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Abstract 

Background 

 

The development of heart failure and reduced ejection fraction (HFrEF) in 

survivors of myocardial infarction occurs as a result of progressive left 

ventricular dilatation and a reduction in systolic function, a process commonly 

referred to as adverse left ventricular remodelling. One of the earliest advances 

in the management of myocardial infarction was the finding that the angiotensin 

converting enzyme (ACE) inhibitor captopril which inhibits the maladaptive 

activation of the renin-angiotensin system (RAS) promoting the process of 

adverse remodelling, reduced the risk of heart failure and mortality by 

attenuating progressive ventricular enlargement. Subsequently, the angiotensin 

receptor blocker valsartan (in a dose of 160 mg twice daily) was shown to be as 

effective as captopril in preventing adverse clinical outcomes after myocardial 

infarction. Beta-blockers are believed to have similar benefits as a result of 

attenuating the harmful actions of excessive activation of the sympathetic 

nervous system (SNS). 

 

Not all neurohumoral activation following myocardial infarction (and in heart 

failure) is harmful. The natriuretic peptides are released in response to 

increased left atrial and ventricular wall stress and counteract the harmful 

effects of RAS and SNS activation through natriuretic, vasodilatory, anti-fibrotic 

and sympatholytic effects. Endogenous levels of the natriuretic peptides (along 

with a range of other potentially cardioprotective peptides) can be increased by 

preventing their breakdown by the enzyme neprilysin.  

 

In patients with symptomatic HFrEF, the combined angiotensin receptor-

neprilysin inhibitor sacubitril/valsartan (dosed 97/103mg twice daily), compared 

with the gold-standard ACE inhibitor enalapril, has been demonstrated to reduce 

the risk of worsening heart failure and cardiovascular death. It may be that part 

of the clinical benefits of sacubitril/valsartan (i.e., the addition of neprilysin 

inhibitor), relate to a favourable reverse remodelling effect. Therefore, the 

addition of a neprilysin inhibition to a RAS inhibitor in high-risk patients 

following myocardial infarction may result in greater attenuation of adverse left 
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ventricular remodelling than RAS inhibition alone, and potentially reduce the 

attendant risk of the development of HFrEF 

 

Aim 

 

To examine the effect of neprilysin inhibition on left ventricular remodelling in 

patients with asymptomatic left ventricular systolic dysfunction late after 

myocardial infarction using the gold-standard method, cardiac magnetic 

resonance imaging (MRI). 

 

Methods 

 

I performed a prospective, randomised, double-blind, active-comparator trial 

comparing sacubitril/valsartan 97/103mg twice daily with valsartan 160mg twice 

daily in patients at least 3 months following an acute myocardial infarction with 

a left ventricular ejection fraction (LVEF) less than, or equal to 40% who were 

taking a RAS inhibitor (equivalent dose of ramipril ≥2.5mg twice daily), and a 

beta-blocker unless contraindicated or intolerant. Patients in New York Heart 

Association (NYHA) functional classification II or greater were excluded. The 

primary endpoint was change from baseline to 52-weeks in left ventricular end-

systolic volume index (LVESVI) measured using cardiac MRI. Secondary endpoints 

included other MRI measurements of left ventricular remodelling, change in NT-

proBNP (a marker of left ventricular wall stress) and hs-TnI (a marker of 

myocardial injury), and a patient global assessment of change questionnaire. In 

exploratory analyses, I also examined the effect of neprilysin inhibition on a 

range of circulating biomarkers relating to substrates for neprilysin and 

myocardial fibrosis. 

 

Results  

 

In the 93 randomised patients, mean age was 60.7±10.4 years, median time from 

myocardial infarction 3.6 years (interquartile range [IQR] 1.2-72), mean LVEF 

36.8%±7.1, median NT-proBNP 230pg/ml (IQR 124-404) and a beta-blocker was 

taken by 94% of patients.  
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Sacubitril/valsartan, compared with valsartan, did not significantly reduce 

LVESVI; between-group difference -1.9ml/m2 (95%CI -4.8, 1.0); p=0.19. A 

reduction in LVESVI was seen with sacubitril/valsartan in those with NT-proBNP 

levels greater than or equal to the median than those below (interaction 

p=0.036). There were no significant between-group differences in NT-proBNP, 

hs-TnI, left ventricular end-diastolic volume index, left atrial volume index, 

LVEF, left ventricular mass index, or patient global assessment of change.  

 

Sacubitril/valsartan, compared with valsartan, significantly increased levels of 

atrial natriuretic peptide (ANP) (p=0.013), a substrate for neprilysin, and its 

intracellular secondary messenger urinary cyclic guanosine monophosphate 

(cGMP) (P=0.001), indicating increased natriuretic peptide bioactivity. 

Midregional pro-atrial natriuretic peptide (MR-proANP), which is not a substrate 

for neprilysin, was significantly reduced with sacubitril/valsartan (P=0.009) and 

may reflect a reduction in left ventricular filling pressures. No significant 

increase in B-type natriuretic peptide (BNP) was observed which was consistent 

with the greater affinity neprilysin has for ANP relative to BNP. Midregional 

proadrenomedullin (MR-proADM) (P<0.001), glucagon-like peptide-1 (GLP-1) 

(P<0.001) and galectin-3 (P=0.045) were increased with sacubitril/valsartan, as 

compared with valsartan. No significant favourable changes were seen with the 

addition of a neprilysin inhibitor in biomarkers of profibrotic processes. 

 

Conclusion 

 

In patients with asymptomatic left ventricular systolic dysfunction late after 

myocardial infarction, treatment with sacubitril/valsartan compared with 

valsartan alone (i.e., the addition of a neprilysin inhibitor) did not have a 

significant reverse remodelling effect and did not reduce biomarkers of left 

ventricular wall stress (NT-proBNP) or myocardial injury (hs-TnI) despite 

augmenting natriuretic peptide activity. 
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Chapter 1 Introduction 

1.1 Background 

The last fifty years have seen a substantial reduction in deaths due to 

cardiovascular disease in the United Kingdom (UK) due to improvements in both 

primary prevention (i.e., better management of cardiovascular risk factors 

including hypertension and hypercholesterolaemia, along with a reduction in 

smoking rates) and secondary prevention. In 1961 more than half of all deaths in 

the UK were attributable to cardiovascular disease, and in the following sixty 

years this proportion has approximately halved, with most recent estimates 

reporting that 27% of all deaths in the UK are due to cardiovascular disease.1 

Furthermore, improvements in life expectancy mean that the annualised rate of 

death from cardiovascular diseases has declined by more than three-quarters 

over the last fifty years.1 Similar trends have been reported across the world.2 

The most common cause of cardiovascular death in the UK is ischaemic heart 

disease, which is second only to Alzheimer’s disease/dementia as the most 

common cause of death.3 However, despite these improvements in mortality 

rates in the United Kingdom and elsewhere, ischaemic heart disease remains the 

most common cause of death in adults worldwide, accounting for an estimated 

9.1 million deaths per year (1 in 6 of all deaths).4 

Myocardial infarction, the most common acute presentation of ischaemic heart 

disease, accounts for over 100 000 admissions to hospitals in the UK each year.1 

In the United States, it is estimated that an individual has a myocardial 

infarction approximately every forty seconds.2 The incidence of myocardial 

infarction has been reported to have declined over the last 40 years; in the US, 

the incidence of hospitalisation for myocardial infarction in Medicare 

beneficiaries fell between 2002 and 2011 from 1485 to 1122 per 100 000 person-

years.5 Along with improvements in secondary preventative pharmacological 

therapy, increased access to and use of emergent coronary reperfusion therapy, 

initially with thrombolysis and most recently with percutaneous coronary 

intervention, has reduced the risk of mortality associated with acute myocardial 

infarction.6–11 Furthermore, changes in the clinical presentation of myocardial 

infarction with a reduction in the proportion of ST-elevation myocardial 

infarction (STEMI), which is associated with a higher risk of early mortality, and 
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an increase in the rates of non-ST-elevation myocardial infarction (NSTEMI) are 

also thought to have contributed to the observed decline in mortality rates from 

myocardial infarction.12 As a result of this reduction in the risk of death, a 

greater proportion of patients are surviving myocardial infarction with a degree 

of left ventricular damage (i.e. left ventricular systolic dysfunction) who 

previously may not have survived. Indeed, it is estimated that around 1.4 million 

people alive in the UK currently have survived a myocardial infarction.1  

The presence of left ventricular systolic dysfunction after myocardial infarction 

is associated with a higher risk of the subsequent development of heart failure 

with reduced ejection fraction (HFrEF).13,14 Following MI, a series of 

haemodynamic and structural changes occur in response to a reduction in stroke 

volume secondary to impaired systolic function in the area of myocardium 

subtended by the infarct-related artery. This process is referred to as “left 

ventricular remodelling”.15–17 Initially protective, these changes, which are 

driven by activation of the body’s neurohumoral systems, become maladaptive 

over time and promote progressive dilatation of the left ventricle, further 

reductions in the left ventricular ejection fraction (LVEF) and, ultimately, the 

development of the signs and symptoms of the syndrome of HFrEF. 

Along with more survivors of MI, an increasing elderly population and growing 

prevalence of comorbidities such as diabetes, obesity, and chronic kidney 

disease, all of which are associated with a greater risk of the development of 

heart failure following MI, have led to concerns that the prevalence of heart 

failure may increase in the coming years. Indeed, in the UK, despite a modest 

decline in the overall age and sex standardised incidence of heart failure 

between 2002 to 2014, the incidence in patients aged 85 years or older 

increased, which, alongside a growing elderly population and improved survival 

following a diagnosis of HF, resulted in a 23% increase in the absolute number of 

patients with HF.18 As well as having a significant impact on patients health and 

well-being, the rising prevalence of heart failure presents a significant 

socioeconomic burden; heart failure hospitalisations are estimated to account 

for approximately 2% of all UK National Health Service (NHS) inpatient bed days, 

5% of all emergency admissions and approximately 2% (£2 billion) of the total 

NHS budget.19 



 
 

 

25 

Therefore, the prevention of the development of heart failure in high-risk 

patients following myocardial infarction (i.e., those with evidence of left 

ventricular systolic dysfunction) is a key therapeutic target. This thesis will 

examine the temporal trends in the development of heart failure following 

myocardial infarction in Scotland and discuss the potential role of 

pharmacological inhibition of the enzyme neprilysin in attenuating the process of 

adverse left ventricular remodelling in high-risk patients following myocardial 

infarction. The experimental data presented will also provide novel insights into 

the mechanisms of action of neprilysin inhibition. 

1.2 Left ventricular remodelling  

Cardiac remodelling has been defined as the process of genomic, molecular, 

cellular, extracellular and neurohumoral changes which result in changes in the 

size, shape, and function of the heart in response to cardiac injury.20 Cardiac 

remodelling is a physiological response that aims to maintain or increase cardiac 

output and can be a normal physiological adaptation (e.g. in athletes or as part 

of normal growth) or a pathological response to increased cardiac afterload (e.g. 

hypertension or aortic stenosis), volume overload (e.g. aortic regurgitation), 

myocardial infarction or ischaemia, inflammation (myocarditis) or as a result of 

inherited cardiomyopathies (e.g. hypertrophic cardiomyopathy due to MYH7 or 

MYBPC3 genetic mutations among others, and dilated cardiomyopathy secondary 

to mutations in the LMNA gene among others) or idiopathic dilated 

cardiomyopathy.  

Traditionally, three different remodelling phenotypes have been proposed: 1) 

concentric remodelling, in which cardiac myocytes thicken and expand into the 

left ventricular cavity in response to an increase in pressure or afterload (e.g. 

hypertension or aortic stenosis); 2) eccentric remodelling, where the cardiac 

myocytes lengthen due to volume overload of the left ventricle (e.g. aortic 

regurgitation); and 3) mixed load remodelling where there is an increase in both 

cardiac preload and afterload, as occurs in post-myocardial infarction 

remodelling.21 Remodelling of all cardiac chambers can occur, but the focus of 

this thesis is the process of pathological remodelling of the left ventricle which 

is the key driver in the development of HFrEF following myocardial infarction.  
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1.2.1 Left ventricular remodelling following myocardial infarction  

Acute myocardial infarction, most often due to the acute occlusion of an 

epicardial coronary artery, begins a series of changes in both the infarct zone 

and non-infarct zone myocardium which result in pathological remodelling of the 

left ventricular myocardium.17,22 This process of adverse left ventricular 

remodelling can be separated into the early remodelling phase occurring in the 

minutes, hours and days following acute infarction, and the late remodelling 

phase which takes place during the weeks, months and years following 

infarction.  

Key to understanding the remodelling process is an appreciation of the basic 

structure of the myocardium which can be separated into three main 

components: cardiac myocytes, the extracellular matrix, and the capillary 

microcirculation.23 Cardiac myocytes are terminally differentiated cells whose 

primary function are to produce tension by shortening and thereby provide the 

contractile function of the heart. The extracellular matrix consists of 

predominantly type I and III collagen fibres which act as a scaffold between 

cardiomyocytes and their blood supply which is provided by a capillary 

microcirculation derived from the coronary arteries. 

1.2.1.1 Early remodelling following myocardial infarction 

The early phase of pathological left ventricular remodelling following myocardial 

infarction occurs due to the loss of functional cardiac myocytes in both the 

infarct and peri-infarct zones, a reduction in cardiac function secondary to 

changes in loading conditions, and the subsequent activation of the body’s 

neurohumoral systems.  

Interruption of the blood supply to the area of myocardium subtended by the 

infarct-related artery results in a reduction in oxygen supply, apoptosis and 

necrosis of the infarct zone cardiac myocytes resulting in an acute reduction in 

myocardial contraction and left ventricular systolic function.24 An increase in 

macrophages, neutrophils, monocytes and fibroblasts in the infarct zone results 

in an inflammatory response that activates the matrix metalloproteinases 

(MMPs).25 The MMPs are a group of proteases that breakdown the collagen struts 
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holding together cardiomyocytes and their activation, along with the mechanical 

stress of collagen fibres due to elevated ventricular wall stress, results in 

expansion of the infarct due to myocyte slippage in the hours following 

infarction with subsequent thinning of the myocardium.26 As well as altered 

intra-cardiac loading conditions (increased left ventricular volumes and wall 

tension), this loss of functioning myocytes results in a reduction in stroke volume 

(the proportion of the left ventricular end-diastolic volume ejected from the 

heart during systole) and therefore, cardiac output.  

A reduction in cardiac output results in activation of the sympathetic nervous 

system (increasing plasma norepinephrine concentrations) and the renin-

angiotensin system (RAS) (Figure 1-1). Increased norepinephrine aims to preserve 

cardiac output by increasing heart rate and contractility (i.e., increased 

chronotropy and inotropy). It also has deleterious effects by increasing RAS 

activation and the release of endothelin 1, a powerful vasoconstrictor that 

increases cardiac afterload, as well as promoting further activation of the 

MMPs.27 Activation of the RAS results in increased production of angiotensin II 

and aldosterone, which aim to preserve organ perfusion via vasoconstriction and 

increased sodium reabsorption increasing the circulating blood volume and 

systemic blood pressure. 

These responses are initially protective with cardiac output maintained through 

the Frank-Starling mechanism, however progressive myocyte death and 

ventricular dilation can ultimately result in a reduction in cardiac output with 

the subsequent development of the signs and symptoms of HFrEF. In response to 

the maladaptive activation of the sympathetic system and RAS, the body aims to 

counteract the harmful increase in cardiac preload and afterload through release 

of the natriuretic peptides, a group of cardioprotective vasoactive peptides that 

promote natriuresis, vasodilatation and have sympatholytic, anti-hypertrophic 

and anti-fibrotic effects – their role in protecting against adverse cardiac 

remodelling will be discussed further in the following sections.28 

However, it is also important to highlight that not all left ventricular dysfunction 

following myocardial infarction is secondary to myocardial necrosis; a degree of 

reversible dysfunction can be secondary to the phenomenon known as 

“myocardial stunning”.29 This explains why a significant proportion of patients 
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with left ventricular systolic dysfunction measured early following myocardial 

infarction can experience complete recovery within days and weeks following 

infarction.30 

1.2.1.2 Late remodelling following myocardial infarction 

Late ventricular remodelling refers to global ventricular dilatation, myocyte 

hypertrophy and the formation of a collagen scar in the infarct and peri-infarct 

zone which occurs in the weeks, months and years following acute infarction.22 

The law of Laplace states that ventricular wall tension is directly proportional to 

intra-ventricular pressure and size.31 Therefore, as the ventricle dilates 

following myocardial infarction as described above, in an effort to maintain 

intraventricular pressure, hypertrophy of the non-infarct zone myocytes occurs. 

As well as this mechanical trigger, chronic neurohumoral activation of both the 

sympathetic nervous system and RAS stimulate myocyte hypertrophy and 

increase ventricular loading which furthers dilatation of both the infarct and 

non-infarct zone myocardium. After the initial breakdown of collagen in the 

hours following infarction by the MMPs, the tissue inhibitors of 

metalloproteinases (TIMP), prevent further collagen degradation with evidence 

of increased circulating TIMP within hours of infarction, peaking by 48 hours and 

returning to normal levels within 14 days.25,32 The cytokine transforming growth 

factor beta 1 (TGF-β1) is released shortly after infarction and promotes the 

proliferation of fibroblasts which begin the process of tissue repair and 

reparative fibrosis.33 Myofibroblasts synthesise type I and III collagen which 

adheres to a fibrin-fibronectin matrix and this process of collagen deposition and 

the creation of myocardial scar is stimulated by aldosterone and angiotensin II.34 

The effect of the inhibition of these neurohormones in the post-myocardial 

infarction setting will be discussed in the following sections. The non-tensile 

collagen scar which replaces the infarcted, necrotic myocardium aims to provide 

structural integrity to the infarct zone, however ongoing neurohumoral 

activation results in remote non-infarct zone fibrosis, further worsening systolic 

function and promoting ventricular dilatation.17,22,35 Ultimately, this progressive 

deterioration in left ventricular systolic function can lead to the development of 

the signs and symptoms of the syndrome of HFrEF with the resultant elevated 

risk of hospitalisation and death. 
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Figure 1-1 Neurohumoral activation in response to a reduction in cardiac 

output and the effect of pharmacological neurohumoral antagonists 

 

 

Blue lines indicate activating pathways and red lines indicated an inhibitory 

effect. 

Abbreviations: ACE, angiotensin converting enzyme; AT1R, angiotensin type 1 

receptor; ARNI, angiotensin receptor-neprilysin inhibitor. 
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1.2.2 Epidemiology of left ventricular remodelling and heart 
failure following myocardial infarction 

The degree of adverse left ventricular remodelling measured in both the early 

and late time periods is one of the key determinants of outcome following acute 

myocardial infarction.13,36–38 The majority of data on the epidemiology of left 

ventricular systolic dysfunction following myocardial infarction is from the pre-

primary percutaneous coronary intervention (PPCI) era when patients were 

treated with thrombolytics and did not receive contemporary pharmacotherapy 

with RAS inhibitors, beta-blockers and, where indicated, mineralocorticoid 

receptor antagonists.37 The incidence of left ventricular systolic dysfunction was 

much higher then, than that seen in contemporary populations, where the 

majority of patients received reperfusion therapy. In a substudy of patients who 

received reperfusion therapy in the Healing and Early Afterload Reducing 

Therapy (HEART) which studied patients following an anterior Q-wave 

myocardial infarction, 65% of patients received thrombolysis alone, 15% had PPCI 

alone, and 8% had both.30 At day 1 following myocardial infarction, only 3.4% of 

patients had a normal left ventricular ejection fraction as measured by 

echocardiography (>55%). Of patients with a depressed left ventricular ejection 

fraction at baseline, 36% of patients had a partial recovery and 22% a complete 

recovery in left ventricular function after 90 days following infarction (i.e., over 

half of patients with depressed function had some degree of improvement). At 

the same time point, 16% of patients had a deterioration in left ventricular 

ejection fraction of 5% or greater.30  

In a contemporary Dutch registry population of almost 2000 patients presenting 

with a STEMI and treated with PPCI, 95% and 97% of whom were treated with a 

beta-blocker and a RAS inhibitor, respectively, approximately one-half of 

patients were seen to adversely remodel within the first year after infarction 

with an increase in left ventricular end-diastolic volume (LVEDV) of ≥20%.39 Of 

those who did have a significant increase in ventricular volume, this increase 

was evident in the majority (69%) by 3 months following infarction. Compared to 

those who did not remodel, remodellers had a higher incidence of heart failure 

hospitalisation during 10 years of follow-up with a cumulative incidence of 9% 

compared with 4% in those who did not have evidence of adverse remodelling. 

