881 p<0.001 p<0.001 p<0.001 p<0.001 p<0.001

Note: Mean total cholesterol is estimated from a linear mixed model with subject random intercepts and an interaction between visit and LLA treatment

groups.
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2.8.3 Differences in mortality between those allocated to amlodipine-based

treatment and those allocated to atenolol-based treatment in the blood

pressure—lowering arm of the trial

2.8.3.1 Overall and cause-specific mortality

A total of 718 (8.4%) subjects died out of 8580 subjects in the ASCOT legacy cohort

by the end of the BPLA trial period, 370 (8.7%) assigned to atenolol-based

treatment and 348 (8.1%) assigned to amlodipine-based treatment.

Over the long-term, median 17.4-year observational period from randomisation

until the end of January 2019, a total of 4040 (47.0%) deaths had occurred: 2015

(47.1%) in the atenolol-based group and 2025 (47.0%) in the amlodipine-based

group. 1402 (34.7%) of the total deaths were classified as having resulted from CV-

related causes (through independent cause of death adjudication), 725 (17.0%) in

the atenolol-based group and 677 (15.7%) in the amlodipine-based group (see

Table 2).

Figure 4 presents cause-specific cumulative incidence curves that have been

stacked to give the overall cumulative incidence death from all causes, using the KM

method. The cumulative incidence of mortality from any cause reaches 50% after

19.06 years from baseline. Median survival time for all-cause mortality was similar
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in the amlodipine-based group to that in the atenolol-based group, 19.11 (p25:

11.91) and 19.01 (p25: 11.67), respectively.

Figure 4: Stacked cumulative incidence plot of cause-specific mortality
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During the BPLA trial period, amlodipine-based treatment was associated with a
reduction in CV-related mortality compared to atenolol-based treatment (HR=0.75,
p=0.018). Somewhat weak evidence for an estimated 26% reduction in hazard of
CHD-related death associated with the amlodipine-based group was observed
(adjusted HR=0.74, p=0.066), and although there was a large estimated relative
effect for stroke-related mortality (adjusted HR = 0.69), statistical evidence for the

estimated effect was lacking (p=0.186). Overall, for all-cause mortality, there was
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a lack of evidence of a treatment effect during the BPLA trial period (adjusted HR:

0.91, p=0.197). See Table 6 for within BPLA treatment effect estimates.

By the end of follow-up, evidence of a treatment effect for stroke-related mortality
had strengthened, with amlodipine-based treatment being associated with an
estimated decrease in hazard of stroke death by 27% (adjusted HR=0.73, p=0.011).
There was no treatment effect observed for CHD-related mortality after the BPLA
trial phase, and hence overall a lack of evidence for a sustained treatment effect
over all follow-up (adjusted HR=0.92, p=0.283). For overall CV-related mortality
there was evidence for a reduction in hazard associated with the amlodipine-based
group, although the estimated effect size had reduced quite substantially compared

to that seen during the trial period (adjusted HR=0.90, p=0.039).

There was no evidence of interactions with any of the baseline characteristics,

having tested those pre-specified in the methods section.

For all models, there was no formal statistical evidence of a violation of the

proportional hazards assumption, from tests based on scaled Schoenfeld residuals.
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Table 2: Number and rate of deaths by BPLA treatment allocation, HRs (95% Cl) from Cox PH models

Total follow-up

Atenolol Amlodipine

(N=4275) (N=4305)
Cause of death n (%) Rate* n (%) Rate* Crude HR (95% CI)  p-value Adjusted HR (95% Cl)** p-value
All-cause 2015 (47.13) 3.30 2025 (47.04) 3.27 0.99 (0.93, 1.05) p=0.729 0.97 (0.91, 1.03) p=0.303
cv 725 (16.96) 1.19 677 (15.73) 1.09 0.92 (0.83, 1.02) p=0.115 0.90 (0.81, 0.99) p=0.039
CHD 338 (7.91) 0.55 325 (7.55) 0.52 0.95 (0.81, 1.10) p=0.480 0.92 (0.79, 1.07) p=0.283
Stroke 150 (3.51) 0.25 113 (2.62) 0.18 0.74 (0.58, 0.95) p=0.017 0.73 (0.57, 0.93) p=0.011
Other CV 237 (5.54) 0.39 239 (5.55) 0.39 0.99 (0.83,1.19) p=0.935 0.97 (0.81, 1.16) p=0.718
Non-CV 1290 (30.18) 2.11 1348 (31.31) 2.18 1.03 (0.95, 1.11) p=0.472 1.01 (0.93, 1.09) p=0.813
Cancer 687 (16.07) 1.12 702 (16.31) 1.13 1.01 (0.91, 1.12) p=0.915 0.99 (0.90, 1.11) p=0.923
Infection/respiratory 328 (7.67) 0.54 333 (7.74) 0.54 1.00 (0.86, 1.16) p=0.993 0.96 (0.82, 1.12) p=0.593
Other 275 (6.43) 0.45 313 (7.27) 0.51 1.12 (0.95, 1.32) p=0.172 1.10 (0.93, 1.29) p=0.259