The findings of this registry were similar to an Italian study of acute myocardial 
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infarction patients who received PPCI.40 In another contemporary study using 

cardiac magnetic resonance imaging (MRI) in Glasgow, 25% of revascularised 

STEMI patients had evidence of adverse remodelling at 6 months, a similar 

proportion to that seen in the two registries described above.41 In the PREDiction 

of ICd Treatment Study (PREDICTS), of those with an ejection fraction of ≤35% at 

the time of MI, at 90-days 43% of patients had persistent ejection fraction ≤35%, 

31% had an ejection fraction of 36% to 49%, and 26% had an ejection fraction 

≥50%.42 

The data presented above show that approximately between 25-50% of patients 

have evidence of adverse left ventricular remodelling on serial imaging studies 

performed within the first year following myocardial infarction. However, the 

process of adverse remodelling does not stop after one year as demonstrated in 

the Survival and Ventricular Enlargement (SAVE) trial, where progressive 

ventricular dilatation was seen to continue in the second year following 

infarction and was associated with a higher risk of adverse outcomes including 

heart failure and cardiovascular death.37 

The prevalence of asymptomatic left ventricular systolic in long-term survivors 

of myocardial infarction and risk of progression to heart failure is not well 

documented. In a meta-analysis of studies reporting community prevalence of 

asymptomatic left ventricular systolic dysfunction, patients with a depressed 

left ventricular ejection fraction were at an almost 5-fold higher risk of the 

development of symptomatic heart failure compared to those without, however 

most of these studies excluded patients with a history of coronary artery disease 

including myocardial infarction.43 Perhaps the best evidence with regards to the 

risk of progression to symptomatic heart failure in patients with asymptomatic 

left ventricular systolic dysfunction measured late after a myocardial infarction 

is provided by the Prevention arm of the Studies of Left Ventricular Dysfunction 

(SOLVD) program.44 The SOLVD-Prevention trial compared the angiotensin-

converting enzyme (ACE) inhibitor enalapril with placebo in 4228 patients with a 

left ventricular ejection fraction of 35% or less, 80% of whom had had a prior 

myocardial infarction (but not within the 30 days prior to screening). It is worth 

highlighting however that it can be assumed the use of reperfusion therapy in 

this population was minimal as the trial enrolled in the late 1980s and 
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furthermore, just under a quarter of patients were taking a beta-blocker at 

baseline. Also of note was that although these patients were “asymptomatic”, a 

third were classed to be in New York Heart Association functional limitation class 

II (i.e., slight limitation of physical activity with ordinary physical activity 

resulting in fatigue, palpitation, or dyspnoea). During a mean follow-up of 37 

months, 24.5% and 20.6% of patients in the placebo and enalapril groups, 

respectively, were hospitalised for heart failure.44 The equivalent data for death 

from cardiovascular causes were 14.1% and 12.6%.  

Therefore, the available data show that a significant proportion of patients 

develop progressive adverse left ventricular remodelling following an acute 

myocardial infarction despite emergent coronary reperfusion and modern 

pharmacological secondary prevention. The development of adverse left 

ventricular remodelling is associated with worse outcomes and the prevention of 

progressive adverse left ventricular remodelling should therefore be a focus for 

improving outcomes for patients following myocardial infarction. In Chapter 2, I 

will describe the epidemiological trends in heart failure following myocardial 

infarction in Scotland between 1991 and 2015, a period covering the pre-

reperfusion era, the introduction of emergency reperfusion therapy and modern-

day clinical practice. 

1.2.3 Preventing adverse left ventricular remodelling following 
myocardial infarction 

One of the first major therapeutic advances in the management of acute 

myocardial infarction was the demonstration that inhibition of the RAS with the 

ACE inhibitor captopril reduced the risk of mortality and the development of 

heart failure in patients with left ventricular systolic dysfunction as a result of 

acute myocardial infarction.45,46 This beneficial effect of captopril was related 

to its ability to attenuate the process of adverse left ventricular 

remodelling.38,45,47 Following this, a range of interventions aiming at minimising 

infarct size along with pharmacological inhibitors of the neurohumoral activation 

which drives the process of adverse left ventricular remodelling have been 

shown to improve outcomes in patients at high risk of heart failure as a result of 

acute myocardial infarction (Figure 1-1). Furthermore, the same neurohumoral 

antagonists are beneficial in patients with established chronic HFrEF, a finding 
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which is of no surprise, given the common pathophysiological process of 

progressive left ventricular remodelling underpins both the development of 

HFrEF and the worsening of established HFrEF. 

1.2.3.1 Coronary reperfusion therapy 

The occlusion of an epicardial coronary artery and resulting impairment of 

coronary blood flow is the first step in the sequence of events that lead to the 

development of heart failure as a result of progressive ventricular dilatation and 

impaired systolic function, i.e., adverse left ventricular remodelling. One of the 

earliest developments in our understanding of the pathophysiology of left 

ventricular remodelling following acute infarction was the demonstration by 

Maroko and Braunwald in 1973, that in a canine model of myocardial infarction 

the reperfusion of an occluded infarct-related artery resulted in a reduction in 

the size of infarct.48 Subsequently, the finding by Pfeffer and colleagues that a 

smaller infarct size was associated with a lesser degree of systolic dysfunction 

and lower risk of mortality in rat models of infarction, led to the development of 

the “open artery hypothesis” which theorised that early reperfusion of the 

infarct-related artery would minimise infarct size and thereby reduce the 

associated risk of mortality and the development of heart failure.49,50  

Subsequently, the early administration of intravenous thrombolytic agents to 

patients with an acute STEMI was shown to reduce the risk of mortality in the 

GISSI (Gruppo Italiano per lo Studio della Streptochinasi nell'Infarto Miocardico) 

and ISIS-2 (Second International Study Of Infarct Survival) randomised-controlled 

trials.51,52 This finding was replicated in a series of later randomised-controlled 

trials using a range of other thrombolytic agents as well as the finding that 

early, pre-hospital thrombolysis, compared with in-hospital thrombolysis, 

significantly reduced mortality by 17%, highlighting the importance of the early 

opening of the occluded infract-related artery.53 Furthermore, thrombolysis 

which resulted in complete opening of the infarct-related artery resulted in a 

greater improvement in the left ventricular ejection fraction than in patients 

with partial or no reperfusion.54 

Following the widespread adoption of thrombolysis into clinical practice, 

advances in technology and clinical experience led clinicians to explore a 



 
 

 

34 

percutaneous method of restoring coronary artery flow, firstly with balloon 

angioplasty and latterly with coronary stents. In a meta-analysis of 23 trials, 

Keeley et al. demonstrated that PPCI was superior to thrombolytic therapy in 

reducing the risk of death, non-fatal reinfarction and stroke.55 Furthermore, 

PPCI resulted in a reduction in infarct size, and less adverse remodelling than 

thrombolysis.56 Accordingly, PPCI is now the standard care for patients 

presenting with ST-elevation myocardial infarction. 

1.2.3.2 Renin angiotensin system 

As described above, activation of the RAS is a key driver of infarct enlargement 

and progressive ventricular dilation and remodelling which portends the 

development of heart failure following myocardial infarction. Building on 

experimental preclinical work in animal models of infarction, Pfeffer et al. were 

the first to demonstrate in the SAVE trial that inhibition of activation of the RAS 

with the ACE inhibitor captopril reduced morbidity and mortality in survivors of 

acute myocardial infarction with left ventricular systolic dysfunction.46 This 

finding was replicated with two other ACE inhibitors in the AIRE (ramipril) and 

TRACE (trandolapril) trials and with the angiotensin II type 1 receptor (AT1R) 

inhibitor (ARB) valsartan in the Valsartan in Acute Myocardial Infarction Trial 

(VALIANT).46,57–59 In the SAVE trial, the benefit of captopril was related to its 

effect in attenuating ventricular dilatation following MI, i.e., attenuation of 

adverse remodelling.38 Furthermore in the VALIANT trial, the remodelling effect 

of the ARB valsartan was equivalent to that of captopril.13  

In patients with asymptomatic left ventricular systolic dysfunction 

(approximately 80% of who had a prior myocardial infarction), the ACE inhibitor 

enalapril was shown to reduce the risk of heart failure hospitalisation in the 

Prevention arm of the Studies Of Left Ventricular Dysfunction (SOLVD) trial.44 

The degree of left ventricular dilatation and dysfunction was less in the 

Prevention (asymptomatic) arm of the trial as compared with the Treatment 

(symptomatic) arm, however enalapril had a beneficial effect on attenuating 

progressive left ventricular dilatation in both asymptomatic and symptomatic 

patients.60 
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Activation of the RAS can also be inhibited by blocking the proximal rate-limiting 

step in the production of angiotensin II with a direct renin inhibitor. In the 

Safety and Efficacy of Aliskiren in Post Myocardial Infarction Patients (ASPIRE) 

placebo-controlled trial, the addition of the direct renin inhibitor aliskiren to 

standard therapy with an ACE inhibitor or ARB, and a beta-blocker did not have 

any additional beneficial remodelling effect despite evidence of additional RAS 

blockade (increased frequency of hypotension and increases in creatinine and 

serum potassium).61 

1.2.3.3 Sympathetic nervous system 

Beta-blockers inhibit the sympathetic nervous system activation which occurs in 

response to a reduction in cardiac output and activation of the RAS as a result of 

left ventricular systolic dysfunction following myocardial infarction and in 

patients with chronic symptomatic HFrEF. The Carvedilol Post-Infarct Survival 

Control in LV Dysfunction (CAPRICORN) trial examined the effect of the beta-

blocker carvedilol compared with placebo in patients with left ventricular 

systolic dysfunction following acute myocardial infarction. When added to a RAS 

inhibitor, carvedilol significantly reduced the risk of mortality by 23% with no 

significant effect on the incidence of heart failure hospitalisation.62 In a substudy 

of 127 patients enrolled in the CAPRICORN trial, carvedilol had a significant 

beneficial effect on preventing adverse remodelling as measured using 

echocardiography with significantly lower left ventricular end-systolic volumes 

and higher ejection fraction in patients treated with carvedilol as compared with 

placebo.63 In patients with asymptomatic left ventricular systolic dysfunction, 

94% of whom were taking an ACE inhibitor or ARB at baseline, the beta-blocker 

metoprolol succinate has been shown to have a significant reverse remodelling 

effect as compared with placebo in the REversal of VEntricular Remodeling with 

Toprol-XL (REVERT) Trial.64 

1.2.3.4 Mineralocorticoid receptor antagonists 

As described previously, increased aldosterone production plays a key role in 

infarct expansion and the progression of left ventricular dilatation and 

myocardial fibrosis following myocardial infarction. Following the demonstration 

that inhibition of the effect of aldosterone with the mineralocorticoid receptor 
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antagonist (MRA) spironolactone reduced mortality and prevented heart failure 

hospitalisation in HFrEF patients when added to a RAS inhibitor, the potential 

role of an MRA in reducing adverse outcomes in high-risk survivors of acute 

myocardial infarction was examined in the Eplerenone Post-AMI Heart Failure 

Efficacy and Survival Study (EPHESUS).65 In acute myocardial infarction patients 

with left ventricular systolic dysfunction and heart failure or diabetes, the MRA 

eplerenone, compared with placebo, significantly reduced mortality and 

cardiovascular hospitalisations.65 The additive remodelling effect of eplerenone, 

however, appears to be less than that of RAS inhibitors or beta-blockers; in a 

small trial of non-diabetic patients with asymptomatic left ventricular systolic 

dysfunction immediately following myocardial infarction, eplerenone had a 

minimal effect on attenuating adverse remodelling which was only statistically 

significant after covariate adjustment.66 A similar minimal reverse remodelling 

effect with MRA in HFrEF patients has also been reported suggesting that the 

predominant benefits of this class of drugs may relate to other mechanisms of 

action such as a reduction in fibrosis which can reduce the risk of fatal 

ventricular arrhythmias, reduced sympathetic drive and a reduction in oxidative 

stress.67,68 

1.3 Natriuretic peptides  

Not all neurohumoral activation following myocardial infarction is harmful. The 

natriuretic peptides are a group of hormones the most important of which are 

thought to be atrial natriuretic peptide (ANP), B-type natriuretic peptide (BNP) 

and C-type natriuretic peptide.  

The first of the natriuretic peptides to be described by De Bold and colleagues in 

1981 was ANP which is encoded by the NPPA gene located on chromosome 1.69 

The other main circulating natriuretic peptide, BNP, is encoded by the NPPB 

gene.70 Translation of NPPA and NPPB results in the production of the precursor 

molecules, preproANP and preproBNP, respectively. PreproANP, a 151 amino 

acid polypeptide is stored in atrial cardiomyocyte granules as proANP (1-126) 

which is created after the removal of a 25-peptide signal sequence from 

preproANP. On release from atrial granules, proANP (1-126) is rapidly degraded 

by the enzyme corin to form the biologically active C-terminal ANP (99-126) and 

an N-terminal prohormone of ANP (1-98) which is biologically inactive.71 ProANP 



 
 

 

37 

is also processed in the kidney which results in an extended 32 peptide bioactive 

ANP molecule known as urodilatin.72 PreproBNP, a 134 amino acid peptide, 

undergoes similar processing to ANP with the removal of a 26 amino acid signal 

peptide resulting in proBNP (1-108). ProBNP undergoes proteolysis by the 

enzymes corin and furin to form bioactive BNP (77-108) and the inactive N-

terminal prohormone of BNP (NT-proBNP [1-76]).73 Unlike proANP, the majority 

of proBNP is not stored in granules but is transcribed in response in increased 

ventricular wall stress, although a small amount of BNP is stored in atrial 

granules.74 A third natriuretic peptide, C-type natriuretic peptide (CNP) was also 

discovered circulating at 10 to 1000-fold lower concentrations than the other 

natriuretic peptides.75 CNP is not stored in cardiac tissue but is found in 

chondrocytes, where it stimulates long-bone growth and in the endothelium 

where it causes vasodilation. Unlike ANP and BNP, CNP lacks a C-terminal 

extension which means it does not have the same natriuretic properties as the 

other peptides in this family. 

Release of stored ANP or increased transcription of BNP is stimulated by 

increased cardiac wall stress, such as that seen in the setting of HFrEF or 

following myocardial infarction.76 The three natriuretic peptide binding 

receptors (NPR-A, NPR-B and NPR-C) are cell-membrane bound guanylyl cyclases. 

NPR-A is the predominant receptor for ANP and BNP with a binding potency for 

ANP≥BNP>>CNP, and CNP binds to the NPR-B.76 Binding of the natriuretic 

peptides to their receptor results in guanylyl cyclase mediated conversion of 

guanosine triphosphate (GTP) to cyclic guanosine monophosphate (cGMP). 

Increased intracellular cGMP activates cGMP-dependent protein kinases, cGMP-

regulated cyclic nucleotide phosphodiesterases and cGMP-gated ion channels, 

resulting in a range of physiological effects which will be discussed below. CNP 

acts predominantly via binding to NPR-B. NPR-C, which does not have a guanylyl 

cyclase component, is predominantly a clearance receptor for the natriuretic 

peptides, acting in conjunction with the enzyme neprilysin to breakdown and 

clear the natriuretic peptides from circulation. 

The natriuretic peptides have a wide range of biological effects, many of which 

aim to alleviate the elevated cardiac wall stress which stimulates their 

production and release. Activation of the NPR-A results in smooth muscle 
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relaxation and vasodilatation, increased natriuresis, diuresis and endothelial 

permeability as well as inhibition of the RAS and sympathetic nervous 

system.77,78 ANP and BNP are also thought to prevent adverse cardiac 

remodelling with anti-fibrotic and anti-hypertrophy effects.79 

As well as being a diagnostic tool in the identification of patients with heart 

failure, elevated natriuretic peptide levels are predictors of outcomes in 

patients with HFrEF and following myocardial infarction. In patients with HFrEF, 

elevated natriuretic peptide concentrations are a powerful independent 

predictor of outcome, and a treatment’s effect on reducing NT-proBNP is 

correlated with its treatment effect on reducing the risk of heart failure 

hosptialisation.80 Similarly, when measured in the acute phase following 

myocardial infarction, elevated BNP and NT-proBNP are independent predictors 

of an elevated risk of mortality, heart failure and recurrent myocardial 

infarction.81–83 Furthermore, in the SOLVD registry in which approximately 40% of 

patients were asymptomatic of their systolic dysfunction, elevated ANP 

concentrations were significantly correlated with a greater degree of ventricular 

dilatation and a lower left ventricular ejection fraction.84  

It is important to highlight that elevated levels of natriuretic peptides in these 

settings are a sign of the body’s own cardioprotective efforts to maximise the 

beneficial physiological effects of increased levels of bioactive natriuretic 

peptides. In an effort to maximise these benefits, several pharmacological 

strategies have been examined to augment the body’s endogenous natriuretic 

peptides. The administration of recombinant BNP (nesiritide) or urodilatin 

(ularitide) have not been shown to improve outcomes or symptoms in patients 

with acutely decompensated HFrEF.85,86 In small studies, administration of 

recombinant ANP has been shown to reduce infarct size and attenuate adverse 

left ventricular remodelling following myocardial infarction.87 Another method 

to augment endogenous natriuretic peptide levels and potentially harness their 

cardioprotective effects is to prevent their breakdown by the enzyme neprilysin, 

which will be discussed in the following section. 
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1.4 Neprilysin  

Neprilysin, a zinc-dependant membrane-bound metalloendopeptidase, is an 

endogenous enzyme which is responsible for the breakdown of the natriuretic 

peptides as well as a wide range of substrates including other vasoactive 

peptides such as angiotensin-II, endothelin, adrenomedullin and bradykinin 

(Table 1-1). Since its discovery in rabbits in 1973 in the brush border of renal 

tubular microvilli, neprilysin has been known as a variety of names including NEP 

EC 3.4.24.11, neutral endopeptidase 24.11, endoprotease 24.11, common acute 

lymphoblastic leukaemia antigen (CALLA), neutrophil antigen cluster 

differentiation antigen 10 (CD10), membrane metalloendopeptidase EC 

3.4.24.11, vasopeptidase, atriopeptidase and enkephalinase.88,89 Neprilysin has 

since been discovered to be widely distributed in the body and has a wide range 

of substrates, some of which have important roles in cardiovascular physiology. 

Due to their potential cardioprotective effects, the augmentation of endogenous 

levels of some of the substrates for neprilysin, by inhibiting their breakdown, 

may have benefits in preventing adverse left ventricular remodelling following 

myocardial infarction.  

Neprilysin synthesis 

Neprilysin is coded for by the membrane metalloendopeptidase (MME) gene on 

chromosome 3 (3q25.2).90 It is an integral type II zinc-dependant membrane-

bound metalloendopeptidase which is composed of 749 amino acids.91,92 It is a 

member of the M13 family of peptidases and is composed of a short N-terminal 

cytoplasmic domain, a single transmembrane helix, and a large C-terminal 

extracellular domain with 2 alpha-helical structures, one of which contains a 

solitary zinc atom that is necessary for its catalytic activity. It hydrolyses 

substrates at the amino side of hydrophobic amino acids and can only catabolise 

peptides at a molecular weight of approximately 3000 kDa or below, a limit 

imposed by the size of the catalytic crypt.93–95  

Neprilysin is a ubiquitous enzyme having been found in the brain, thyroid, lungs, 

heart, gastrointestinal tract, adrenal glands, placenta, synovium, kidneys and 

genital tract, as well as in a soluble form in the cerebrospinal fluid, blood, and 



 
 

 

40 

urine.96–103 It is not known how soluble neprilysin is created, however it retains 

catalytic activity, albeit at a lower level of activity than membrane-bound 

neprilysin.97,98  

1.4.1 Substrates for neprilysin 

Over 50 peptides have been identified as substrates for neprilysin. Those thought 

to be relevant to heart failure include the natriuretic peptides, adrenomedullin, 

glucagon-like peptide 1 (GLP-1), apelin, substance P, calcitonin gene-related 

peptide (CGRP), vasoactive intestinal peptide (VIP), angiotensin II, endothelin-I, 

and bradykinin (Table 1-1).  

Table 1-1 Substrates for neprilysin and the potential physiological effects of 

neprilysin inhibition. 

Substrate Potential Effects of Neprilysin 
Inhibition 

Natriuretic peptides (ANP, BNP, CNP, 
urodilatin)  

 Natriuresis 
¯ Renin and aldosterone secretion 
¯ SNS activation 
¯ Cardiac hypertrophy and fibrosis 

Substance P  Vasodilation 
Bradykinin  Vasodilation 
Adrenomedullin  Vasodilation 

¯ Cardiac hypertrophy and fibrosis 
Apelin  Vasodilation 

 Inotropy 
 Aquaresis 
¯ Cardiac hypertrophy and fibrosis 

Glucagon-like peptide-1 (GLP-1)  Glycaemic control 
 Vasodilation 
 Chronotropy 
 Weight loss 
¯ Atherosclerosis 
¯ Cardiac hypertrophy and fibrosis 

Calcitonin gene-related peptide 
(CGRP) 

 Vasodilation 

Vasoactive intestinal peptide (VIP)  Vasodilation 
Angiotensin II  Vasoconstriction 
Endothelin-1  Vasoconstriction 

Abbreviations; ANP, atrial natriuretic peptide; BNP, B-type natriuretic peptide; 

CNP, C-type natriuretic peptide; SNS, sympathetic nervous system. 
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1.4.1.1 Neprilysin and the natriuretic peptides  

The natriuretic peptides are cleared from the circulation by two processes. 

Firstly, clearance by the NPR-C, which has been described above, and secondly, 

enzymatic degradation by neprilysin.104 Under normal conditions, clearance by 

NPR-C and neprilysin occurs equally, however in the elevated natriuretic peptide 

conditions of heart failure when the NPR-C is saturated, neprilysin is thought to 

account for a greater proportion of natriuretic peptide clearance.105 

Neprilysin catabolises all forms of natriuretic peptides but with varying affinity 

for the individual peptides owing to their ability to fit in and be correctly 

orientated within the enzyme’s catalytic cleft.93 For this reason, neprilysin has a 

greater affinity for ANP and CNP than BNP, the longer amino and carboxy tails of 

which curtails the ability of the 17-amino acid ring structure to orientate 

correctly with neprilysin’s catalytic cleft.106–108 The different affinities that 

neprilysin has for the natriuretic peptides explains their different plasma half-

life's; ANP and CNP have half-life’s which are less than four minutes, whereas 

BNP is relatively more stable with a half-life of over twenty minutes.74,108 

1.4.2 Pharmacological inhibition of neprilysin 

Interest in neprilysin inhibition as a potential pharmacological target was 

initially focused on its potential role in lowering blood pressure in patients with 

hypertension as well as being a possible treatment for heart failure. The first 

synthetic neprilysin inhibitor, thiorphan, was demonstrated by Roque and 

colleagues in 1980 to have an antinociceptive action in mice, an action which 

was secondary to inhibition of the breakdown of enkephalins by neprilysin.109 

Subsequently, thiorphan and other synthetic neprilysin inhibitors were 

demonstrated to have favourable haemodynamic (reduction in arterial blood 

pressure and left atrial pressure, and increased cardiac output, diuresis and 

natriuresis) and hormonal responses (increased ANP and cGMP, and reduced 

renin and aldosterone) in animal models of hypertension and heart failure.110–115 

Furthermore, this diuretic response was not accompanied by deleterious 

activation of the renin-angiotensin aldosterone system, as is the case with loop 

diuretics.116  
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Trials examining the potential efficacy of extended treatment with neprilysin 

inhibitors failed to show any benefit in terms of sustained blood pressure-

lowering effect. In a randomised, placebo-controlled trial in 40 patients with 

essential hypertension and elevated diastolic blood pressure, despite a 

significant increase in plasma ANP and a non-significant trend to increased 

urinary cGMP, the oral pro-drug candoxatril did not significantly lower blood 

pressure.117 This result was subsequently explained by the finding that the 

potential anti-hypertensive effects of augmented natriuretic peptide and other 

vasodilatory peptide levels secondary to neprilysin inhibition was neutralised by 

the accompanied inhibition of breakdown, and therefore increased levels of, the 

vasoconstrictors angiotensin II and endothelin-1 (as these are also substrates for 

neprilysin).118–120 

Combined neprilysin and ACE inhibitors 

In an effort to mitigate the lack of antihypertensive effect of sole neprilysin 

inhibition, the focus then moved to examine the potential efficacy of combining 

a neprilysin inhbitor and an ACE inhibitor (which would provide RAS blockade 

thereby neutralising the augmentation of angiotensin II secondary to neprilysin 

inhibition). This class of medications was known as vasopeptidase 

inhibitors.121,122 The most studied vasopeptidase inhibitor was omapatrilat, which 

was initially shown to have a promising anti-hypertensive effect and as well as 

increasing levels of ANP and cGMP (signalling increased natriuretic peptide 

bioactivity) in both experimental models and small human studies.123–127  

The Inhibition of Metalloprotease by Omapatrilat in a Randomized Exercise and 

Symptoms Study in Heart Failure (IMPRESS) trial reported a trend towards 

improved survival and reduced risk of admission for worsening heart failure with 

omapatrilat, as compared with the ACE inhibitor lisinopril, in 573 patients with 

HFrEF.128 Subsequently, the larger (n=5770) Omapatrilat versus Enalapril 

Randomized Trial of Utility in Reducing Events (OVERTURE) reported that the 

primary composite endpoint of all-cause death or hospitalisation for heart 

failure requiring intravenous treatment was not significantly reduced with 

omapatrilat.129 There was, however, a significant 9% lower risk of the composite 

endpoint of cardiovascular death or hospitalisation, and furthermore, in a post 

hoc analysis including all hospitalisations for heart failure (i.e. not just those 
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requiring intravenous treatment) there was a significant 11% reduction in the 

risk of death from any cause or heart failure hospitalisation.129 In the OVERTURE 

trial, omapatrilat was administered once daily and further analyses of the cohort 

indicating early post-dose hypotension with omapatrilat suggested that once-

daily dosing may have been insufficient, and potentially resulted in a lesser 

degree of ACE inhibition than that of the active-comparator enalapril which was 

administered at the 10mg twice daily dose used in the SOLVD-Treatment trial.130  

However, in both the OVERTURE trial and in a larger 25 000 patient trial in 

hypertension (Omapatrilat Cardiovascular Treatment Assessment Versus Enalapril 

[OCTAVE]), angioedema occurred more frequently with omapatrilat than with 

enalapril. In addition to the inhibition of bradykinin breakdown by both ACE and 

neprilysin inhibition (i.e. both pharmacological effects of omapatrilat), 

omapatrilat was also discovered to inhibit the breakdown of aminopeptidase P, a 

third enzyme involved in bradykinin catabolism.131,132 

Therefore, given the signal of potential efficacy despite potentially inadequate 

dosing, the OVERTURE investigators concluded that combined RAS and neprilysin 

inhibition warranted further study, but due to the increased risk of angioedema, 

further development of vasopeptidase inhibitors was halted.  

Angiotensin receptor-neprilysin inhibitors 

The use of an AT1R inhibitor (also known as an ARB) along with a neprilysin 

inhibitor in place of an ACE inhibitor (as with vasopeptidase inhibitors), offered, 

in theory, the additional benefits of RAS blockade but without the attendant risk 

of angioedema seen with combined ACE-neprilysin inhibition.  

Sacubitril/valsartan (formerly known as LCZ696), is the first-in-class combined 

angiotensin receptor-neprilysin inhibitor (ARNI) and is a combination of the AT1R 

inhibitor valsartan and a neprilysin inhibitor pro-drug, sacubitril (AHU377).133 

Upon ingestion, sacubitril is rapidly metabolised by enzymatic cleavage of the 

ethyl ester into its active form, sacubitrilat (LBQ657). Pharmacokinetic and 

pharmacodynamic studies of the target dose of 97/103 mg twice daily, reported 

equivalent plasma concentrations of valsartan as valsartan 160 mg twice daily 

(the dose studied in the Valsartan Heart Failure Trial [Val-HeFT]) and rises in 
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cGMP representing an observed increase in nariuretic peptide bioactivity 

secondary to effective neprilysin inhibition.134 Furthermore, the risk of 

angioedema with sacubitril/valsartan was expected to be lower as, unlike 

ompatrilat, sacubitrilat does not inhibit aminopeptidase P (as well as the use of 

valsartan as the RAS inhibitory component rather than an ACE inhibitor).135 In 

addition, the twice-daily dosing of sacubitril/valsartan led to sustained RAS and 

neprilysin inhibition over a 24-hour period, overcoming one of the issues with 

omapatrilat at the dose used in OVERTURE.134,136 

The landmark Prospective Comparison of ARNI with ACEI to Determine Impact on 

Global Mortality and Morbidity in Heart Failure (PARADIGM-HF) trial examined 

the efficacy and safety of sacubitril/valsartan (target dose 97/103mg twice 

daily) compared with the gold-standard ACE inhibitor in HFrEF, enalapril, at the 

target dose of 10mg twice daily (i.e., that used in the SOLVD-Treatment trial) in 

8744 patients with HFrEF.137 To be eligible for inclusion, patients had to have a 

left ventricular ejection of 35% or less (this was changed by protocol amendment 

from ≤40%), be in New York Heart Association (NYHA) functional class II-IV, have 

elevated natriuretic peptide levels, be treated with a stable dose of an ACE 

inhibitor or an ARB equivalent to enalapril 10 mg/day for 4 weeks prior to 

screening and be treated with a stable dose of a beta-blocker for 4 weeks prior 

to screening (unless contraindicated or not tolerated).137 Key exclusion criteria 

included a known history of angioedema, symptomatic hypotension and/or a 

systolic blood pressure <100mmHg at screening and <95 during the active run-in 

period or at randomisation, an estimated glomerular filtration rate (eGFR) <30 

mL/min/1.73m2 , serum potassium >5.2 mmol/L at screening or >5.4 mmol/L 

during the run-in or at randomisation. Following a run-in period, during which 

patients were exposed to both study drugs at their target doses, patients who 

tolerated the run-in period were randomised 1:1 to either double-blind 

treatment with sacubitril/valsartan or enalapril, and matched placebo.137  

The primary endpoint of PARADIGM-HF was the composite of time to first 

hospitalisation for heart failure or cardiovascular death.137 Compared with 

enalpril, sacubitril/valsartan reduced the occurrence of the primary endpoint by 

20% (hazard ratio [HR] 0.80, 95% confidence interval [95% CI] 0.73-0.87; 

p<0.001).138 The risk of both individual components of the primary endpoint 
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were also significantly reduced; heart failure hospitalisation by 21% and 

cardiovascular death by 20%. Death from any cause was reduced by 16% and the 

effect of sacubitril/valsartan was consistent across the range of prespecified age 

groups including age, sex, LVEF and natiuretic peptide levels.139 Overall, as 

compared with enalapril, sacubitril/valsartan was well tolerated; there was no 

significant difference in the rate of angioedema between the groups and 

symptomatic hypotension occurred significantly more frequently with 

sacubitril/valsartan, however there was no difference between the groups in 

discontinuations due to this.138  

Subsequent to the publication of the results of PARADIGM-HF in 2014, 

sacubitril/valsartan has been afforded a Class 1, level of evidence B indication 

for the treatment of symptomatic HFrEF in international guidelines. Further 

evidence for the efficacy and safety of sacubitril/valsartan in HFrEF has been 

provided by the PIONEER-HF (Comparison of Sacubitril–Valsartan versus Enalapril 

on Effect on NT-proBNP in Patients Stabilized from an Acute Heart Failure 

Episode) trial in which three important groups of patients who were not studied 

in the PARADIGM-HF trial were studied: those who were RAS blocker naïve, those 

who were hospitalised with worsening heart failure at the time of initiation 

following haemodynamic stabilisation and finally, patients with de-novo 

presentations of HFrEF.140 In PIONEER-HF, sacubitril/valsartan significantly 

reduced NT-proBNP (the primary outcome), as compared with enalapril.  

1.4.3 Neprilysin inhibition and left ventricular remodelling 

As described previously, the benefits of neurohumoral antagonists (ACE 

inhibitors/ARB, beta-blockers and mineralocorticoid receptor antagonists) in 

patients at high risk of the development of heart failure following myocardial 

infarction and those with established chronic HFrEF are, in part, related to their 

ability to attenuate the process of adverse left ventricular remodelling. Given 

the vasodilatory, anti-hypertrophic, anti-fibrotic, and sympatholytic effects of 

natriuretic peptides, along with the clinical benefits observed in patients with 

HFrEF, it is reasonable to propose the mechanism of benefit of 

sacubitril/valsartan may be, in part, a beneficial effect on left ventricular 
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remodelling secondary to the augmentation of natriuretic peptides and other 

substrates for neprilysin. 

Initial data regarding a potential positive remodelling effect of neprilysin 

inhibition were from pre-clinical experimental models of MI, ischaemia-

reperfusion injury, and heart failure.141–146 Neprilysin inhibition was reported to 

have positive effects in terms of attenuating ventricular dilation, reducing left 

ventricular hypertrophy, improving cardiac function as measured by left 

ventricular ejection fraction and reducing myocardial fibrosis, one of the key 

processes underlying adverse left ventricular remodelling. Following the results 

of PARADIGM-HF, a series of observational studies were published reporting 

improvements in left ventricular function and a reduction in left ventricular 

volumes in patients following initiation of sacubitril/valsartan. The results of 

these observational studies are summarised in Table 1-2. Most of these studies 

were in patients with HFrEF and not in patients at high risk of heart failure 

following myocardial infarction (i.e., those with symptomless left ventricular 

systolic dysfunction). Furthermore, the observational nature of these studies 

limits their ability to make conclusions regarding treatment effect.  

Two randomised-controlled trials have examined the effect of 

sacubitril/valsartan on left ventricular remodelling in patients with HFrEF along 

with a trial in patients with hypertension (Table 1-2). In the Pharmacological 

Reduction of Functional, Ischemic Mitral Regurgitation (PRIME) trial, in patients 

with significant functional mitral regurgitation and LVEF between 25% and <50%, 

12 months of treatment with sacubitril/valsartan, compared with valsartan (i.e. 

the effect of the addition of neprilysin inhibition), reduced left ventricular end-

diastolic volume index (LVEDVI) by 7.0 mL/m2 with no significant effect on left 

ventricular end-systolic volume index (LVESVI) or LVEF.147 In the Effect of 

Sacubitril-Valsartan versus Enalapril on Aortic Stiffness in Patients With Heart 

Failure and Reduced Ejection Fraction (EVALUATE-HF) trial, sacubitril/valsartan, 

in comparison with enalapril, did not have a significant effect on the primary 

endpoint of central aortic stiffness but significantly reduced the secondary 

echocardiography endpoints of LVESVI by 1.6 mL/m2, LVEDVI by 2.0 mL/m2 and 

left atrial volume index (LAVI) by 2.8 mL/m2, with no difference in LVEF after 12 

weeks in patients with HFrEF.148 In a randomised active-comparator trial of 
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sacubitril/valsartan compared with the ARB olmesartan in patients with 

hypertension and elevated pulse pressure, sacubitril/valsartan significantly 

reduced left ventricular mass index (LVMI) from baseline to 12 and 52 weeks.149 

This positive remodelling effect appeared to be independent of the anti-

hypertensive effect of sacubitril/valsartan suggesting that other mechanisms 

may have contributed to the effect on LVMI. 

The remodelling effect of neprilysin inhibition has also been examined in 

patients with heart failure with preserved ejection fraction (HFpEF), the other 

major phenotype of heart failure accounting for approximately half of all cases 

of heart failure. The Phase II Prospective Comparison of ARNI With ARB on 

Management of Heart Failure With Preserved Ejection Fraction (PARAMOUNT) 

trial, compared 36-weeks of treatment with sacubitril/valsartan with valsartan, 

and reported a significant reduction in NT-proBNP, the trial’s primary endpoint, 

as well as a significant reduction in left atrial volume, indicating a potential 

reduction in left ventricular filling pressures.150 

The limited data available suggest that one of the mechanisms of action 

underlying the observed clinical benefits of sacubitril/valsartan in HFrEF may be, 

in part, a reverse remodelling effect. Given that the process of adverse left 

ventricular remodelling is the common link in the development of heart failure 

in patients at high risk following myocardial infarction and worsening of 

established HFrEF, it follows that similarly to RAS inhibitors, beta-blockers and 

MRA, the addition of a neprilysin inhibitor to pharmacological therapy in patients 

at high risk of heart failure following myocardial infarction may offer an 

additional benefit in terms of preventing, delaying or even reversing adverse left 

ventricular remodelling, thereby reducing the attendant risk of HF. 
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Table 1-2 Summary of data regarding the remodelling effect of sacubitril/valsartan in heart failure and following myocardial 

infarction 

 n= Follow-
up 

Patient 
characteristics 

LVESVI  
(ml/m2) 

LVEDVI  
(ml/m2) 

LVEF 
(%) 

LAVI  
(ml/m2) 

Randomised controlled trials 

Desai et al. 2019148 
Sacubitril/valsartan vs. 
enalapril 

464 12 weeks HFrEF 
NYHA II-III 
LVEF ≤40% 

-1.6 
(-3.1, -0.03) 

−2.0 
(−3.7, −0.3) 

+0.6 
(−0.4, 
1.7) 

−2.8 
(−4.0, −1.6) 

Kang et al. 2019147 
Sacubitril/valsartan vs. 
valsartan 

118 52 weeks Functional MR  
LVEF ≥25% to ≤50% 

–4.2 
(–10.1, 1.7) 

 

–7.01 
(–13.83, –0.19) 

 

–0.2 
(–2.0, 1.6) 

 

–8.9 
(–14.6, –3.3) 

 
Solomon et al. 2012150 
Sacubitril/valsartan vs. 
valsartan 

301 36 weeks HFpEF 
NYHA II-IV 
LVEF ≥45% 

N.S N.S N.S -0.9; P=0.007 

Observational studies 
Martens et al. 2018151 125 Median 

16 weeks 
HFrEF 
NYHA II-IV 
LVEF <35% 

-18.4; p<0.001 -10.2; p=0.27 +5.2; 
p<0.001 - 

Romano et al. 2019152 
 

205 6 months HFrEF 
NYHA II-III 
LVEF ≤35% 
 

- N.S. +3.0; 
p>0.001 N.S. 

Januzzi et al. 2019153 794 52 weeks HFrEF 
NYHA II-IV 
LVEF≤40% 

−15.29 
(−16.03, 
−14.55) 

−12.25 
(−12.92, 
−11.58) 

+9.4 
(8.8, 9.9) 

−7.57 
(−7.98,−7.15) 
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Liu et al. 2020154 
 

93 6 Months HFrEF  
NYHA II-IV  
LVEF <40% 

Significant 
reduction in 

LVESD 

Significant 
reduction in 

LVEDD 

+15; 
p<0.001 

Significant 
reduction in 
LA dimension 

Castrichini et al. 2020155  
 

77 Median 9 
months 

HFrEF 
NYHA II-IV  
LVEF <40% 

-11; p<0.001 -8; p=0.02 +7; 
p<0.001 -9; p<0.001 

Landolfo et al. 2020156 
 

49 12 
months 

HFrEF 
NYHA II-IV  
LVEF <40% 

-53.3; p<0.05* -40; p<0.05* +16.5; 
p<0.05 

Significant 
reduction in 
LA dimension 

Paolini et al. 2021157 
 

52 24 
months 

HFrEF 
NYHA II-IV  
LVEF ≤35% 

−51.3±61.4; 
p=0.003* 

 

−40.7±58.1; 
p=0.003* 

+9.8±10.2; 
p<0.001 - 

Guerra et al. 2021158 
 

226 6 months HFrEF 
NYHA I-IV  
LVEF ≤35% 
 

-10.4; p=0.038 -13.3; p=0.04 +3.9; 
p<0.001 - 

Rezq et al. 2021159 
 

200 6 months ST-elevation MI 
 

Significant 
reduction in 

LVESD 

Significant 
reduction in 

LVEDD 

+4.7%; 
p=0.012 - 

 
* Non-indexed value 

Data presented as mean value ± standard deviation or mean (95% confidence interval). 

Abbreviations: HFrEF, heart failure with reduced ejection fraction; HFpEF, heart failure with preserved ejection fraction; LAVI, left 
atrial volume index; LVEDD, left ventricular end-diastolic dimension; LVEDVI, left ventricular end-diastolic volume index; LVESD, left 
ventricular end-systolic dimension; LVESVI, left ventricular end-systolic volume index; LVEF, left ventricle ejection fraction; NYHA, New 
York Heart Association; N.S., not significant (p≥0.05) 
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Chapter 2 Trends in the risk of heart failure 
hospitalisation following first myocardial 
infarction in Scotland between 1991-2015 

2.1 Introduction 

The last 3 decades have seen a substantial decline in the risk of mortality 

following acute myocardial infarction.160 Reports have suggested that the 

increasing pool of myocardial infarction survivors and an ageing population may 

be contributing to a growing prevalence of heart failure (HF) in the general 

population.18,161,162 However, the widespread implementation of emergency 

coronary reperfusion services and improvements in secondary preventative 

therapy may act to offset the purported increase in risk of developing heart 

failure secondary to improvements in survival. Further complicating this issue 

are the changing demographics of patients with myocardial infarction. The 

proportion of myocardial infarction presenting as STEMI has declined and the 

proportion of NSTEMI has increased.163–165 Although STEMI is typically associated 

with greater myocardial damage than NSTEMI, patients presenting with NSTEMI 

are frequently older and have a higher prevalence of co-morbidities such as 

diabetes mellitus and chronic kidney disease which may contribute to an 

increased risk of developing HF.166 A further consideration contributing to the 

uncertainty about current trends is the increased availability of high-sensitivity 

cardiac troponin assays which allow diagnosis of myocardial infarction with 

lesser degrees of myocardial injury. The complex interplay between these 

competing influences and their effect on trends in the long-term risk of heart 

failure following myocardial infarction over the last quarter of a century has not 

been described. 

 

To describe long-term trends in incident heart failure hospitalisation after first 

myocardial infarction, I examined the rates of first hospitalisations for heart 

failure in Scotland in patients who were discharged alive from a hospitalisation 

for a first myocardial infarction between 1991 and 2015.  
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2.2 Methods 

2.2.1 Data sources 

Routinely collected clinical data on all discharges (including in-hospital deaths 

and those patients discharged alive) from National Health Service (NHS) hospitals 

in Scotland are collated by the Information and Statistics Division (ISD) and the 

electronic Data Research and Innovation Service (eDRIS) of the NHS in Scotland. 

Care is free at the point of delivery for all residents in Scotland therefore this 

data represents virtually all hospitalisations in the country. The 2017 mid-year 

population estimate in Scotland was 5 424 800. For each admission, information 

on discharge diagnoses (a principal diagnosis and up to 5 secondary diagnoses), 

procedures performed, demographics, prior admission diagnoses, postcode of 

residence and length of stay are recorded. Diagnoses are coded using the 

International Classification of Diseases (ICD) system (ICD 9th revision until April 

1996 and ICD 10th revision thereafter). Record linkage is obtained through 

probability matching (with an accuracy of »98%) facilitating the analysis of data 

at the level of the individual patient and episode of care.167 Data on mortality is 

derived from linkage to the Registrar General’s Death Certificate Data with an 

accuracy of 98%. When compared to adjudicated events in the setting of a 

clinical trial, the accuracy of discharge diagnoses in Scotland has been reported 

as >95%.168 

 

For the purposes of this study, I identified individuals aged 20 years or above with 

a first discharge from hospital with a principal diagnosis of myocardial infarction 

(ICD 9th revision 410 or ICD 10th revision I21 or I22). A first discharge was defined 

as one with a myocardial infarction code in the primary diagnostic position, with 

no prior hospitalisation for myocardial infarction (in any diagnostic position) since 

1981 (a minimum “look back” of 10-years), the time-point at which routine 

discharge coding was first available in Scotland. Patients with a history of heart 

failure recorded prior to their index myocardial infarction admission were 

excluded for the purposes of this analysis, as were patients who died during their 

index myocardial infarction admission. A subsequent first heart failure 

hospitalisation was defined as one occurring after discharge from the index 
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myocardial infarction with a heart failure code (ICD 9th revision 425, 428, 402 or 

ICD 10th revision I50, I42, I11.0) in the primary diagnostic position. 