*Rate per 100PY
**Adjusted for baseline age, sex, ethnicity, systolic blood pressure, total cholesterol, body mass index, diabetes, smoking status, years of education (socio-
economic status), and lipid lowering arm randomisation
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Figure 5: Kaplan Meier cumulative incidence plots for mortality by BPLA treatment group
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There was no evidence for an interaction between randomised treatment groups
within the subgroup of subjects who were further randomised to either statin-
therapy or placebo as part of the LLA factor of the trial, for any mortality outcome.
In other words, the treatment effects in one factor of the trial did not depend on the
group to which patients were randomised to in the other factor of the trial.
However, the effect of BPLA treatment was assessed within the subgroup of 3975
subjects who were not part of the LLA factor of the trial, i.e. the higher-risk group
of patients who had elevated cholesterol or were already on lipid-lowering therapy
at baseline, and hence were not randomised to statin-therapy or placebo. In this
subgroup there was strong evidence for a reduction in CV-related mortality
associated with the amlodipine-based treatment (adjusted HR=0.79, p=0.002). In
fact, the estimated HR in the subgroup of 4605 subjects who were included in the
LLA part of the trial was very close to the null of 1 (adjusted HR=1.02, p=0.803), so
it appeared that the overall effect on CV-related mortality was solely being driven
by the effect seen only within the non-LLA subgroup. A test for heterogeneity in
BPLA effect on CV-related mortality between those who were randomised to an LLA
treatment group and those who were not provided evidence of heterogeneity
(interaction p=0.015). CHD seemed to be the main cause of death that seemed to
be driving this observed interaction for CV-related mortality. While there was a lack
of evidence for an overall BPLA group effect over the whole population, there was

evidence for a differing effect on CHD-related mortality between non-LLA and LLA
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groups (interaction p=0.048), with some evidence of a reduction in CHD-related

mortality associated with amlodipine-based therapy, with an estimated HR of 0.80

(p=0.036) in the non-LLA group, while the HR was 1.09 (p=0.447) in the LLA

group. While there was a lack of evidence for such an interaction for stroke-related

mortality, the estimated effect (in favour of amlodipine-based treatment) was

stronger in the non-LLA group (HR=0.63, p=0.011) compared to the LLA group

(HR=0.83, p=0.288). This combination of reduced mortality from both CHD and

stroke gave rise to the overall stronger evidence for the interaction for overall CV-

related mortality. Estimated effects from amlodipine-based treatment compared to

atenolol-based in the non-LLA and LLA subgroups are presented in Table 3 along

with interaction p-values. Figure 6 presents cumulative incidence plots for these 2

subgroups for CV-related mortality by BPLA group.

The percentage and rate of CV-related mortality was similar in the amlodipine-

based group in both LLA and non-LLA subgroups. In the amlodipine-based group,

15.70% of subjects died in the non-LLA group, at a rate of 1.08 CV-related deaths

per 100py, compared to 15.75% in the LLA group at a rate of 1.11 per 100py. In

the atenolol-based group, while the percentage that died from CV-related causes

and rate was very similar to that in the amlodipine-based group at 15.00% and at a

rate of 1.05 per 100py, the percentage and rate was higher in those in the non-LLA

subgroup at 19.25% and at a rate of 1.35 per 100py.
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Figure 6: Kaplan Meier cumulative incidence plots for CV-related mortality by

BPLA treatment group, by subgroups of those part of the LLA trial and those

not
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Table 3: Number and rate of deaths by BPLA treatment allocation, HRs (95% Cl) from Cox PH models, in non-LLA and LLA
subgroups with p-values from interaction tests

Total follow-up

Atenolol Amlodipine
(N=4275) (N=4305)
Crude HR p-value Adjusted HR p-value Interaction