 

Patients were allocated by postcode of residence into deprivation categories 

using the Scottish Index of Multiple Deprivation (SIMD) 2016 release, which takes 

into account seven measures of deprivation; current income, employment, 

health, education, skills and training, housing, geographic access and crime.169 

Comorbid diagnoses were defined as those which were coded as a secondary 

diagnosis during a hospitalisation or as the principal diagnosis during a prior 

hospitalisation within 5-years of the index hospitalisation. The following 

comorbidities of interest were included in this analysis: coronary heart disease, 

hypertension, heart failure recorded during index myocardial infarction 

admission, atrial fibrillation, cerebrovascular disease, diabetes, peripheral 

vascular disease, chronic kidney disease, cancer, and respiratory disease. 

Information on procedures (percutaneous coronary intervention [PCI] and/or 

coronary artery bypass grafting [CABG]) were collected for those performed 

within 30-days of the index myocardial infarction. 

 

2.2.2 Study funding  

This study was funded by an NHS Greater Glasgow and Clyde Endowment fund 

award (GN17CA406) awarded to Dr Kieran F. Docherty. 

 

2.2.3 Statistical analysis 

Baseline demographics are presented grouped by the year of first admission with 

a myocardial infarction and whether patients had a subsequent hospitalisation 

for HF. Normally distributed continuous variables are reported as means with 

standard deviations and skewed continuous variables as medians with 

interquartile ranges. Categorical variables are presented as counts and 

percentages. 

 

Time-to-first hospitalisation for heart failure was calculated as the time from 

discharge from a first myocardial infarction to a first admission with HF, or time 

to death from any cause or censoring at December 31st 2016 if never hospitalised 
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for HF. In order to ensure a minimum of one-year follow-up for all patients, 

survival analysis was performed only on those patients with a first myocardial 

infarction from January 1st 1991 through to December 31st 2015. Time to death 

was calculated as the time from discharge from first admission with a myocardial 

infarction to death from any cause or censoring on December 31st 2016.  

 

A joinpoint regression model was fitted to explore points of significant change in 

the trend of the incidence of admissions with myocardial infarction and provide 

estimated annual percentage change (Joinpoint Software, Version 4.6).170 The 

Bayesian information criterion was used to select the best-fitting model. A 

maximum of 5 joinpoints were allowed for estimations and 95% confidence 

intervals were calculated for each estimate.  

 

Crude incidence rates per 1000-patient years were calculated for first 

hospitalisation for heart failure at 1, 5 and 10-years following discharge from 

index myocardial infarction and stratified by age, sex, deprivation (SIMD 2016 

quintile), co-morbidity, procedures performed and year of admission with 

myocardial infarction. In order to take into account temporal trends in the 

competing risk of death, the cumulative incidence rates of first heart failure 

hospitalisation, stratified by year of index myocardial infarction, were 

calculated and are presented using cumulative incidence curves, with the use of 

the nonparametric cumulative incidence function of Fine and Gray with death 

from any cause treated as a competing risk.171 Competing risk regression models 

were used to explore the association of age, sex, deprivation (SIMD 2016 

quintile), co-morbidity, procedures performed and year of admission with 

myocardial infarction with heart failure hospitalisation at 1, 5 and 10-years. 

 

To examine the relative hazard for death following a first heart failure 

hospitalisation, a Cox proportional hazards model was created in which a 

variable indicating heart failure hospitalisation was entered into the model as a 

time-updated covariate (with follow-up time starting at discharge from index MI) 

and adjusted for age, sex, deprivation (SIMD 2016 quintile), co-morbidity, 

procedures performed and year of admission with myocardial infarction. The 



54 
 
 

 

period at risk prior to a first heart failure hospitalisation was attributed to the 

group with no heart failure hospitalisation in order to calculate incidence rates 

that reflect patients’ time-updated event status. This was presented graphically 

using Kaplan-Meier estimates. The rate of death was calculated per 1000 

patient-years of follow-up, with follow-up starting on the day of the first heart 

failure hospitalisation (or discharge from index myocardial infarction if the 

individual did not have a heart failure hospitalisation event). Temporal trends in 

mortality at 1-year following a first heart failure hospitalisation were examined 

in a cox-proportional hazards model adjusting for the same variables as above 

with the exceptions that year of myocardial infarction was replaced by year of 

first heart failure hospitalisation and age at time of heart failure hospitalisation 

was included. Time-to-event was calculated as the time from admission with a 

first heart failure hospitalisation to death or censoring at 1-year. Only those 

heart failure hospitalisations occurring up to the 31st of December 2015 were 

included to ensure one-year follow up for all patients. 

 

For patients who presented with a first myocardial infarction from 2012-2016, 

additional analyses using the methods described above were performed 

according to the classification of myocardial infarction presentation denoted by 

discharge coding (STEMI, NSTEMI, or unspecified).172  

 

All analyses were performed using Stata 16 (StataCorp LP, College Station, 

Texas).
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2.3 Results 

There were 216 487 patients admitted to hospital in Scotland with a first 

diagnosis of myocardial infarction between 1991 to 2015. After excluding those 

who had a history of heart failure prior to index admission (n=9923), those who 

died during index admission (n=30 837), and those with missing follow-up data 

(n=55), 175 672 patients were included in the cohort for analysis, providing 1.5 

million patient-years of follow-up (Figure 2-1). 

 

Figure 2-1 Study population 

 

 

Legend: AMI, acute myocardial infarction; HF, heart failure. 

 

2.3.1 Trends in age-standardised incidence of first acute 
myocardial infarction 

Figure 2-2 shows the age-standardised incidence of first myocardial infarction 

from 1991-2015. Overall, the annual rate decreased by 2.3% (95% CI 1.3-3.2; 

p<0.001). There were significant differences in the trends in incidence of 

myocardial infarction over the time period examined; between 1991-2007 the 

rate of myocardial infarction decreased by 3.7% per year (95%CI 3.3-4.1; 

p<0.001). The rate of myocardial infarction then increased between 2007 and 

2012 by 5.9% per year (95% CI 2.1-9.7; p=0.004). Subsequently, between 2012 

and 2015, the trend was again for a decline in the rate of myocardial infarction 

with an annual decrease of 7.6% (2.5-12.4; p=0.007). The adjusted risk of death 
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at one year after myocardial infarction fell by 46% (95%CI 40-52; P<0.001) 

between 1991 and 2015. The risk of death at 5 and 10 years after myocardial 

infarction fell by 37% (95%CI 33-41; P<0.001) and 36% (95%CI 33-39; P<0.001), 

respectively.  

 

Figure 2-2 Trends in age-standardised incidence of first myocardial infarction 

1991-2015 
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2.3.2 Heart failure hospitalisation following acute myocardial 
infarction 

Of those patients who were discharged alive from a first myocardial infarction 

with no history of heart failure prior to index admission, 21 445 (12.2%) were 

subsequently hospitalised for heart failure over a median follow-up time of 6.7 

years (interquartile range [IQR] 2.8-12.9) (Table 2-1 and Table 2-2). The median 

time from myocardial infarction to development of heart failure was 2.6 years 

(IQR 0.4-7.7) In those who were subsequently admitted with HF, age at time of 

myocardial infarction rose from 67.4 ± 10.9 in 1991-1995 to 74.7 ± 12.0 in 2011-

2015; a similar pattern was not observed in those who did not develop heart 

failure (64.9 ± 12.2 [1991-1995] vs. 65.6 ± 13.6 [2010-2015]) – Table 2-1. The 

mean age of patients at time of first heart failure hospitalisation within one year 

of discharge rose from 70.8 ± 10.7 to 76.2 ± 11.9 (1991 vs. 2015); in men, age 

rose from 68.1±10.6 to 73.6±12.6 and in women from 74.0±9.8 to 79.5±10.0. 

Similar increases were observed overall for heart failure occurring within 5 and 

10 years; 71.6 ± 10.7 to 76.8 ± 11.9 (1991 vs. 2011) and 72.3 ± 10.4 to 76.0 ± 

11.8 (1991 vs. 2006), respectively.  

 

Compared to those patients who were never admitted for HF, those who had a 

first heart failure hospitalisation were older at the time of myocardial 

infarction, more frequently women and from a lower deprivation category (Table 

2-2). A history of heart failure during index myocardial infarction admission, 

atrial fibrillation, diabetes, peripheral arterial disease and chronic kidney 

disease was more prevalent in those who were subsequently hospitalised for 

heart failure and patients were less likely to have undergone a revascularisation 

procedure within 30 days of their index myocardial infarction. Percutaneous 

revascularisation within 30 days was performed in 82.0% of STEMI, 40.9% of 

NSTEMI and 40.3% of unspecified myocardial infarction (data available from 

2012-2015 only). The prevalence of comorbidities also increased over time both 

in those who were subsequently hospitalised for heart failure and those who 

were not. 
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Table 2-1 Baseline characteristics according to subsequent heart failure hospitalisation and year of acute myocardial infarction 

 1991-1995 (n=43592) 1996-2000 (n=34773) 2001-2005 (n=31032) 2006-2010 (n=29997) 2010-2015 (n=36278) 
 No HF  

(n=35189) 
HF 

(n=8403) 
No HF  

(n=29359) 
HF 

(n=5414) 
No HF  

(n=27463) 
HF 

(n=3569) 
No HF  

(n=27646) 
HF 

(n=2351) 
No HF  

(n=34570) 
HF 

(n=1708) 
Age - years 64.9 ± 

12.2 
67.4 ± 
10.9 

65.0 ± 
12.7 

69.6 ± 
11.2 

65.5 ± 
13.4 

71.6 ± 
11.7 

65.5 ± 
13.6 

73.4 ± 
11.8 

65.6 ± 13.6 74.7 ± 
12.0 

Age group – no. (%)           
<55 7265 

(20.7) 
1048 
(12.5) 

6344 
(21.6) 

577 (10.7) 6107 
(22.2) 

333 (9.3) 6543 
(23.7) 

174 (7.4) 8062 
(23.3) 

115 (6.7) 

55-65 9343 
(26.6) 

2130 
(25.4) 

7360 
(25.1) 

1051 
(19.4) 

6489 
(23.6) 

550 (15.4) 6510 
(23.6) 

313 (13.3) 8295 
(24.0) 

204 (11.9) 

65-74 10543 
(30.0) 

2908 
(34.6) 

8500 
(29.0) 

1822 
(33.7) 

7187 
(26.2) 

1068 
(29.9) 

6583 
(23.8) 

631 (26.8) 8270 
(23.9) 

420 (24.6) 

75-84 6428 
(18.3) 

1946 
(23.2) 

5430 
(18.5) 

1545 
(28.5) 

5651 
(20.6) 

1214 
(34.0) 

5700 
(20.6) 

861 (36.6) 6947 
(20.1) 

591 (34.6) 

≥85 1610 (4.6) 371 (4.4) 1725 (5.9) 419 (7.7) 2029 (7.4) 404 (11.3) 2310 (8.4) 372 (15.8) 2996 (8.7) 378 (22.1) 
Men – no. (%) 22015 

(62.6) 
4902 
(58.3) 

18519 
(63.1) 

3092 
(57.1) 

17391 
(63.3) 

1934 
(54.2) 

17840 
(64.5) 

1251 
(53.2) 

22210 
(64.3) 

937 (54.9) 

Median length of stay – days (IQR) 7 (6-10) 8 (7-12) 7 (5-9) 8 (6-12) 6 (5-9) 8 (6-13) 5 (4-9) 8 (5-14) 4 (3-7) 7 (4-13) 
Deprivation category* – no. (%)           

1 (most deprived) 9926 
(28.5) 

2508 
(30.1) 

7947 
(27.2) 

1550 
(28.7) 

7236 
(26.5) 

987 (27.7) 6657 
(24.3) 

597 (25.5) 8360 
(24.5) 

441 (25.9) 

2 8813 
(25.3) 

2121 
(25.5) 

7177 
(24.6) 

1382 
(25.6) 

6609 
(24.2) 

875 (24.5) 6209 
(22.7) 

579 (24.7) 7843 
(23.0) 

444 (26.1) 

3 6836 
(19.6) 

1698 
(20.4) 

5741 
(19.7) 

1100 
(20.4) 

5351 
(19.6) 

763 (21.4) 5589 
(20.4) 

457 (19.5) 7043 
(20.6) 

362 (21.3) 

4 5091 
(14.6) 

1100 
(13.2) 

4594 
(15.7) 

785 (14.6) 4416 
(16.2) 

523 (14.7) 4956 
(18.1) 

404 (17.2) 5905 
(17.3) 

264 (15.5) 

5 (least deprived) 4181 
(12.0) 

906 (10.9) 3727 
(12.8) 

579 (10.7) 3690 
(13.5) 

418 (11.7) 4001 
(14.6) 

308 (13.1) 5028 
(14.7) 

192 (11.3) 

Co-morbidity – no. (%)           
Pre-exisiting documented 
coronary heart disease 

4870 
(13.8) 

1367 
(16.3) 

5762 
(19.6) 

1361 
(25.1) 

7435 
(27.1) 

1148 
(32.2) 

12153 
(44.0) 

1138 (484) 18251 
(52.8) 

921 (53.9) 

Hypertension 2645 (7.5) 800 (9.5) 4060 
(13.8) 

967 (17.9) 7162 
(26.1) 

1186 
(33.2) 

8997 
(32.5) 

1041 
(44.3) 

11277 
(32.6) 

789 (46.2) 
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Heart failure during index MI 
admission 

3211 (9.1) 1512 
(18.0) 

3296 
(11.2) 

1291 
(23.9) 

4293 
(15.6) 

1130 
(31.7) 

3758 
(13.6) 

732 (31.1) 3804 
(11.0) 

553 (32.4) 

Atrial fibrillation 1530 (4.4) 537 (6.4) 1807 (6.2) 577 (10.7) 2238 (8.2) 549 (15.4) 2426 (8.8) 474 (20.2) 3328 (9.6) 429 (25.1) 
Cerebrovascular disease 1367 (3.9) 371 (4.4) 1377 (4.7) 314 (5.8) 1393 (5.1) 262 (7.3) 1286 (4.7) 189 (8.0) 1509 (4.4) 132 (7.7) 
Diabetes 2092 (6.0) 874 (10.4) 2446 (8.3) 832 (15.4) 2987 

(10.9) 
752 (21.1) 3376 

(12.2) 
618 (26.3) 5102 

(14.8) 
517 (30.3) 

Peripheral arterial disease  1520 (4.3) 449 (5.3) 1455 (5.0) 369 (6.8) 1584 (5.8) 299 (8.4) 1639 (5.9) 274 (11.7) 2161 (6.3) 200 (11.7) 
Chronic kidney disease 380 (1.1) 117 (1.4) 604 (2.1) 178 (3.3) 998 (3.6) 252 (7.1) 1410 (5.1) 318 (13.5) 2634 (7.6) 361 (21.1) 
Cancer 1350 (3.8) 307 (3.7) 1329 (4.5) 242 (4.5) 1532 (5.6) 207 (5.8) 1593 (5.8) 152 (6.5) 2128 (6.2) 139 (8.1) 
Respiratory disease 1992 (5.7) 526 (6.3) 2260 (7.7) 476 (8.8) 2842 

(10.4) 
415 (11.6) 3225 

(11.7) 
348 (14.8) 4870 

(14.1) 
335 (19.6) 

Index MI procedures – no. (%)           
PCI during admission 1190 (3.4) 278 (3.3) 2049 (7.0) 300 (5.5) 4382 

(16.0) 
366 (10.3) 11672 

(42.2) 
552 (23.5) 18183 

(52.6) 
482 (28.2) 

PCI within 30 days 1241 (3.5) 284 (3.4) 2237 (7.6) 319 (5.9) 4803 
(17.5) 

399 (11.2) 12132 
(43.9) 

580 (24.7) 19243 
(55.7) 

497 (29.1) 

CABG during admission 121 (0.3) 35 (0.4) 192 (0.7) 40 (0.7) 387 (1.4) 53 (1.5) 642 (2.3) 69 (2.9) 861 (2.5) 41 (2.4) 
CABG within 30 days 155 (0.4) 44 (0.5) 260 (0.9) 51 (0.9) 514 (1.9) 66 (1.8) 800 (2.9) 83 (3.5) 995 (2.9) 52 (3.0) 

 
 
* Data missing in 1403 (0.8%) of patients. Abbreviations: IQR, interquartile range; AMI, acute myocardial infarction; PCI, percutaneous 
coronary intervention; CABG, coronary artery bypass grafting 
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Table 2-2 Baseline characteristics according to development of heart failure 

 No Heart Failure 

 (n=154277) 

Heart Failure 

(n=21445) 

Age - years 65.3 ± 13.1 69.9 ± 11.6 

Age group – no. (%)   

<55 34321 (22.3) 2247 (10.5) 

55-64 37997 (24.6) 4248 (19.8) 

65-74 41083 (26.6) 6849 (31.9) 

75-84 30156 (19.6) 6157 (28.7) 

≥85 10670 (6.9) 1944 (9.1) 

Men – no (%) 97975 (63.5) 12116 (56.5) 

Median length of stay – days (IQR) 6 (4-9) 8 (6-12) 

Deprivation category* – no. (%)   

1 (most deprived) 40126 (26.2) 6083 (28.5) 

2 36651 (24.0) 5401 (25.3) 

3 30560 (20.0) 4380 (20.5) 

4 24962 (16.3) 3076 (14.4) 

5 (least deprived) 20627 (13.5) 2403 (11.3) 

Co-morbidity – no. (%)   

Coronary heart disease 48471 (31.4) 5935 (27.7) 

Hypertension 34141 (22.1) 4783 (22.3) 

Heart failure during index MI 
admission 

18362 (11.9) 5218 (24.3) 

Atrial fibrillation 11329 (7.4) 2566 (12.0) 

Cerebrovascular disease 6932 (4.5) 1268 (5.9) 

Diabetes 16003 (10.4) 3593 (16.8) 

Peripheral arterial disease  8359 (5.4) 1591 (7.4) 

Chronic kidney disease 6026 (3.9) 1226 (5.7) 

Cancer 7932 (5.1) 1047 (4.9) 

Respiratory disease 15189 (9.9) 2100 (9.8) 

Index MI procedures   

PCI during admission 37476 (24.3) 1978 (9.2) 

PCI within 30 days 39656 (25.7) 2079 (9.7) 

CABG during admission 2203 (1.4) 238 (1.1) 

CABG within 30 days 2724 (1.8) 296 (1.4) 

*Data missing in 1403 (0.8%) of patients. Abbreviations: IQR, interquartile range; 

MI, myocardial infarction; PCI, percutaneous coronary intervention; CABG, 

coronary artery bypass grafting
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2.3.3 Trends in incidence of first hospitalisation for heart failure 

Crude case incidence (per 1000 patient-years) for heart failure at 1 year 

following discharge from a first myocardial infarction fell from 59.3 (95%CI 54.2-

64.7) in 1991 to 31.3 (27.3-35.8) in 2015 (Figure 2-3). Similar trends were 

observed for heart failure occurring within 5 years (27.9 [26.2-29.7] to 14.1 

[12.8-15.5]– 1991 vs. 2011) and 10 years (21.8 [20.6-23.0] to 12.5 [11.4-13.6] – 

1991 vs. 2006). Rates of heart failure hospitalisation after 5 and 10 years in 

patients aged ≥85 years were 10-fold higher than those aged <55 years (Table 2-

3). Rates were higher in women compared to men (10-year rate: 22.1 [21.6-22.6] 

vs. 14.0 [13.7-14.2]). The rate of heart failure hospitalisation increased with 

increasing socioeconomic deprivation – the rate of 10 -year heart failure 

hospitalisation in the most deprived was 18.2 (17.7-18.7) compared to 14.1 

(13.5-14.7) in the least deprived. 

 

Accounting for the competing risk of death, the cumulative incidence of first 

heart failure hospitalisation at 1-year, fell between 1991 and 2015 from 5.3% to 

2.9%; the 5-year risk fell from 10.4% to 5.8% (1991 vs. 2011); 10-year risk from 

14.4% to 9.0% (1991 vs. 2006) - Figure 2-3. After adjustment for age, sex, 

socioeconomic deprivation, comorbidities and revascularisation procedures, and 

accounting for the competing risk of death, the risk of heart failure 

hospitalisation at 1-year after discharge fell by 53% (95%CI 45-60%) – Table 2-4. 

The adjusted 5-year risk of heart failure hospitalisation fell by 57% (95%CI 52-

61%) and 10-year risk fell by 48% (95%CI 44-53%). The 10-year risk of heart failure 

following myocardial infarction was higher in older individuals (<55 years vs. ≥85 

years HR 3.14; 95%CI 2.89-3.41), if there was heart failure complicating the 

index admission (HR 2.08; 95%CI 2.00-2.16), in patients with diabetes (HR 1.72; 

95%CI 1.64-1.81), CKD (HR 1.24; 95%CI 1.14-1.35), atrial fibrillation (HR 1.29; 

95%CI 1.22-1.36), and in those not undergoing coronary revascularisation within 

30 days of myocardial infarction (HR 1.18; 95%CI 1.10-1.27). Similar results were 

seen at 1 and 5-years (Table 2-3). 
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Table 2-3 Crude case incidence rates of heart failure following discharge 

from first myocardial infarction 

 HF incidence per 1000 patient-years (95% confidence 
intervals) 

 1 year 5 year 10 year 
All patients 47.0 (45.9-48.0) 20.7 (20.3-21.0) 16.8 (16.5-17.0) 
Age – years    

<55 13.7 (12.6-15.0) 6.0 (5.6-6.4) 5.0 (4.8-5.3) 
55-65 27.4 (25.9-29.1) 11.7 (11.2-12.2) 9.8 (9.5-10.2) 
65-74 51.1 (49.1-53.3) 22.9 (22.2-23.6) 19.5 (19.0-20.0) 
75-84 84.9 (81.7-88.2) 42.0 (40.8-43.2) 36.9 (36.0-37.9) 
≥85 109.8 (103.5-116.5) 61.0 (58.2-63.9) 55.2 (52.8-57.8) 

Sex    
Men 38.5 (37.3-39.7) 17.1 (16.7-17.5) 14.0 (13.7-14.2) 
Women 61.7 (59.8-63.8) 27.3 (26.6-27.9) 22.1 (21.6-22.6) 

Deprivation category    
1 (most deprived) 51.0 (48.9-53.2) 22.7 (22.0-23.4) 18.2 (17.7-18.7) 
2 48.3 (46.1-50.5) 21.7 (21.0-22.5) 17.8 (17.3-18.3) 
3 47.4 (45.1-49.8) 21.0 (20.2-21.8) 17.1 (16.6-17.7) 
4 42.7 (40.3-45.3) 18.7 (17.9-19.5) 15.2 (14.6-15.8) 
5 (least deprived) 42.7 (40.0-45.6) 17.6 (16.8-18.5) 14.1 (13.5-14.7) 

Co-morbidity    
Coronary heart disease 46.9 (45.1-48.9) 22.0 (21.4-22.7) 18.8 (18.3-19.3) 
Hypertension 55.2 (52.8-57.7) 25.5 (24.7-26.4) 21.3 (20.6-21.9) 
Heart failure during index MI 

admission 
132.3 (127.3-137.5) 56.3 (54.6-58.0) 44.5 (43.3-45.8) 

Atrial fibrillation 100.3 (94.7-106.3) 50.7 (48.5-52.9) 43.8 (42.1-45.6) 
Cerebrovascular disease 81.9 (75.4-89.0) 41.6 (39.1-44.3) 35.0 (33.0-37.0) 
Diabetes 83.6 (79.4-88.0) 41.4 (39.9-43.0) 35.3 (34.1-36.5) 
Peripheral arterial disease  82.9 (77.0-89.3) 40.6 (38.3-42.9) 34.0 (32.3-35.8) 
Chronic kidney disease 119.3 (110.7-128.5) 62.6 (58.9-66.4) 54.2 (51.2-57.4) 
Cancer 64.5 (58.9-70.6) 31.1 (29.0-33.4) 26.4 (24.8-28.2) 
Respiratory disease 60.2 (56.5-64.3) 28.8 (27.4-30.2) 24.3 (23.3-25.4) 

Index MI procedures    
PCI or CABG within 30 days 20.5 (19.2-21.9) 9.0 (8.6-9.5) 8.2 (7.9-8.6) 
No PCI or CABG within 30 days 56.7 (55.3-58.0) 24.9 (34.3-25.3) 19.4 (19.1-19.7) 
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Figure 2-3 Cumulative incidence of first hospitalisation for heart failure 

following first acute myocardial infarction 

 

Legend: Cumulative incidence curves of first heart failure hospitalisation 

accounting for the competing risk of death from any cause. Data are presented by 

year of index myocardial infarction. MI, acute myocardial infarction; HF, heart 

failure. 
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Table 2-4 Adjusted risk of first heart failure hospitalization 

 
 1-year  5-year 10-year  
Year of MI    

1991-1992 1.00 1.00 1.00 
1993-1994 0.95 (0.87-1.04) 0.93 (0.87-0.99) 0.94 (0.89-0.99) 
1995-1996 0.86 (0.78-0.94) 0.86 (0.81-0.92) 0.85 (0.80-0.90) 
1997-1998 0.81 (0.74-0.90) 0.77 (0.72-0.83) 0.77 (0.72-0.82) 
1999-2000 0.76 (0.69-0.84) 0.71 (0.66-0.76) 0.70 (0.65-0.74) 
2001-2002 0.61 (0.55-0.68) 0.57 (0.53-0.62) 0.57 (0.53-0.61) 
2003-2004 0.61 (0.55-0.68) 0.55 (0.50-0.59) 0.55 (0.51-0.59) 
2005-2006 0.52 (0.46-0.58) 0.49 (0.45-0.53) 0.52 (0.48-0.56) 
2007-2008 0.52 (0.46-0.58) 0.45 (0.41-0.49) - 
2009-2010 0.47 (0.42-0.53) 0.43 (0.39-0.48) - 
2011-2012 0.43 (0.38-0.48) - - 
2013-2014 0.44 (0.38-0.49) - - 
2015 0.47 (0.40-0.55) - - 

Women vs. men 1.13 (1.08-1.18) 1.09 (1.05-1.13) 1.07 (1.04-1.11) 
Age (years)    

<55 1.00 1.00 1.00 
55-64 1.71 (1.54-1.90) 1.65 (1.52-1.78) 1.60 (1.50-1.72) 
65-74 2.63 (2.39-2.91) 2.58 (2.39-2.78) 2.48 (2.33-2.65) 
75-84 3.76 (3.40-4.15) 3.76 (3.49-4.06) 3.36 (3.14-3.60) 
≥85 4.32 (3.86-4.84) 3.98 (3.65-4.35) 3.14 (2.89-3.41) 

Deprivation category    
1 (most deprived) 1.00 1.00 1.00 
2 0.90 (0.84-0.96) 0.91 (0.86-0.95) 0.92 (0.88-0.96) 
3 0.89 (0.83-0.95) 0.88 (0.84-0.93) 0.92 (0.88-0.97) 
4 0.81 (0.76-0.87) 0.81 (0.77-0.86) 0.83 (0.78-0.87) 
5 (least deprived) 0.80 (0.74-0.87) 0.77 (0.72-0.82) 0.77 (0.73-0.82) 

Co-morbidity    
Coronary heart 

disease 
1.11 (1.06-1.17) 1.17 (1.12-1.22) 1.16 (1.11-1.21) 

Hypertension 1.09 (1.03-1.16) 1.12 (1.07-1.17) 1.11 (1.06-1.16) 
Heart failure during 
index MI admission 

2.70 (2.57-2.84) 2.31 (2.22-2.41) 2.08 (2.00-2.16) 

Atrial fibrillation 1.36 (1.28-1.45) 1.34 (1.27-1.42) 1.29 (1.22-1.36) 
Cerebrovascular 

disease 
1.04 (0.95-1.14) 1.04 (0.97-1.12) 1.01 (0.94-1.09) 

Diabetes 1.67 (1.57-1.77) 1.76 (1.68-1.85) 1.72 (1.64-1.81) 
Peripheral arterial 

disease  
1.26 (1.17-1.37) 1.23 (1.15-1.31) 1.16 (1.09-1.24) 

Chronic kidney 
disease 

1.58 (1.45-1.71) 1.44 (1.34-1.55) 1.24 (1.14-1.35) 

Cancer 0.98 (0.89-1.07) 0.87 (0.81-0.95) 0.85 (0.78-0.92) 
Respiratory disease 1.14 (1.06-1.22) 1.11 (1.05-1.18) 1.07 (1.01-1.13) 

Index MI procedures    
No PCI or CABG 
within 30 days  

1.45 (1.34-1.57) 1.41 (1.32-1.50) 1.18 (1.10-1.27) 

 
Multivariable analysis adjusted for age, co-morbidities, socioeconomic 
deprivation, and year of admission 
Data presented as hazard ratio (95% confidence intervals). Abbreviations as per 
Table 2-1.  
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2.3.4 Myocardial infarction subclassification 

From 2012 to 2015 the rate of STEMI and NSTEMI could be calculated using 

specific codes introduced in Scotland for the coding of subtypes of myocardial 

infarction. Of the 29011 myocardial infarctions occurring during this period, 

10148 (35.0%) were classified as STEMI, 16456 (56.7%) as NSTEMI and 2407 (8.3%) 

were unspecified. During follow-up from January 1st 2012 to December 31st 2016 

(minimum one-year and maximum 5-years), the incidence of hospitalisation for 

heart failure per 1000 person-years was 11.3 (95%CI 10.1-12.6) following STEMI, 

19.3 (18.0-20.6) after NSTEMI and 20.4 (17.2-24.1) after unspecified MI; the 

cumulative incidence of first hospitalisation for heart failure is displayed by type 

of myocardial infarction in Figure 2-4. Accounting for the competing risk of 

death from any cause and adjusting for age, deprivation, comorbidities, year of 

myocardial infarction and revascularisation, compared to STEMI, the hazard ratio 

of heart failure hospitalisation was 1.01 (95% CI 0.87-1.16) for NSTEMI and 1.04 

(95% CI 0.83-1.29) for unspecified myocardial infarction.  

 

Figure 2-4 Cumulative incidence of first hospitalisation for heart failure by 

type of acute myocardial infarction 

 
Cumulative incidence curves of first heart failure hospitalisation accounting for the 
competing risk of death from any cause. Data are presented by type of myocardial 
infarction. AMI, acute myocardial infarction; HF, heart failure. 
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2.3.5 Mortality 

Annualised mortality was 5-fold greater in those after a first hospitalisation for 

heart failure compared to those who were never hospitalised for HF; the fatality 

rate per 1000 patient-years was 254.2 (95% CI 250.5-258.0) for patients following 

a first heart failure hospitalisation and 53.7 (53.3-54.1) for those never 

hospitalised for heart failure following a first myocardial infarction. When 

considered as a time-updated covariate, the occurrence of a first hospitalisation 

for heart failure increased the risk of mortality by over 3-fold compared to those 

who never had this event (adjusted hazard ratio 3.51; 95% CI 3.45-3.57) – Figure 

2-6. Following a first hospitalisation for HF, median survival did not change 

significantly between 1991-95 and 2011-16 (1.7 years [95%CI 1.5-1.8] vs. 1.8 

years [1.7-1.9]). However, after covariate adjustment, the risk of death at 1-

year following a first hospitalisation for heart failure fell by 30% (95% CI 15%-

43%) between 1991 and 2015. This represented a yearly decrease in the risk of 

mortality following admission with heart failure by 1.3% (95% CI 1.0%-1.6%; 

p<0.001). 
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Figure 2-5 Risk of mortality in patients following first hospitalisation for heart 

failure compared to those never hospitalised 

 
Legend: Kaplan–Meier curves of death from any cause following a first heart failure 
hospitalisation or time from myocardial infarction discharge if no heart failure 
hospitalisation occurred. HF, heart failure. 
 

 

Adjusted hazard ratio 3.51 (95% CI 3.45-3.57) 
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2.4 Discussion 

In this nationwide study of a population of 5.4 million individuals with a single 

healthcare provider, the incidence of a first hospitalisation for heart failure 

following discharge after a first myocardial infarction was found to have 

decreased over the last quarter of a century. This is despite a progressive 

reduction in the risk of mortality following myocardial infarction, increasing the 

potential pool of survivors at risk of developing heart failure and increasing age 

at time of myocardial infarction along with increasing prevalence of 

comorbidities such as diabetes.  

 

Both the short and long-term risk of mortality following myocardial infarction 

has fallen over the last quarter of century, likely as a result of an increase in the 

availability of coronary reperfusion services, improvements in secondary 

prevention, and increasing sensitivity of troponin assays and diagnosis of 

myocardial infarction with lesser degrees of myocardial injury (and lower 

subsequent risk of mortality).160 In the present study, along with these 

improvements in survival, three trends were identified which could potentially 

drive an increasing incidence of heart failure following a first myocardial 

infarction. Firstly, age at time of myocardial infarction (and at time of first 

heart failure hospitalisation) increased and secondly, the prevalence of 

comorbidities associated with a higher risk of developing heart failure following 

myocardial infarction such as diabetes and chronic kidney disease rose in 

myocardial infarction patients.166,173,174 Another trend that might have led to an 

increase in the rate of incident heart failure was the increase in proportion of 

NSTEMI to STEMI, as heart failure was more likely to develop after NSTEMI than 

STEMI.15 

 

Despite these observations, the crude incidence of heart failure following 

myocardial infarction decreased over the period of study. Previous studies have 

reported similar findings in Olmsted County, United States of America (1990-

2010)175, Sweden (1993-2004 and 2004-2013)176,177, Western Australia (1996-

2007)178, Denmark (1997-2010)179, England (1998-2010)180, in Medicare 

beneficiaries in the United States of America (1998-2010)181, New Jersey, United 

States of America (2000-2015)182, and in Norway (2001-2009)183. The main 
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strength of the present study is that the follow-up covers more than quarter-of-

a-century, including the pre- and post-primary percutaneous coronary 

intervention eras, with 1.5 million patient-years of follow-up. Therefore, I was 

able to examine the influence of changes in patient characteristics, diagnostic 

criteria, myocardial infarction phenotype, therapy and practice, and in long-

term survival following myocardial infarction on the subsequent risk of heart 

failure at a country-wide level and in a single healthcare provider system. 

 

What may explain this decrease? Firstly, the use of emergent coronary 

reperfusion procedures has increased exponentially, thereby reducing infarct 

size and the subsequent risk of HF. This is supported by reports of a reduction in 

the incidence of heart failure complicating the index myocardial infarction 

admission, particularly in patients with STEMI, a factor which is greatly 

influenced by the degree of acute ventricular damage sustained at time of 

myocardial infarction.184 Additionally, the increased uptake of secondary 

preventative therapies may have contributed to a decreased long-term risk of 

heart failure in two ways. Firstly, improvements in coronary stent technology 

along with the use of more effective antiplatelet agents and statins, promote 

infarct artery patency and reduce the risk of both acute and remote 

reinfarction, thereby limiting myocardial damage.185–187 Secondly, RAS inhibitors 

and beta-blockers reduce the risk of adverse left ventricular remodelling and 

therefore, the development of HF.13,38,63 The implementation of these secondary 

preventative measures has increased over time and has contributed to reducing 

the risk of developing heart failure in both the acute period following myocardial 

infarction and in the longer term.174,188,189  

 

Elderly patients, as well as being at a greater risk of developing HF, also have a 

higher competing risk of death from any cause. This may, in part, explain why I 

have found that an increase in the proportion of elderly patients with myocardial 

infarction has not translated into an increase (or plateauing) in the overall crude 

incidence of first hospitalisation for HF. A further factor that should be 

considered in the decreasing incidence of heart failure is the changes in the 

definition of myocardial infarction and increased use of high sensitivity troponin 

assays, resulting in a greater proportion of myocardial infarction representing 
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relatively small infarcts with a subsequently low risk of developing HF.190,191 I 

found evidence of an increase in age-standardised incidence of myocardial 

infarction from 2007 following the release of the Universal Definition of 

Myocardial Infarction192; I believe this reflects the increased use of troponin and 

high sensitivity assays to diagnose myocardial infarction, along with the 

introduction of the definition of type 1 and type 2 myocardial infarction. 

Following this, the rate of myocardial infarction declined again, consistent with 

an overall downward trend in the rate of myocardial infarction observed in 

Scotland and globally. I report a higher cumulative incidence of heart failure 

following discharge for NSTEMI and unspecified myocardial infarction compared 

to STEMI, however, after adjustment for prognostic variables (including age, 

gender and co-morbidities) I found no significant differences in the risk of heart 

failure between types of myocardial infarction. This finding likely reflects the 

different phenotypes of patients presenting with NSTEMI and STEMI, in that 

patients with NSTEMI are older with more frequent co-morbidities and therefore 

more frequently develop heart failure following myocardial infarction. It may 

also reflect a degree of misdiagnosis with small troponin elevations related to 

myocardial injury in the setting of heart failure presentations being incorrectly 

classified as NSTEMI.  

 

Over the time period examined, median survival following a first heart failure 

hospitalisation did not change significantly. However, after covariate 

adjustment, including year of heart failure hospitalisation and age at time of 

hospitalisation, the risk of death at one year has fallen by 27% (95% CI 10-41%) 

between 1990 and 2015. Advances in both pharmacological and device therapy 

for heart failure with reduced ejection fraction (HFrEF) have contributed to the 

finding of a reduction in the risk of mortality.193,194 The 5-fold greater annualised 

rate of mortality for patients following a first hospitalisation for heart failure 

following myocardial infarction compared to those never hospitalised for heart 

failure should act as a reminder to physicians that prevention of this event 

should be one of the key priorities in care following myocardial infarction. This 

study has highlighted that particular sub-groups of patients are at a relatively 

increased risk of heart failure and require close attention to ensure appropriate 

use of reperfusion service resources and implementation of secondary 
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preventative measures. As already mentioned, elderly patients are at increased 

risk of developing heart failure but often do not receive reperfusion therapy and 

are less likely to be prescribed secondary preventative medications.195,196 

Similarly, patients with diabetes or chronic kidney disease (CKD) are less likely 

to receive evidence-based treatments, in particular revascularisation, however 

patients with advanced CKD are frequently excluded from clinical trials 

therefore evidence of benefit in this group is scarce.197–199  

 

Women were 12% more likely than men to develop heart failure at one year 

following myocardial infarction and this difference persisted out to 10-years 

(adjusted HR:1.07 [95%CI 1.04-1.11]). Similar findings were reported in an 

analysis of the HORIZONS-AMI (harmonizing outcomes with revascularization and 

stents in acute myocardial infarction) trial where women were more likely to 

develop heart failure at two years following myocardial infarction 

(multivariable-adjusted odds ratio 1.34 [1.10-1.51]) and in an analysis of high-

risk myocardial infarction patients (those in whom myocardial infarction was 

complicated by heart failure, left ventricular systolic dysfunction or both) in the 

VALIANT.200,201 Potential reasons for this include that women are more likely to 

have a delayed presentation with non-chest pain symptoms of myocardial 

infarction (potentially increasing infarct size) and are less likely to receive 

evidence-based treatments (including revascularisation) and effective secondary 

prevention than men.202–206 In the present study women, compared with men, 

were older at the time of myocardial infarction, had a greater prevalence of 

hypertension, atrial fibrillation, diabetes, renal impairment, more frequently 

had heart failure complicating index myocardial infarction admission and were 

less likely to have percutaneous revascularisation within 30 days of myocardial 

infarction (18.3% versus 27%). Despite adjustment for these factors, women 

remained at higher risk relative to men which may reflect gender imbalances in 

myocardial infarction care along with other unmeasured confounders. Finally, in 

the setting of a universal, single healthcare provider, I have identified persisting 

differences in outcomes by level of socioeconomic deprivation. This finding is 

not novel, however highlights that focused efforts are needed to ensure equal 

provision of resources and robust follow-up for those patients at greatest risk of 

developing heart failure.  
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2.5 Limitations 

As with all analyses of this nature there are limitations. I did not have 

information on ejection fraction or levels of biomarkers of cardiac injury which 

may influence the risk of development of heart failure. Data regarding other 

predictive factors including body mass index, blood pressure and natriuretic 

peptide levels were not available I did not have information on secondary 

preventative therapies which may influence these trends. I only examined 

mortality from any cause as information regarding cause-specific death from 

death certificates is often unreliable. The analysis of outcomes by type of 

myocardial infarction is limited to the recent time period following 

implementation of specific sub-classification coding in Scotland and I was unable 

to distinguish between type 1 and type 2 myocardial infarction. I did not have 

information regarding the community-based diagnosis of heart failure or was 

unable to differentiate between presentations with heart failure with a reduced 

or preserved ejection fraction. 
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2.6 Conclusions 

Despite an increasing pool of survivors of myocardial infarction at risk of heart 

failure, the incidence of heart failure hospitalisation following myocardial 

infarction in Scotland has consistently decreased since 1990. These trends 

suggest that better treatment of myocardial infarction and secondary prevention 

are having an impact on the risk of heart failure at a population level. 