Cause of death n (%) Rate* n (%) Rate* (95% Cl) (95% Cly** p-value***
All-cause
Non-LLA 933 (47.38) 3.31 933 (46.51) 3.19 0.96 (0.87,1.05) p=0.353 0.95(0.86, 1.04) p=0.237
LLA 1082 (46.92) 3.29 1092 (47.50) 3.34 1.02 (0.94,1.11) p=0.686 0.99(0.91,1.08) p=0.787 p=0.494
Ccv
Non-LLA 379 (19.25) 1.35 315 (15.70) 1.08 0.80(0.69, 0.93) p=0.003 0.79(0.68,0.92) p=0.002
LLA 346 (15.00) 1.05 362 (15.75) 1.11 1.05 (0.91, 1.22) p=0.481 1.02 (0.88,1.18) p=0.803 p=0.015
CHD
Non-LLA 195 (9.90) 0.69 165 (8.23) 0.56 0.81 (0.66, 1.00) p=0.049 0.80(0.65,0.99) p=0.036
LLA 143 (6.20) 0.43 160 (6.96) 0.49 1.13(0.90, 1.41) p=0.300 1.09(0.87,1.37) p=0.447 p=0.048
Stroke
Non-LLA 76 (3.86) 0.27 50 (2.49) 0.17 0.63 (0.44,0.90) p=0.012 0.63 (0.44,0.90) p=0.011
LLA 74 (3.21) 0.22 63 (2.74) 0.19 0.86 (0.61,1.20) p=0.370 0.83(0.60,1.17) p=0.288 p=0.262

*Rate per 100PY

**Adjusted for baseline age, sex, ethnicity, systolic blood pressure, total cholesterol, body mass index, diabetes, smoking status, years of education (socio-
economic status), and lipid lowering arm randomisation

***|nteraction test between BPLA randomised groups and non-LLA/LLA groups, from adjusted models.
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2.8.3.2 Sub-distribution hazard approach to comparison of mortality from specific
causes
The sub-distribution hazard ratios from Fine and Gray proportional hazards models
for each cause of death were largely very similar to the cause-specific HR estimates
from Cox PH models. There was evidence of a reduction in the sub-distribution
hazard of stroke-related deaths associated with randomisation to the amlodipine-
based group (adjusted sHR=0.74, p=0.015). In most cases the estimated sHRs and
the level of statistical evidence for effects were very slightly reduced in Fine and
Gray models in comparison to the estimated HRs. For the outcome of death from
any CV-related cause, the estimated sHR was the same as the HR, 0.90, but the p-
value was slightly larger (p=0.060) than for the HR in from the cause-specific
approach. Results are presented from Fine and Gray models alongside estimates

from Cox PH models in Table 4.

Figure 7 presents cumulative hazard curves by randomised BPLA treatment group
for both the Cox cause-specific PH model approach and the Fine & Gray sub-
distribution PH model. The cause-specific approach has higher cumulative hazards
for both groups due to complete censorship, and hence removal from risk set of
subjects who experience a competing event, inflating the estimated hazards in

comparison to the sub-distribution hazards method.
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This slight reduction in effect using Fine & Gray methods was likely because with
this approach higher risk patients were being retained in the risk set after
experiencing a competing event, but thereafter they had zero risk of experiencing
the event of interest, e.g. stroke-related death. If there were more subjects
experiencing a competing event in the atenolol-based treatment arm, it would
reduce the appearance of the risk of death from stroke in that arm compared to
analyses where these subjects were removed from the risk-set thereafter. Hence,
this would result in the amlodipine-based arm appearing to have lower risk from
stroke in Fine and Gray analyses and hence cause the estimated treatment effect to

be reduced compared to the cause-specific approach.
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Table 4: BPLA cause-specific and sub-distribution adjusted hazard ratios for

mortality from specific causes

Cause of death

cv
CHD
Stroke
Other CV
Non-CV
Cancer

Respiratory/infection
Other non-CV

Cause-specific
Adjusted

HR (95%Cl)*
0.90 (0.81, 0.99)
0.92 (0.79, 1.07)
0.73 (0.57, 0.93)
0.97 (0.81, 1.16)
1.01 (0.93, 1.09)
0.99 (0.90, 1.11)
0.96 (0.82, 1.12)
1.10 (0.93, 1.29)

p-value

0.039
0.283
0.011
0.718
0.813
0.923
0.593
0.259

Sub-distribution
Adjusted

sHR (95% Cl)*
0.90 (0.81-1.00)
0.93 (0.80-1.09)
0.74 (0.58-0.94)
0.98 (0.82-1.17)
1.02 (0.95-1.11)
1.01 (0.91-1.12)
0.97 (0.83-1.13)
1.13 (0.96-1.33)

p-value

0.060
0.379
0.015
0.825
0.526
0.890
0.705
0.146

**Adjusted for baseline age, sex, ethnicity, systolic blood pressure, total cholesterol, body mass index,
diabetes, smoking status, years of education (socio-economic status), and lipid lowering arm
randomisation