Furthermore, changes in the diagnostic criteria of myocardial infarction, a 

decreasing incidence of STEMI and rising NSTEMI incidence may have resulted in 

a population at risk with less myocardial damage and a subsequently lower risk 

of heart failure. The risk of mortality following a first hospitalisation for heart 

failure has also fallen in the period examined, likely reflecting advances in the 

treatment of heart failure with reduced ejection fraction.
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Chapter 3 Methods of a trial examining the effect 
of neprilysin inhibition on left ventricular 
remodelling in patients with asymptomatic left 
ventricular systolic dysfunction late after 
myocardial infarction 

3.1 Introduction 

As described in Chapter 1, the development of left ventricular systolic 

dysfunction as a result of myocardial infarction increases the subsequent risk of 

developing heart failure.13,36 Progressive dilation of the left ventricle and 

reduction in stroke volume, the process known as adverse left ventricular 

remodelling, precedes the development of heart failure and can occur in the 

days, weeks and even years following myocardial infarction.17 Indeed, patients 

can experience a latent asymptomatic period prior to the development of 

symptomatic heart failure despite a significantly reduced LVEF and dilated left 

ventricle.44 The process of adverse left ventricular remodelling following 

myocardial infarction can be attenuated by pharmacological inhibition of the 

maladaptive neurohumoral system activation which occurs in response to the 

reduction in stroke volume.38 Four different neurohumoral antagonists (ACE 

inhibitors or ARBs, beta-blockers, and an MRA have been shown to reduce the 

risk of developing heart failure and death in patients at high risk of developing 

heart failure following myocardial infarction and the benefit of these drugs are, 

in part, due to an attenuation of adverse left ventricular remodelling.46,59,62,65 

 

The natriuretic peptides, which are secreted by the heart in response to 

increased wall stress, aim to counteract the adverse effects of activation of the 

renin-angiotensin aldosterone system and sympathetic nervous system by 

promoting vasodilation, natriuresis and diuresis, along with inhibiting 

pathological hypertrophy and fibrosis (Chapter 1-3).207 Endogenous levels of the 

natriuretic peptides can be augmented by inhibition of neprilysin, the enzyme 

responsible for their breakdown along with the catabolism of a range of other 

vasoactive peptides including adrenomedullin, glucagon-like peptide 1 (GLP-1), 

apelin, and bradykinin.208 The addition of a neprilysin inhibitor to an angiotensin 

II type 1 receptor blocker, in the form of sacubitril/valsartan, has been shown to 

reduce the risk of cardiovascular death or heart failure hospitalisation in 
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patients with established HFrEF when compared to RAS inhibition alone with the 

ACE inhibitor enalapril.138 Given their vasodilatory, anti-hypertrophic, anti-

fibrotic, and sympatholytic effects, along with the clinical benefits observed in 

patients with HFrEF, the augmentation of natriuretic peptides and other 

substrates for neprilysin with a neprilysin inhibitor may offer additional 

protection against progressive adverse left ventricular remodelling following 

myocardial infarction, thereby reducing the attendant risk of developing heart 

failure.  

 

Consequently, I designed a prospective, multicentre, randomised, double-blind, 

active-comparator trial powered to investigate the effects of the addition of 

neprilysin inhibition to RAS inhibition on left ventricular volumes in patients with 

symptomless left ventricular systolic dysfunction late after myocardial 

infarction.  
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3.2 Trial design 

I performed a multi-centre, prospective, randomised, double-blind, double-

dummy active-comparator trial designed to evaluate the effect of the combined 

angiotensin receptor-neprilysin inhibitor (ARNI) sacubitril/valsartan at a target 

dose of 97/103mg twice daily, compared with the angiotensin II type 1 receptor 

blocker (ARB) valsartan at a target dose of 160mg twice daily, on left ventricular 

volumes in patients with asymptomatic left ventricular systolic dysfunction 

following myocardial infarction.  

 

The trial was approved by the East of Scotland Research Ethics Committee and 

was registered as ClinicalTrials.gov Identifier: NCT03552575. A summary of the 

trial is displayed in Figure 3-1. 
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Figure 3-1 Trial overview 

 

Abbreviations: AMI, acute myocardial infarction; ECG, electrocardiogram; eGFR, 

estimated glomerular filtration rate; EF, ejection fraction; HF, heart failure; 

LGE, late gadolinium enhancement; MRI, magnetic resonance imaging; NSTEMI, 

Non-ST elevation myocardial infarction; NYHA, New York Heart Association; PGA, 

patient global assessment; STEMI, ST-elevation myocardial infarction;ULN, upper 

limit of normal.  
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3.3 Trial Aims 

3.3.1 Primary Aim 

The primary aim of this trial was to investigate the effect of sacubitril/valsartan 

compared with the current standard of care valsartan (i.e., the addition of 

neprilysin inhibition), on attenuating adverse left ventricular remodelling in 

high-risk asymptomatic patients post-myocardial infarction as a result of residual 

left ventricular systolic dysfunction (i.e., a reduced left ventricular ejection 

fraction without symptoms or signs of heart failure). 

 

3.3.2 Secondary Aims 

To provide an understanding of the cardiac effects and mechanisms of action of 

sacubitril/valsartan in patients with asymptomatic left ventricular systolic 

dysfunction, namely: 

 

• The effect of neprilysin inhibition on NT-proBNP, a marker of left 

ventricular wall stress. 

• The effect of neprilysin inhibition on high sensitivity cardiac troponin-I 

(hs-TnI), a marker of myocardial injury. 

• The effect of neprilysin inhibition on circulating levels of a selection of its 

substrates (ANP, CNP, adrenomedullin, apelin, GLP-1, and endothelin-I). 

• The effect of neprilysin inhibition on biomarkers of myocardial fibrosis 

and inflammation. 

 

3.4 Trial Outcomes 

3.4.1 Primary Outcome 

The primary outcome was the change in left ventricular end-systolic volume 

indexed for body surface area (LVESVI), from baseline to 12 months, based on 

cardiac MRI measurements. 
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3.4.2 Secondary Outcomes 

The prespecified secondary outcomes were:  

• Change in N-terminal pro-B-type natriuretic peptide (NT-proBNP)  

• Change in high sensitivity troponin I (hs-TnI)  

• Change in other cardiac MRI-based metrics of left ventricular remodelling:  

o Left ventricular end-diastolic volume indexed for body surface area 

(LVEDVI) 

o Left atrial volume indexed for body surface area (LAVI) 

o Left ventricular ejection fraction (LVEF) 

o Left ventricular mass index (LVMI) 

• Change in patient well-being, assessed using a patient global assessment 

questionnaire  

 

3.4.3 Exploratory Outcomes 

• Change in neurohormonal levels and substrates for neprilysin: BNP, MR-

proANP, ANP, CNP, MR-proADM, cGMP, endothelin-1, apelin, and GLP-1 

• Change in biomarkers of left ventricular remodelling, fibrosis and 

inflammation: sST2, Galectin 3, TIMP-1, MMP-9, Type III procollagen 

Peptide and GDF-15  

• Change in left ventricular global function index (LVGFI) and left 

ventricular remote zone extracellular volume (ECV) as measured using 

cardiac MRI. 

 

3.5 Trial population 

3.5.1 Identification of patients 

Patients were considered if they had suffered a myocardial infarction at least 3 

months prior to randomisation. 

 

The definition of myocardial infarction was in line with the guidelines provided 

by the European Society of Cardiology and the third Universal definition of 

myocardial infarction.212,213 Patients were required to meet the following 

criteria: 
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• Detection of rise and/or fall of cardiac biomarker values (preferably 

troponin) with at least one value above the 99th percentile of the upper 

reference limit and with at least one of the following:  

o Symptoms of ischaemia; 

o New or presumably new significant ST-T changes or new LBBB; 

o Development of pathological Q waves in the electrocardiogram 

(ECG); 

o Imaging evidence of new loss of viable myocardium, or new 

regional wall motion abnormality; 

o Identification of an intracoronary thrombus by angiography or 

autopsy.  

 

All patients without obvious contraindications to enrolment based on review of 

case notes were approached with regards to taking part in trial-screening.  

 

Potential participants were approached in one of two ways: 

 

(1) Approach in person by the clinical care team at a routine outpatient 

appointment. Those who demonstrated interest were given the patient 

information sheet (PIS) (Appendix 1) and asked for verbal consent for their 

details to be passed to the research team. The PIS contained a contact email 

address and telephone number to allow patients to “opt in” to the study or get 

in contact for further information. If there had been no contact from a patient 

48 hours after being given the PIS the patient was telephoned to ascertain 

interest in participation in the study. 

 

(2) Letter drop: letters were posted to the patient with information about the 

study. The same contact information as above was provided for patients 

contacted by letter drop to allow them to opt into the study. These patients 

were also contacted 5-7 days by telephone after posting the letter to assess 

interest in participating in the study; Initial screening was based on a telephone 

discussion with the potential patient who has expressed an interest in 

participating in the study supported by a review of their health records. Where 

possible, any missing biochemical data required as an inclusion criterion was 
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ordered ahead of screening as part of standard of care if unrecorded in the last 6 

months. This was to ensure appointments for screening echocardiography were 

only made for patients considered suitable to enter the study and avoid 

unnecessary inconvenience if they were not thought to be eligible based on 

routine information. Telephone discussions with the patient aimed to ensure 

their ability to adhere to the trial requirements, diagnostic tests, outcomes 

measures, and their ability to give informed consent. If the potential participant 

wished to discuss any aspect of the study, they were given the opportunity to do 

so with a member of the research team either over the phone or at the 

screening study visit and before consent is taken. An independent contact was 

also provided on the PIS if the patient wished further discussion with an 

independent party. 

 

3.5.2 Inclusion criteria  

This trial recruited male and female patients aged ≥18 years with asymptomatic 

left ventricular systolic dysfunction (i.e. no evidence of clinical and/or 

radiological heart failure) ≥ 3 months following acute myocardial infarction. 

Patients were required to satisfy the following criteria. Eligibility waivers to the 

inclusion / exclusion criteria were not permitted. 

• Acute myocardial infarction ≥3 months prior to randomisation 

• Left ventricular ejection fraction ≤40% as measured by transthoracic 

echocardiography  

• Ability to provide written, informed consent 

• Age ≥18 years 

• Tolerance of a minimum dose of ACE inhibitor/ARB (ramipril 2.5mg twice 

daily or equivalent – Table 3-1)  

• Treatment with a beta-blocker unless not tolerated or contraindicated. 
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Table 3-1 Total daily doses of commonly used ACE inhibitors or ARB 

corresponding to ramipril 2.5mg twice daily 

ACE 

inhibitor 
Dose ARB Dose 

Captopril 100mg Candesartan 16mg 

Enalapril 10mg Irbesartan 150mg 

Lisinopril 10mg Losartan 50mg 

Perindopril 4mg Valsartan 160mg 

Trandolapril 2mg   

 

3.5.3 Exclusion criteria 

• Contraindication to cardiac MRI (ferrous prosthesis, implantable cardiac 

device or severe claustrophobia) 

• Clinical (NYHA functional class ≥II) and/or radiological heart failure  

• Symptomatic hypotension and/or systolic blood pressure <100 mmHg 

• eGFR < 30 mL/min/1.73m2 and/or serum potassium >5.2mmol/L 

• Persistent/permanent atrial fibrillation 

• History of acute myocardial infarction within last 3 months 

• History of hypersensitivity or allergy to ACE-inhibitors/ARB 

• History of angioedema 

• Known hypersensitivity to the active study drug substances, contrast media 

or any of the excipients 

• Obesity (where body girth exceeds MRI scanner diameter) 

• Pregnancy, planning pregnancy, or breast feeding 

• Inability to give informed consent or comply with study protocol 

• Evidence of hepatic disease as determined by any one of the following: AST 

or ALT values exceeding 2 x ULN at Visit 1, history of hepatic 

encephalopathy, history of oesophageal varices, or history of portacaval 

shunt 

• History of biliary cirrhosis and cholestasis 

• Active treatment with cholestyramine or colestipol resins 

• Active treatment with lithium or direct renin inhibitor 

• Participation in another intervention study involving a drug or device within 

the past 90 days (co-enrolment in observational studies is permitted)  
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3.5.4 Consent 

Assenting patients who met the eligibility criteria and without any 

contraindications to taking part in the study were given information regarding 

the trial as detailed in the PIS and in the prior sections. If agreeable to taking 

part in the trial, then written, informed consent was sought (Appendix 2). 

Enrolled patients were allocated a unique patient identifier number which lasted 

for the duration of the entire trial. The assessment of eligibility and the 

informed consent process was undertaken by a member of the research team 

who was qualified by training and experience in taking informed consent to good 

clinical practice (GCP) standards. Informed, written consent was necessary prior 

to randomisation. A copy of the consent form was given to the patient, and 

another uploaded to the patient’s online case notes. The original consent form 

was filed in the study file and a copy of the consent forms was uploaded into the 

secure study database for each consented patient. 

 

A log of all patients screened for eligibility was completed. Anonymised 

information was collected including: 

• Age 

• Gender 

• Ethnicity  

• Whether the patient was recruited or not recruited to the study 

 

This information was collated in the study database. Screened patients who 

were not recruited either because they were ineligible or because they declined 

participation also had the following information recorded: 

 

• The reason not eligible for study participation OR 

• Where eligible, reason declined 

 

However, the right of the patient to refuse consent without giving reasons was 

respected.  
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3.5.5  Screening 

If agreeable and eligible on review of their medical case notes, assenting 

patients proceeded to screening echocardiography. Patients were consented for 

screening echocardiography and routine biochemical blood tests (urea and 

electrolytes [U&Es] and liver function tests [LFTs]) if unrecorded in the last 6 

months to assess trial eligibility. 

 

3.5.5.1 Screening echocardiography protocol 

Transthoracic echocardiography (TTE) was performed in the left lateral 

decubitus position. Images were taken from the standard parasternal, apical and 

subcostal windows. A standard exam was performed, and images were stored for 

off-line measurements. left ventricular ejection fraction was calculated from 

apical 4 and 2 chamber views using Simpson’s biplane rule.214 A cut-off of less 

than or equal to 40% was used for inclusion in the trial. Contrast agents were not 

used. Patients with insufficient endocardial definition to allow accurate 

planimetry were excluded. 

 

After screening echocardiography, suitable patients were approached for 

consent to take part in the trial as described above.  
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3.6 Trial procedures 

3.6.1 Pre-randomisation investigations 

The following investigations were performed prior to randomisation and all 

results were recorded in a study-specific electronic case report form (eCRF): 

• Full physical examination – including measurement of height, weight 

and resting heart rate and blood pressure 

• A record of the patients past medical history was obtained. Details of 

the index myocardial infarction were recorded including date, type of 

myocardial infarction (STEMI, NSTEMI or unknown), treatment for 

myocardial infarction (PCI, CABG, thrombolysis, or medical therapy). A 

history of diabetes mellitus (Type-1 or Type-2), paroxysmal atrial 

fibrillation, hypertension, hyperlipidaemia, cerebrovascular disease, 

peripheral arterial disease, chronic obstructive pulmonary disease, 

asthma, and smoking history was recorded. Prescribed medication pre-

randomisation was also recorded. 

• 12-lead ECG 

• Spot urine collection 

• Venepuncture – 50ml of venous blood was withdrawn for biochemical, 

biomarker and hormonal analysis and baseline renal/liver function for 

trial eligibility 

• Cardiac MRI with gadolinium contrast 

 

3.6.2 Randomisation 

Following baseline measurements, participants were randomly assigned to 

sacubitril/valsartan or valsartan and matched placebo in a 1:1 ratio. 

Randomisation was stratified by baseline LVESVI measured using cardiac MRI 

(≤45ml/m2 / >45ml/m2) and by use of diuretics. The randomisation schedule was 

generated by a computer using permuted blocks, with block lengths of 4 and 6 

(at random). All participants and trial staff were blind to treatment allocation. 
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3.6.3 Follow-up visits 

Table 3-2 details all of the visits and indicates with an “x” when assessments or 

procedures were performed. Patients were seen for all visits at the designated 

time or as close to as possible.  
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Table 3-2 Schedule of assessments 

Study Procedure 
Screening 
(>3months post 
myocardial 
infarction) 

Visit 1 - 
Randomisation 
(Week 0) 

Visit 2 
 
(Week 
1 ± 3 
days) 

Visit 3 
 
(Week 
2± 3 
days) 

Visit 4 
 
(Week 
4± 3 
days) 

Visit 5 
 
(Week 
5± 3 
days) 

Visit 6 
 
(Week 
14 ± 7 
days) 

Visit 7 
 
(Week 
26 ± 7 
days) 

Visit 8 
 
(Week 
39 ± 7 
days) 

Visit 9 
 
(Week 
52 ± 3 
months) 

Review Inclusion/Exclusion 

Criteria 

X          

Echocardiogram X          

Obtain informed consent X X         

Cardiac MRI  X        X 

Physical examination  X X  X   X  X 

Medical history  X X         

Concomitant medications X X X X X X X X X X 

Vital Signs (Blood 

pressure/Heart rate) 

X X X X X X X X X X 

12 Lead ECG  X         

Spot urine collection  X      X  X 

Venepuncture (Urea and 

Electrolytes/FBC and LFTs) 

X& X X X X X X X X X 

Venepuncture 

(Biochemical/hormonal/ 

biomarker analysis) 

 X      X  X 

Pregnancy testing in 

WoCBP 

 X   X  X X X X 
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Study Procedure 
Screening 
(>3months post 
myocardial 
infarction) 

Visit 1 - 
Randomisation 
(Week 0) 

Visit 2 
 
(Week 

1 ± 3 
days) 

Visit 3 
 
(Week 

2± 3 
days) 

Visit 4 
 
(Week 

4± 3 
days) 

Visit 5 
 
(Week 

5± 3 
days) 

Visit 6 
 
(Week 

14 ± 7 
days) 

Visit 7 
 
(Week 

26 ± 7 
days) 

Visit 8 
 
(Week 

39 ± 7 
days) 

Visit 9 
 
(Week 

52 ± 3 
months) 

Patient global assessment 

questionnaire 

       X  X 

IMP Dispensing*  X   X  X X   

Up-titrate IMP#     X      

IMP Administration+  X X X X X X X X X 

Adverse event reporting   X X X X X X X X  

Study completion          X 

 

* Study drug was introduced at equivalent dose to existing ACE-i/ARB treatment (Dose level 2 or 3) at investigator’s discretion 
#Up-titration not required if patient already on dose level 3 but down titration to dose level 2 permitted in response to COVID-19 
&If not done in the preceding 6 months 

+Emergency IMP dispensing permitted during COVID-19 pandemic 
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3.6.4 End-of-trial 

The end of the trial was defined as the date of the last patient’s 52-week (+/- 3 

months) study visit plus an additional 30 days of event reporting. 

3.6.5 Cardiac MRI protocol 

Cardiac Magnetic Resonance Imaging was performed prior to randomisation and 

at 52 weeks following randomisation with a single 3-Tesla Siemens MAGNETOM 

Prisma scanner at the Queen Elizabeth University Hospital Glasgow Imaging 

Centre of Excellence. Images were obtained with a phased-array chest coil, 

during breath-hold, and gated to the electrocardiogram. The MRI protocol is 

outlined in Figure 3-2. 

 

Figure 3-2 Outline of cardiac MRI protocol 

 

 

A steady-state free-precession (SSFP) sequence was used to acquire long-axis (2, 

3, and 4-chamber) images and a short-axis cine stack of the left ventricular from 

the mitral valve plane base to the left ventricular apex, consisting of 7mm thick 

slices with a 3mm interslice gap. T1 mapping images were created using a 

modified look-locker inversion recovery (MOLLI) sequence in the short axis view 

of the left ventricle at the base, mid, and apical ventricle. T1 mapping 

sequences were performed pre- and post-gadolinium administration. T2-mapping 

short-axis images (base, mid and apical) were created using a fast low-angle shot 

(FLASH) sequence pre-gadolinium administration. Myocardial tissue tagging 

sequences were used to acquire 3 short-axis (base, mid and apex) and three 

long-axis (2, 3, and 4-chamber) views.  
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Late gadolinium enhancement images (3 long axis views, and short axis slices at 

the base, mid and apex of the left ventricle) were acquired 10-15 minutes after 

intravenous injection of 0.15 mmol/kg of gadolinium diethyltriaminepenta-

acetic acid (Gd-DTPA, Magnevist, Bayer Healthcare) using segmented phase-

sensitive inversion recovery turbo fast low-angle shot. Full details of the 

technical parameters of each sequence are presented in Appendix 3. 

 

3.6.6 Cardiac MRI analysis 

A single operator (Dr Ross T. Campbell), accredited by the European Association 

of Cardiovascular Imaging (EACVI) in cardiac MRI analysis with >5 years of 

experience, analysed all scans blinded to treatment assignment. The baseline 

and 12-month follow-up scans were analysed in pairs to reduce intra-observer 

variability, using the methods detailed below and in accordance with the Society 

for Cardiovascular Magnetic Resonance and European Society of Cardiovascular 

Imaging guidelines for reporting cardiovascular magnetic resonance 

examinations.212,213 A random selection of scans (10%) was analysed by a second 

operator blinded to treatment assignment for assessment of inter-operator 

variability and quality assurance and no significant inter-observer variation was 

seen. All scans were reviewed by a third operator (Dr Giles Roditi) for the 

purposes of a clinical report, review of non-cardiac elements and the presence 

of any incidental findings. 

 

For the purposes of the measurement of the primary and secondary MRI 

endpoints, measurements were performed offline using the commercially 

available software package (Circle CVI42, Circle Cardiovascular Imaging, Canada) 

using standard techniques according to the Society for Cardiovascular Magnetic 

Resonance and European Society of Cardiovascular Imaging guidelines for 

reporting cardiovascular magnetic resonance examinations. 

 

SSFP short-axis cine images were used to calculate ventricular volumes. 

Specifically, ventricular volumes were calculated by manually tracing the 

endocardial border (excluding papillary muscles and trabeculations) in end-

systole and end-diastole. The basal left ventricular slice was defined as the most 

basal slice with >50% myocardium present. Left ventricular outflow tract volume 
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was included in volumetric analysis. End-diastole was defined as the frame in 

which the blood pool of the mid-ventricular slice was at its largest, and end-

systole was defined as the frame in which the blood pool of the mid ventricular 

slice was at its smallest. Values for both volumes were indexed by body surface 

area (BSA) calculated using the Mosteller formula, measured at the time of the 

scan. Left ventricular mass was calculated as the total difference between the 

inner and outer circumferences of the left ventricular myocardium in end-

diastole, multiplied by the myocardial density (1.05g/cm3), indexed to body 

surface area. Left atrial volume was calculated by manually tracing the left 

atrium endocardial volume in end-systole. This was performed in both the 2-

chamber (vertical long-axis view) and 4-chamber (horizontal long-axis view). A 

left atrial biplane volume was then calculated using the biplane area-length 

method. T1 areas of interest were drawn using the aforementioned software 

package. Regions of interest were drawn in myocardium remote to the area of 

infarction (defined as myocardium 180 degrees from the infarct area site) and 

left ventricular blood pool. Haematocrit (HCT) was measured at the time of 

scanning. Extracellular volume (ECV) was calculated as a ratio of corresponding 

T1 values measured pre- and post-contrast in each of the regions of interest. 

ECV was calculated using ECV = (1-HCT) × λ, where Lambda (λ)= ΔR1 

myocardium /ΔR1 blood, ΔR1= R1 post-contrast - R1 pre-contrast and R1=1/T1. 

Infarct size, measured in mass and as a percentage of myocardium, was 

calculated by manually drawing around the epicardial and endocardial border of 

the late enhancement short axis images, then drawing an area of interest in 

normal myocardium (180 degrees from the area of infarction). An auto-threshold 

of 5 standard deviations from this normal myocardium was used to identify areas 

of late enhancement. Left ventricular global function index (LVGFI) was 

calculated using the formula:  

!"#$% = !"'(" − !"'*"
!"'(" + !"'*"

2 	+ !"./001.05
× 100% 

Data relating to other cardiac MRI sequences performed, including myocardial 

strain, are not presented as part of this thesis and will be analysed at a later 

date. 



92 
 

 

3.6.7 Biomarker sampling 

Venous blood and spot urine samples were collected at baseline and at 6 and 12-

months following randomisation (Table 3-2). Patients rested in a supine or 

seated position for 10-15 minutes prior to sample collection. Venesection was 

performed and venous blood samples were collected in chilled tubes (2* SST 

serum, 3* ethylenediaminetetraacetic acid (EDTA) plasma [1* including p800 

protease inhibitor] and 1* plasma LiHep) and centrifuged immediately at 1500g 

at 4°C for 10 minutes before aliquoting and storage at -80°C. A protease 

inhibitor (Aprotinin, Abcam Cambridge UK) was added to EDTA plasma to 

minimise degradation of labile peptides such as ANP. A randomly voided sample 

of urine was collected as the same visit and transferred chilled prior to being 

aliquoted into 4*samples which were stored at -80°C. All samples were analysed 

after one freeze-thaw cycle. Individual biomarker assays used for measurement 

of trial outcomes are detailed in Chapter 5, 6, 7 and 8 

 

3.6.8 Patient global assessment of change 

At the 52-week visit patients were asked to complete a patient reported 

outcome global assessment of change questionnaire as detailed in Appendix 4. 
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3.7 Study drug 

Following randomisation, patients were provided with two packs of tablets – 

valsartan or matching placebo and sacubitril/valsartan or matching placebo – 

and instructed to take one pill from each pack (i.e., one active treatment and 

one placebo pill) twice daily. All participants and trial staff were blind to 

treatment allocation. 

 

3.7.1 Patients taking an ACE inhibitor at baseline 

To minimise the risk of angioedema due to overlapping ACE and neprilysin 

inhibition, all patients taking an ACE inhibitor at baseline underwent a 36-hour 

“washout” period following randomisation, prior to the first dose of study drug. 

For the same reason, use of open-label ACE inhibitor or ARB in addition to the 

randomised study drug was strictly prohibited for the duration of the trial. 

 

3.7.2 Dose adjustment 

Three dose levels of study medication were available, with planned stepwise up-

titration (Figure 3-3). Study drug was started at dose level 2 (sacubitril/valsartan 

49mg/51mg twice-daily or valsartan 80mg twice-daily) and up-titrated after 4 

weeks to dose level 3 (sacubitril/valsartan 97mg/103mg twice-daily or valsartan 

160mg twice-daily) if tolerated as assessed by clinical review (systolic blood 

pressure and symptomatic hypotension) and laboratory evaluation (potassium 

and renal function). Patients already on a high dose of ACE-inhibitor/ARB could 

start at dose level 3 at the investigator’s discretion. 

 

Alternatively, patients could be started at dose level 1 (sacubitril/valsartan 

24mg/26mg twice-daily), with a two-step titration to target dose over visits 3 

and 4, if systolic blood pressure at visit 1 was 100 to 110mmHg or if eGFR 30-60 

ml/min/1.73 m2. Down-titration was possible during follow-up, but the goal was 

to maintain patients on dose level 3 for as much of the trial as possible. Initial 

up-titration was only halted (or dose subsequently decreased) because of safety 

or tolerability concerns related to a) symptomatic hypotension, b) a clinically 

significant decline in renal function or c) hyperkalaemia (Figure 3-3).  
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Patients continued standard background therapy as prescribed prior to their 

involvement in the trial.  

 

Figure 3-3 Study drug up-titration criteria 

  
Dose Level Sacubitril/valsartan arm Valsartan arm 

1 24/26mg twice daily 40mg twice daily 

2 49/51mg twice daily 80mg twice daily 

3 97/103mg twice daily 160mg twice daily 

 

* Equivalent doses detailed in Table 3-1 

# Dose level 1 was considered as an option for patients with systolic blood 

pressure ≥100 to 110mmHg and/or moderate renal impairment (eGFR 30-60 

ml/min/1.73 m2) at time of randomisation.  

Abbreviations: AE, adverse event; eGFR, estimated glomerular filtration 

rate; SBP, systolic blood pressure.
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3.7.3 Monitoring of potential side effects 

3.7.3.1 Monitoring of hypotension  

Both study drugs can have the potential side effect of symptomatic hypotension 

and/or postural symptoms. Prior to any dose change, blood pressure was 

checked and up-titration only occurred if there was no symptomatic hypotension 

and systolic blood pressure was ³ 100mmHg. If appropriate, adjustments could 

be made to doses of diuretic and/or concomitant antihypertensive agents to 

facilitate the patient’s ability to tolerate the target dose of trial treatment. 

 

3.7.3.2 Monitoring of renal function 

Both study drugs can lead to changes in renal function and potassium 

concentrations therefore close monitoring of renal function (serum urea, 

creatinine and electrolytes) for the duration of the trial was mandatory. This 

included baseline measurements along with measurements prior to and after the 

introduction of the study drug and after any dose change. Measurements were 

taken at regular intervals for the duration of the trial as per the Schedule of 

Assessments detailed in Table 3-2 and below. Additional measurements were 

also taken if clinically indicated. All results were reviewed in a timely manner 

once available and if action is required this was expedited immediately. Each 

patient had their renal function (along with liver function tests) checked at the 

following time-points: 

• Visit 1: Week 0 (pre-randomisation) 

• Visit 2: Week 1 (± 3 days) 

• Visit 3: Week 2 (± 3 days) 

• Visit 4: Week 4 (± 3 days - pre up-titration of study drug) 

• Visit 5: Week 5 (± 3 days - 1 week post up-titration of study drug) 

• Visit 6: Week 14 (± 7 days) 

• Visit 7: Week 26 (± 7 days) 

• Visit 8: Week 39 (± 7 days) 

• Visit 9: Week 52 (± 7 days) 

 



96 
 

 

If, at any time after randomisation, eGFR decreased by ≥ 25% from baseline (or 

if serum creatinine concentration increased to 221 µmol/L), potentially 

reversible cases of renal dysfunction were sought including: non-steroidal anti-

inflammatory drug intake, antibiotics, or other nephrotoxic medications; 

hypovolaemia; and urinary tract infection. If felt to be appropriate, the study 

drug dose could be reduced and continued with regular monitoring of renal 

function. If a patient’s eGFR decreased by ≥ 40% from baseline (or if serum 

creatinine concentration rose above 265 µmol/L, then this was an indication to 

stop the study drug. Thereafter, serum creatinine assessments were repeated at 

least weekly until levels returned to acceptable values. Re-challenging with the 

study drug at a lower dose level could be thereafter considered if deemed 

clinically safe to do so. 

 

3.7.3.3 Monitoring of hyperkalaemia 

Patients with elevated potassium value were managed according to the 

corrective actions outlined below. 

 

Serum potassium > 5.3 and less than or equal to 5.5 mmol/L 

• Confirm potassium concentration in a non-haemolysed sample 

• Reinforce low potassium diet and restriction of food/drinks with a high 

potassium content 

• (e.g. orange juice, melon, bananas, low-salt substitutes etc.) 

• Review medical regimen (including dietary supplements and over-the-

counter medications) for agents known to cause hyperkalaemia. Consider 

reduction in dose or discontinuation of these agents: 

o Potassium-sparing diuretics (e.g. amiloride and triamterene) including 

in combination products with thiazide or loop diuretics 

o Potassium supplements, e.g., potassium chloride 

o Salt substitutes 

o Non-steroidal anti-inflammatory drugs (NSAIDs) 

o Cyclo-oxygenase-2 (COX-2) inhibitors 

o Trimethoprim and trimethoprim-containing combination products 

o Herbal Supplements: For example, Noni juice, alfalfa (Medicago 

sativa), dandelion (Taraxacum officinale), horsetail (Equisetum 
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arvense), nettle (Urtica dioica), milkweed, lily of the valley, Siberian 

ginseng, hawthorn berries 

• Repeat serum potassium measurement within 3 to 5 days 

• If serum potassium remained > 5.3 and ≤ 5.5 mmol/L, regular monitoring of 

serum potassium levels to ensure stability (suggested once monthly) 

• Consider down-titration of study medication, according to the 

investigator’s medical judgment. 

 

Serum potassium > 5.5 and < 6.0 mmol/L 

• Confirm potassium concentration in a non-haemolysed sample 

• Consider down-titration or temporarily discontinue study drug according to 

the investigator’s medical judgment. 

• Apply all measures outlined for serum potassium > 5.3 and ≤ 5.5 mmol/L 

• Repeat serum potassium measurement after 2-3 days 

• If serum potassium < 5.5 mmol/L, consider resumption of study drug at 

lower dose with repeat potassium within 5 days 

 

Serum potassium greater than or equal to 6.0 mmol/L 

• Immediately discontinue study drug 

• Confirm potassium concentration in a non-haemolysed sample 

• Urgently evaluate patient and treat hyperkalaemia as clinically indicated 

• Apply all measures outlined for serum potassium > 5.3 and < 6.0 mmol/L 

• Resumption of study drug was decided on a case-by-case basis by the 

investigators. 

 

3.7.3.4 Management of angioedema 

Angioedema is a potential side effect of combined RAS and neprilysin inhibition. 

Angioedema has been reported in patients treated with sacubitril/valsartan. The 

trial protocol mandated that if angioedema occurred, then study drug was 

immediately discontinued, and appropriate therapy and monitoring provided 

until complete and sustained resolution of signs and symptoms occurred. Study 

drug was not re-administered. Angioedema occurring during the trial was an 

automatic withdrawal criterion. 
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3.7.4 Development of heart failure and study drug/study 
discontinuation during follow-up 

The trial protocol mandated that if a patient developed symptomatic heart 

failure during follow-up then they were offered open-label sacubitril/valsartan 

as per current clinical care guidelines. Patients who started open-label 

sacubitril/valsartan or withdrew from study medication (or study follow-up) ≥6 

months after randomisation were asked to undergo an “end-of-study” cardiac 

MRI examination (patient withdrawing before 6 months were not asked to have a 

second cardiac MRI as an effect of left ventricular remodelling was unlikely to be 

detected before that time point). 

 

3.8 Withdrawal criteria 

Any patient enrolled in the trial was free to withdraw from the study at any time 

without giving reason and without prejudicing any further treatment/care. The 

trial protocol stipulated that following their involvement in the trial any patient 

who withdrew was converted to an ACE-inhibitor or ARB as per local practice 

guidelines at an equivalent dose to their final study drug dose level. 

 

3.9 Funding of the trial 

This trial was funded by the British Heart Foundation (PG/17/23/32850). Trial 

medication and funding for trial drug packaging, labelling, distribution, storage 

and destruction was supplied by Novartis Pharmaceuticals UK Limited who had 

no role in the design and conduct of the study; collection, management, 

analysis, and interpretation of the data; preparation or decision to submit the 

trial results for publication. 
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3.10 Pharmacovigilance 

3.10.1 Definitions  

The following definitions were used as part of the trials monitoring and 

pharmacovigilance procedures: 

Table 3-3 Pharmacovigilance definitions 

Term Definition 

Adverse Event (AE) Any untoward medical occurrence in a participant to 

whom a medicinal product has been administered, 

including occurrences which are not necessarily caused 

by or related to that product. 

Adverse Reaction 

(AR) 

 

An untoward and unintended response in a participant 

to an investigational medicinal product which is 

related to any dose administered to that participant. 

The phrase "response to an investigational medicinal 

product" means that a causal relationship between a 

trial medication and an AE is at least a reasonable 

possibility, i.e. the relationship cannot be ruled out. 

All cases judged by either the reporting medically 

qualified professional or the Sponsor as having a 

reasonable suspected causal relationship to the trial 

medication qualify as adverse reactions. 

Serious Adverse 

Event (SAE) 

A serious adverse event is any untoward medical 

occurrence that: 

• results in death 

• is life-threatening 

• requires inpatient hospitalisation or 

prolongation of existing hospitalisation 

• results in persistent or significant 

disability/incapacity 

• consists of a congenital anomaly or birth defect 

Other events that are considered medically significant 

may also be considered serious if they jeopardise the 
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participant or require an intervention to prevent one 

of the above consequences. 

NOTE: The term "life-threatening" in the definition of 

"serious" refers to an event in which the participant 

was at risk of death at the time of the event; it does 

not refer to an event which hypothetically might have 

caused death if it were more severe. 

Serious Adverse 

Reaction (SAR) 

An adverse event that is both serious and, in the 

opinion of the reporting Investigator, believed with 

reasonable probability to be due to one of the trial 

treatments, based on the information provided. 

 

Suspected 

Unexpected Serious 

Adverse Reaction 

(SUSAR) 

A serious adverse reaction, the nature and severity of 

which is not consistent with the information about the 

medicinal product in question set out: 

• In the case of a product with a marketing 

authorisation, in the summary of product 

characteristics (SmPC) for that product. 

• In the case of any other investigational 

medicinal product, in the investigator’s 

brochure (IB) relating to the trial in question. 

 

3.10.2 Recording and reporting of Adverse Events 

All AEs which occurred during the trial that were observed by the Investigator or 

reported by the participant were recorded in the participant’s medical records 

whether or not attributed to trial medication. 

 

Details of the following adverse reactions were collected within the eCRF at all 

follow-up visits from randomisation until the participants’ final visit. 

 

• Clinically relevant hypotension (syncope, dizziness, etc)  

• Worsening renal function 

• Acute kidney injury 

• Hyperkalaemia 
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• Occurrence of angioedema 

 

The seriousness of each adverse reaction was collected along with the outcome 

of the event at the time of the visit i.e. whether the reaction was ongoing at the 

time of the visit or the participant had recovered. 

 

SAEs were documented within the eCRF and were collected from the date of 

randomisation until 30 days post-cessation of trial treatment to allow for 

reporting of any ongoing adverse reactions associated with the use of the trial 

drug. 

 

The following events were excluded from the need for expedited reporting: 

 

• Routine treatment or monitoring of the studied indication not associated 

with any deterioration in condition. 

• Treatment which was elective or pre-planned, for a pre-existing condition 

not associated with any deterioration in condition, e.g. pre-planned hip 

replacement operation which does not lead to further complications. 

• Any admission to hospital or other institution for general care where there 

was no deterioration in condition. 

• Treatment on an emergency, outpatient basis for an event not fulfilling 

any of the definitions of serious as given above and not resulting in 

hospital admission. 

 

3.10.3 Assessment of adverse events 

All adverse events had to be assessed for seriousness. SAEs occurring between 

the date of consent and 30 days post-treatment were assessed for causality, 

expectedness and severity and notified to the Sponsor. This was the 

responsibility of the Chief Investigator (Professor John McMurray) or designee 

(Professor Mark Petrie). 
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Seriousness 

 

AEs were assessed for seriousness as per the definitions in section 10.1; those 

meeting the criteria for an SAE were subject to expedited reporting to the 

sponsor. 

 

Assessment of causality  

 

SAEs were assessed for their causality i.e. did the event have a reasonable 

causal relationship with the trial medication.  

 

Assessment of expectedness 

 

If an SAE was considered to be related (possibly, probably or definitely) to the 

study medication, an assessment was made of the expectedness of the reaction 

i.e. is the reaction a recognised adverse effect of the medication. 

 

The expectedness of an adverse reaction was assessed against the Reference 

Safety Information (RSI) i.e. the list of expected reactions detailed in the 

Summary of Produce Characteristics (SmPC) for the Investigational Medicinal 

Product approved during Clinical Trial Authorisation process. 

 

Expected: consistent with the relevant product information documented in the 

RSI. 

 

Unexpected: not consistent with the relevant product information documented 

in the RSI. 

 

Assessment of Severity 

 

This was assessed and described using the following categories: 

• Mild-awareness of event but easily tolerated 

• Moderate-discomfort enough to cause some interference with usual 

activity 

• Severe-inability to carry out usual activity. 
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3.10.4 Reporting to sponsor (Pharmacovigilance Office) 

All SAEs arising during the study were reported by the Principal Investigator (or 

designee) to the sponsor (Pharmacovigilance Office) by completion of the trial 

eCRF as soon as reasonably practicable and in any event within 24 hours of first 

becoming aware of the event. Any follow up information was also reported.  

 

3.10.5 Reporting to the MHRA and REC 

All SAEs assigned by the Chief Investigator (on behalf of the sponsor), as both 

suspected to be related to IMP-treatment and unexpected were classified as 

Suspected Unexpected Serious Adverse Reactions (SUSARs). These were subject 

to expedited reporting to the Medicines and Healthcare Products Regulatory 

Agency (MHRA). The Sponsor Pharmacovigilance office had responsibility to 

inform the MHRA, the REC and the Sponsor of SUSARs within the required 

expedited reporting timescales: 

 

• Fatal or life threatening SUSARs: not later than 7 days after the sponsor 

had information that the case fulfilled the criteria for a fatal or life 

threatening SUSAR, and any follow up information within a further 8 days.  

 

• All other SUSARs: not later than 15 days after the sponsor had information 

that the case fulfilled the criteria for a SUSAR. 
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3.11 Statistical analysis  

3.11.1 Sample size  

The target study size was 100 patients, based on the calculation that 45 patients 

in each treatment group provided >90% power (α level=0.05) to detect a 

difference of 6mL/m2 in LVESVI (standard deviation=7.8mL/m2)214, accounting 

for a discontinuation rate of 10% (lost to follow up, development of heart failure 

or death). A 6mL/m2 difference in LVESVI was selected as it is believed to 

represent a minimally important difference.215,216 Prior remodelling studies have 

reported a 9.2mL (i.e., approximately 5-6mL/m2) with the beta-blocker 

carvedilol, 7-11ml/m2 with the ACE inhibitor captopril and 9mL with enalapril; 

therefore, the proposed treatment-effect difference is of a magnitude similar to 

that observed with these established medications with a favourable remodelling 

effect post-myocardial infarction.60,63,217,218 In a systematic review of HF 

remodelling studies a 10 mL (i.e., approximately 6mL/m2) was the minimal 

difference associated with a discernible difference in mortality: OR 0.96, 95%CI 

0.93-0.98.219 

 

3.11.2 Statistical analysis 

Statistical analyses were conducted at the study data centre (Clinical Trials Unit, 

Robertson Centre for Biostatistics, Institute of Health and Wellbeing, University 

of Glasgow) according to a prespecified Statistical Analysis Plan. All analyses 

were performed according to the intention-to-treat principle, including all 

randomly assigned participants with post-randomisation data available for the 

outcome of interest at any given timepoint, irrespective of their subsequent 

participation in the study and their adherence to randomised treatment. No 

imputation for missing data was performed. Data were summarized descriptively 

for each randomised treatment group, using counts and percentages for 

categorical variables and mean, standard deviation (SD), or median, 25th and 

75th percentiles (IQR), depending on the distribution of the data. Each outcome 

was analysed using a linear regression analysis model adjusted for randomised 

treatment, the baseline value of the outcome in question and use of diuretic at 

baseline. MRI outcomes also included adjustment for the time from baseline to 
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follow-up MRI. The regression model coefficients for the treatment indicators 

variable are reported as adjusted between-treatment group mean differences 

for outcomes at 52 weeks. Log-transformations were performed where required 

to satisfy modelling assumptions, with regression coefficients back transformed, 

and interpretable as relative differences. Between-treatment group difference 

in the patient global assessment of change questionnaire was assessed by means 

of a Fisher’s exact text. For all analyses, a two-sided p-value of <0.05 was 

considered statistically significant. All analyses for the trial’s primary, secondary 

and exploratory outcomes were conducted by Ms. Bethany Stanley (Clinical Trials 

Unit, Robertson Centre for Biostatistics, Institute of Health and Wellbeing, 

University of Glasgow) using R Studio and R version 4.0.0 (R Foundation for 

Statistical Computing, Vienna, Austria). These analyses were verified by me 

using Stata 16.1 (Statacorp, College Station, Texas, United States). Any further 

exploratory statistical analyses were performed by me using Stata 16.1, R Studio 

and R version 4.0.0. 