Figure 7: Cumulative hazard plots by BPLA group for stroke death for each
method
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2.8.3.3 Alternative measures to the hazard ratio for describing randomised BPLA
treatment differences
Three alternative approaches to the Cox PH model were used to quantify survival
and estimate differences between treatment groups. As seen in previous analyses,
with each different approach to survival analysis there was evidence of a beneficial
effect on stroke related mortality associated with being in the amlodipine-based
group compared to the atenolol-based group. In milestone analysis the stroke-
related mortality cumulative incidence at 18-years post-randomisation was 4.53%
in the atenolol-based group and 3.27% in the amlodipine-based group, an
estimated reduction of 1.25% associated with randomisation to the amlodipine-
based arm (p=0.013). For overall mortality from any CV-related cause, there was
also a decrease in cumulative incidence associated with the amlodipine-based
group, an estimated decrease of 1.15%, but there was weak evidence for this

difference (p=0.250).

In restricted mean survival time analysis, there was an estimated increase in mean
survival time for stroke-related mortality over 18 years by close to a month (26.48
days) in the amlodipine-based arm (p=0.045). Similarly, for death from any CV-
related cause, there was also an increase in survival time by an estimated 31.61
days in the amlodipine-based group, but there was weak evidence for this

(p=0.250).
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The amlodipine-based group was associated with a relative decrease in hazard of
stroke-related mortality by an estimated 27%, and in this analysis the group was
associated with increased stroke-related mortality failure time, by an estimated 21%

(p=0.012).

The accelerated failure time approach also gave evidence of an overall CV-related
mortality effect, with an estimated relative increase in failure time of 7% associated

with the amlodipine-based group (p=0.042, see Table 5).
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Table 5: Alternative measures of randomised treatment effect on survival

Milestone at 18 years Mean survival time (days), restricted = Accelerated failure time (Weibull
to 18 years Distribution)
Cause of death Percentage difference p-value Mean event-free p-value Failure time ratio p-value
(95%Cl) survival time difference (95%Cl)
(95%Cl)
All-cause -0.12 (-2.33, 2.10) 0.916 19.68 (-55.97,95.33) 0.610 1.02 (0.98, 1.05) 0.317
cv -1.15 (-3.10, 0.81) 0.250 31.61 (-22.44, 86.05) | 0.250 1.07 (1.00, 1.13) 0.042
CHD -0.08 (-1.55, 1.39) 0.916 2.09 (-39.24, 43.43) 0.921 1.06 (0.95, 1.17) 0.295
Stroke -1.25 (-2.24, -0.27) 0.013 26.48 (0.54, 52.42) 0.045 1.21 (1.04, 1.41) 0.012
Other CV -0.03 (-1.39, 1.33) 0.967 5.90 (-24.28, 36.08) 0.702 1.02 (0.93, 1.11) 0.727
Non-CV 0.80(-1.42, 3.02) 0.478 -8.82 (-74.47, 56.84) 0.792 0.99 (0.96, 1.04) 0.803
Cancer -0.38 (-2.30, 1.54) 0.701 -16.04 (-71.07, 38.99) 0.568 1.00 (0.94, 1.07) 0.925
Respiratory/infection 0.03 (-1.53, 1.59) 0.970 24.81 (-7.77, 57.40) 0.136 1.02 (0.96, 1.08) 0.586
Other non-CV 1.50 (0.08, 2.92) 0.039 -20.40 (-54.26, 13.46) 0.238 0.95 (0.88, 1.03) 0.240
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Figure 8 presents two graphs from an analysis conducted on stroke-related
mortality using a flexible parametric model. In this model, each BPLA group had
their own baseline hazard, each modelled using a restricted cubic spline function
with 3 knots (knot positions at the 25th, 50th, and 75th percentiles). Hence, the
relative hazard was not constrained to be proportionate, but was dependent on
time. The top plot presents the HR over time, which does not appear to vary to a
huge extent over the 20-year follow-up, with the estimated HR ranging from about
0.80 to around to 0.60, with the effect consistently remaining in favour of the
amlodipine arm throughout. There even appears to be a slight indication of an
increased effect in the later years. The solid line in the plots represents the

adjusted HR over time and the dashed lines are the 95% CI boundaries.

The bottom plot shows how the difference in RMST between groups varies over
time. With a sustained effect over time, the difference in mean survival time is
expected to continue to increase, but it appears that there may be some slight
acceleration in effect in later years, the difference growing somewhat exponentially
in favour of the amlodipine group over time. Indeed, these remains fairly weak
evidence of a difference in RMST between groups over most of follow-up until it

becomes stronger at about 17 to 18-years post-randomisation.
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Figure 8: Plots of time-dependent HR and difference in RMST over all follow-up

time, estimated from a flexible parametric model
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