 

3.12 Covid-19 pandemic mitigation  

In March 2020, the COVID-19 pandemic meant that public health measures had 

to be put in place to limit the spread of the SARS-CoV19 virus and protect the 

population. Prior to the “stay-at-home” order which was instigated on the 23rd 

of March 2020 the trial management group made the following plans to assess 

patient safety with regards to the COVID-19 pandemic and their involvement in 

the study. 

In order to be able to obtain the primary outcome for this clinical trial, and 

ensure patient participation has been worthwhile, the following amendments 

were made to the study protocol: 

1. An extension to the windows in which the week 52 MRI scan could be done 

to obtain the primary endpoint by 3 months either side. 

2. If the week 52 visit was carried out early (depending on MRI availability) 

then the IMP was discontinued with conversion to ACE inhibitor or ARB as 

trial protocol and biomarker samples obtained at this time. 
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3. The potential to continue IMP provision for this new extended period (i.e., 

an additional 3 months). 

4. Included the option to down titrate patients from dose level 3 to dose 

level 2 to ensure continued provision of IMP if required due to supply 

issues. 

5. Extend the study finish date to October 2020. 

Of the patients scheduled for the 52-week visit after March 23, 2020, 4 had this 

visit at an earlier (earliest=48 weeks) and 16 at a later time point (latest=62 

weeks). All patients remained on the study drug until the end-of-trial visit. No 

patients were lost to follow-up or did not complete the study due to the COVID-

19 pandemic.  

3.13 Rationale for key aspects of the trial design 

Current guidelines advocate the use of ACE-inhibitors (or angiotensin receptor 

blockers if ACE-inhibitor contraindicated/not tolerated) along with beta-blockers 

and mineralocorticoid receptor antagonists to reduce morbidity and mortality 

after myocardial infarction.220 The role of ACE-inhibitors/ARBs in preventing 

adverse remodelling after myocardial infarction is well established. A meta-

analysis of 16 trials examining ACE-inhibition after myocardial infarction 

demonstrated a significant improvement in reduction of left ventricular volumes 

at both short and long-term follow up in patients with reduced left ventricular 

ejection fraction who were administered an ACE-inhibitor.221 Similarly, in 

patients with asymptomatic left ventricular systolic dysfunction, usually as a 

result of remote myocardial infarction, ACE inhibitor therapy attenuates 

progressive left ventricular remodelling.60 

 

To date, the remodelling effect of neprilysin inhibition has not been studied in 

patients after myocardial infarction. Sacubitril/valsartan is a first-in-class ARNI, 

which has been studied in the pivotal PARADIGM-HF trial in the setting of chronic 

HF-REF in patients with left ventricular ejection fractions of ≤40%.138 

Sacubitril/valsartan (at a target dose of 97mg/103mg twice daily) when 

compared to the gold standard ACE-inhibitor, enalapril (target dose 10mg twice 
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daily), was associated with a significant reduction in cardiovascular death and 

hospitalisation for heart failure. Reductions in NT-proBNP (indicating a reduction 

in left ventricular wall stress) and troponin (indicating a reduction in myocardial 

injury) were also reported in PARADIGM-HF.222 Sacubitril/valsartan has been 

shown to have favourable effects on left ventricular remodelling in experimental 

pre-clinical models of acute myocardial infarction, although in some of these 

studies, sacubitril/valsartan was compared to control rather than an ACE-

inhibitor or ARB.223  

 

The choice of an ARB rather than an ACE inhibitor as the comparator agent in 

this trial was intentional. Unlike PARADIGM-HF and PARADISE-MI which used an 

ACE-inhibitor (enalapril and ramipril, respectively), in the present trial, the use 

of valsartan at the dose shown to be as efficacious as captopril in the VALIANT 

trial, allowed me to precisely define the effects of neprilysin inhibition per se 

without the uncertainty about comparing RAS blockade with an ACE-inhibitor, 

compared with an ARB.  

 

The target dose (97mg/103mg twice daily) of sacubitril/valsartan was based on 

the clinical benefit and safety results seen with this dose in PARADIGM-HF. In 

this trial there was a high prevalence of ischaemic cardiomyopathy (60%), with 

43% of patients having had a prior myocardial infarction.138 This target dose 

delivers equivalent valsartan exposure (assessed by AUC) as valsartan 160mg 

twice daily and biomarker analysis (increase in ANP and cGMP) indicates that this 

dose delivers approximately 90% of its maximal NEP inhibition.134 The target 

dose of valsartan (160mg twice daily) was shown to be as effective as the ACE 

inhibitor captopril (target dose 50mg three times daily) in the VALIANT trial at 

reducing mortality, recurrent myocardial infarction and hospitalisation for heart 

failure as well as attenuating adverse remodelling in patients with left 

ventricular systolic dysfunction and/or heart failure following myocardial 

infarction. 13,59 

 

Cardiac MRI is the gold standard means of assessment of left ventricular mass, 

volumes and ejection fraction. In addition to not requiring the use of ionising 

radiation, compared with other modalities including transthoracic non-contrast 

echocardiography, contrast angiography during left heart catheterisation and 
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radionucleotide ventriculography, cardiac MRI has superior spatial resolution and 

reproducibility when measuring ventricular volumes and function.224 This means 

that smaller samples sizes are required to detect treatment effect differences in 

cardiac volumes.225 It also has the additional benefit of allowing assessment of 

myocardial viability, myocardial fibrosis and regional dysfunction.226 The choice 

of the primary endpoint for this trial LVESVI has been shown to be a major 

determinant of survival after myocardial infarction.36,227 Furthermore, the short-

term effects of established HFrEF therapies on left ventricular volumes and 

function have been shown to closely correlate with their long-term effect on 

mortality in patients with left ventricular systolic dysfunction.219 The degree of 

left ventricular remodelling and effect of treatment will be measured by the 

primary endpoint of the change in LVESVI from baseline to 12 months. I will also 

examine the effect of the addition of neprilysin inhibition on LVGFI, a novel 

remodelling metric incorporating left ventricular function (volumes) and 

structure (left ventricular mass) which has been demonstrated to have 

incremental prognostic value to the measurement of LVEF in patients following 

STEMI.228 The benefits of neprilysin inhibition may be in part, related to a 

prevention of progressive myocardial fibrosis; cardiac MRI has the ability to 

quantify the degree of myocardial interstitial fibrosis as expressed by the 

extracellular volume (ECV) fraction.229,230 This study will provide novel data on 

the effect of neprilysin inhibition on non-infarct remote zone fibrosis measured 

using ECV. 

 

I did not consider it ethical to carry out a trial like the one described in patients 

with symptomatic HFrEF as sacubitril/valsartan has already been shown to be 

definitively superior to RAS blockade alone in those patients. 

 

3.14 Conclusion 

This trial was designed to provide detailed insight into the effects of neprilysin 

inhibition, added to standard care, in patients at high risk of developing heart 

failure as a result of residual left ventricular systolic dysfunction following 

myocardial infarction. It was the first adequately powered, randomised and 

long-term examination of the effect of sacubitril/valsartan on left ventricular 

remodelling, and the only comparison with valsartan i.e. the only study to 
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ensure identical background RAS blocking therapy in both randomised treatment 

groups. The use of multi-parametric cardiac magnetic resonance imaging 

provided high-fidelity information about the effects of neprilysin inhibition on 

cardiac structure and function and, along with comprehensive biomarker 

profiling of patients, provided further understanding of the mechanisms of 

action underlying the clinical benefits observed with sacubitril/valsartan in 

patients with HFrEF.
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Chapter 4 The effect of neprilysin inhibition on 
left ventricular remodelling in patients with 
asymptomatic left ventricular systolic 
dysfunction late after myocardial infarction 

4.1 Introduction 

This chapter will describe the results of the primary and secondary remodelling 

cardiac MRI outcomes of the study described in Chapter 3. This study was 

designed to examine the effect of the addition of neprilysin inhibition to 

standard therapy including a RAS inhibitor and beta-blocker on left ventricular 

remodelling in patients with symptomless left ventricular systolic dysfunction 

resulting from a previous myocardial infarction. The primary outcome was the 

change in LVESVI from baseline to 52-weeks measured using the gold-standard 

method of assessing cardiac volumes, cardiac MRI. Secondary outcomes 

discussed in this chapter included the change from baseline to 52 weeks in 

LVEDVI, LAVI, LVEF and LVMI. 

4.2 Methods 

I designed a prospective, multicentre, randomised, double-blind, active-

comparator trial powered to investigate the effects of the addition of neprilysin 

inhibition to RAS inhibition on left ventricular volumes as measured by cardiac 

MRI in patients with asymptomatic left ventricular systolic dysfunction late after 

myocardial infarction. Full details of the study protocol including randomisation 

and the study drug are detailed in Chapter 3. The trial protocol and any 

subsequent substantial amendments were approved by the East of Scotland 

Research Ethics Committee. All patients provided written consent. The trial is 

registered (URL: http://www.clinicaltrials.gov. Unique identifier: NCT03552575). 

4.2.1 Recruitment and screening 

Eligible patients were those who had suffered an acute myocardial infarction at 

least 3 months prior to screening, had a left ventricular ejection fraction as 

measured by screening transthoracic echocardiography of 40% or less (see 

section 3-4-5 for details of screening procedures), were taking or able to 
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tolerate a minimum dose of ACE inhibitor or ARB (ramipril 2.5mg twice daily or 

equivalent Table 3-1) and were taking a beta-blocker unless not tolerated or 

contraindicated. Key exclusion criteria included signs or symptoms of chronic 

heart failure (i.e., New York Heart Association (NYHA) functional classification 

≥II), permanent or persistent atrial fibrillation, an estimated glomerular 

filtration rate of <30 mL/min per 1.73 m2, or a serum potassium level of >5.2 

mmol/L. Full inclusion and exclusion criteria are detailed in Chapter 3-5. 

Following screening echocardiography, eligible and assenting patients underwent 

a series of baseline investigations including cardiac MRI and blood and urine 

collection for biomarker analysis. Patients were then randomised 1:1 to 

sacubitril/valsartan (target dose 97/103mg twice daily) or valsartan (target dose 

160mg twice daily plus matching placebo (see Chapter 3.6 for full details of the 

randomisation procedure). Both investigators and patients were blind to study 

drug allocation for the full duration of the trial. 

Target recruitment was n=100 and screening began on July 9th 2018 and ended 

on 28th June 2019 (Figure 4-1). Follow-up was completed on June 19th 2020 (See 

Chapter 3-12 for details of the COVID-19 mitigation strategy). A total of 158 

patients were screened of whom 93 were randomised, 47 to sacubitril/valsartan 

and 46 to valsartan (Figure 4-2). Of the 158 patients screened, 65 (41%) were not 

randomised: 2 (3.1% of 65) patients met eligibility criteria but did not tolerate 

baseline MRI pre-randomisation; 2 (3.1%) patients underwent baseline MRI, 

however review of their imaging pre-randomisation demonstrated relatively 

preserved left ventricular systolic function and, therefore, it was felt that they 

did not represent the desired patient population (i.e. those with left ventricular 

systolic dysfunction) and they were excluded from further involvement; 3 

patients (4.6%) met eligibility criteria but declined further involvement following 

screening; 58 (89%) patients did not meet eligibility criteria and the reasons for 

this are detailed in Figure 4-3. The most common reason was a left ventricular 

ejection fraction >40% on screening echocardiography (n=36 [62%]), followed by 

17 patients (29%) who were taking a dose of an ACE inhibitor or ARB which was 

less than a total daily dose equivalent to ramipril 2.5mg twice daily. All 17 of 

these patients subsequently underwent a period of observed uptitration and 

were eligible for the study on rescreening. 
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Figure 4-1: Trial recruitment timeline 

 

Number of subjects randomised (grey bars) and cumulative number (solid black 

line) randomised per month, by calendar month and year. 

Total number randomised = 93. 
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Figure 4-2 Consort diagram 
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N=58 patients but some patients had >1 reason for inellibility 

Figure 4-3 Summary of reasons for ineligibility on screening. 
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4.2.2 Cardiac MRI techniques and analysis 

ECG-gated cardiac MRI was performed at the Glasgow Clinical Research Imaging 

Facility, Queen Elizabeth University Hospital) at baseline pre-randomisation and 

week 52 using a 3.0 Tesla scanner (MAGNETOM Prisma, Siemens Healthcare). The 

imaging protocol is detailed in Chapter 3.6. All scans were reported by 1 

European Association of Cardiovascular Imaging cardiac MRI–certified observer 

(Dr Ross Campbell) blinded to treatment allocation. Measurements of left 

ventricular and atrial volumes were performed according to standard techniques 

as detailed in Chapter 3.6.  

4.2.3 Statistical analysis 

All statistical analyses were conducted by Ms. Bethany Stanley at the study data 

centre (Clinical Trials Unit, Robertson Centre for Biostatistics, Institute of Health 

and Wellbeing, University of Glasgow) and replicated by myself according to a 

prespecified Statistical Analysis Plan as detailed in Chapter 3-11. All outcomes 

were performed according to the intention-to-treat principle, including all 

randomly assigned participants with post-randomisation data available for the 

outcome of interest at any given time point, irrespective of their subsequent 

participation in the study and their adherence to randomised treatment. 

As described in Chapter 3-11, the MRI outcomes reported in this chapter were 

analysed using a linear regression analysis model adjusted for randomised 

treatment, the baseline value of the outcome in question, use of diuretic at 

baseline and the time from baseline to follow-up MRI. The regression model 

coefficients for the treatment indicators variable are reported as adjusted 

between-treatment group mean differences for outcomes at 52 weeks 

In a post hoc analysis, I examined for the effect of any modification of treatment 

effect on the primary outcome by baseline NT-proBNP level using a linear 

regression model with interaction between treatment group and baseline NT-

proBNP (examined as a categorical variable below or at and above the median 

baseline level [230 pg/mL]), adjusted for randomised treatment, baseline 

LVESVI, use of diuretics at baseline and time from randomisation to cardiac MRI. 
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The primary outcome of the study was the change from baseline to 52 weeks in 

LVESVI, measured using cardiac MRI, and indexed for body surface area. A 

sample size of n=100 was proposed based on the calculation that 45 patients in 

each treatment group provided>90% power (α level=0.05) to detect a mean 

between-group difference in change in LVESVI from baseline of 6 mL/m2 (SD of 

change=7.8 mL/m2), accounting for a discontinuation rate of 10% (lost to follow-

up, development of heart failure, or death). A 6 mL/m2 change in LVESVI was 

felt to represent a minimum clinically meaningful difference based on prior 

reports that this was the minimal difference associated with a discernible 

difference in mortality.219
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4.3 Results 

4.3.1 Baseline characteristics 

The baseline characteristics of patients summarised by randomised treatment 

allocation are displayed in Table 4-1 and baseline cardiac MRI outcome 

measurements in Table 4-2. Mean age was 60.7 (SD 10.4) years, and 85 patients 

(91.4%) were male. A history of hypertension was recorded in 20 (21.5%), 

paroxysmal AF in 4 (4.3%), previous stroke in 3 (3.2%), chronic obstructive 

pulmonary disease in 1 (1.1%), asthma in 6 (6.5%), previous cancer in 6 (6.5%), 

diabetes in 15 (16.1%) and 57 (61.3%) were current (14 [24.6%] or ex-smokers (43 

[46.2%]). 

The median time from myocardial infarction was 3.6 years (IQR 1.2-7.2), the 

index myocardial infarction was an ST-elevation MI in 90 (96.8%) patients, in the 

anterior location in 88 (94.6%) patients, and most patients (89 [95.7%]) had 

received percutaneous (n=86 [92.5%]) or surgical revascularisation (n=3 [3.2%]) 

as treatment for the myocardial infarction. Of the randomised patients, 6 (6.5%) 

had a myocardial infarction prior to the index MI, of whom 5 had percutaneous 

revascularisation prior to the index myocardial infarction.  

By very nature of the inclusion criteria, all patients were taking an ACE-inhibitor 

(84.9%) or ARB (15.1%) prior to enrolment and a beta-blocker was taken by 87 

(93.5%) patients, an MRA by 40 (43%), and a loop diuretic by 11 (11.8%). 

Mean time from randomisation to 52-week cardiac MRI was 371 days (SD 17.2); 

range 342-440.The mean (SD) cardiac MRI LVEF was 36.8% (7.1%) and mean 

infarct size was 28.4% (10.9%). Mean (SD) LVESVI, LVEDVI, LAVI, and LVMI were 

74.8 (19.6) ml/m2, 117.2 ml/m2 (21.0), 46.7 ml/m2 (14.0), and 51.9 g/m2 (8.4), 

respectively. Median NT-proBNP was 230 pg/mL (IQR 124–404). There were 

significant correlations between infarct size and the degree of ventricular 

remodelling at baseline; LVESVI (Pearson r=0.38; p=0.0003, LVEDVI r=0.29; 

p=0.005, LVEF r=-0.37, p=0.0004).  
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Table 4-1: Baseline characteristics 

Characteristic Sacubitril/valsartan 
(n=47) 

Valsartan 
(n=46) 

Age, mean (SD), years  61.8 (10.6) 59.7 (10.1) 
Male, n (%) 42 (89.4) 43 (93.5) 
Body mass index, mean (SD),kg/m2 28.8 (4.2) 28.0 (5.0) 
Systolic blood pressure, mean (SD), mmHg 124 (14) 123 (13) 
Heart rate, mean (SD), beats/min 60.2 (7.6) 59.7 (9.4) 
Estimated glomerular filtration rate, 
mean (SD), mL/min/1.73m2 

87.3 (15.4) 88.2 (15.0) 

NT-proBNP, median (IQR), ng/L 216 (128-394) 242 (124-426) 
Cardiac MRI left ventricular ejection 
fraction, mean (SD), % 

36.0 (6.4) 37.7 (7.6) 

Infarct size, % 27.7 (10.9) 29.1 (10.9) 
Myocardial infarction history   
Time since MI, median (IQR), years 3.6 (1.5-6.5) 4.0 (1.2-7.2) 
MI type:    

STEMI, n (%) 46 (97.9) 44 (95.7) 
NSTEMI, n (%) 1 (2.1) 2 (4.3) 

Infarct location:    
Anterior, n (%) 44 (93.6) 44 (95.7) 
Inferior, n (%) 2 (4.3) 1 (2.2) 
Lateral, n (%) 1 (2.1) 1 (2.2) 

Treatment for MI:    
PCI, n (%) 46 (97.9) 40 (87.0) 
CABG, n (%) 1 (2.1) 2 (4.3) 
Thrombolytic, n (%) 0 (0) 1 (2.2) 

Medical history   
Hypertension, n (%) 12 (25.5) 8 (17.4) 
Diabetes, n (%) 9 (19.1) 6 (13.0) 
Stroke, n (%) 1 (2.1) 2 (4.3) 

Medications   
Antiplatelet, n (%) 46 (97.9) 42 (91.3) 
Anticoagulant, n (%) 5 (10.6) 6 (13.0) 
Statin, n (%) 42 (89.4) 46 (100.0) 
ACE inhibitor*, n (%) 41 (87.2) 38 (82.6) 
Angiotensin receptor blocker*, n (%) 6 (12.8) 8 (17.4) 
Beta-blocker, n (%) 45 (95.7) 42 (91.3) 
Mineralocorticoid receptor antagonist, 
n (%) 

18 (38.3) 22 (47.8) 

Loop diuretic, n (%) 6 (12.8) 5 (10.9) 

Baseline characteristics are presented for all randomised patients. 

Estimated glomerular filtration rate was calculated using the CKD-EPI formula. 

*Prior to enrolment 
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Abbreviations: ACE, angiotensin-converting enzyme; CABG, coronary artery 

bypass graft; IQR, interquartile range; NSTEMI, non-ST elevation myocardial 

infarction; NT-proBNP, N-terminal prohormone of B-type natriuretic peptide; 

PCI, percutaneous coronary intervention; SD, standard deviation; STEMI, ST 

elevation myocardial infarction. 
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4.3.2 Completeness of Follow-Up and Adherence 

Of the 47 patients randomised to sacubitril/valsartan, 46 remained on 

randomised treatment and had complete primary outcome data at baseline and 

week 52 (Figure 4-2). Of the 46 patients randomly assigned to valsartan, 46 

remained on randomised therapy and 44 had complete primary outcome data at 

baseline and week 52. There was 1 death (sudden cardiac death) in the 

sacubitril/valsartan group. There were no deaths in the valsartan group. At the 

end of the trial, of patients alive, 42 of 46 (91.3%) patients were taking the 

target dose of sacubitril/valsartan (97/103mg twice daily) and 46 of 46 (100%) 

patients were taking the target dose of valsartan (160mg twice daily). 
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4.3.3 Effect of neprilysin inhibition on left ventricular end-systolic 
volume index 

Mean (SD) LVESVI at baseline was 74.7 (18.2) mL/m2 in those randomised to 

sacubitril/valsartan with follow-up MRI data (n=46) and 75.3 (21.3) mL/m2 in 

those randomised to valsartan (n=44). LVESVI decreased by 4.0 (SD 6.6) mL/m2 

between baseline and 52 weeks in the sacubitril/valsartan group and by 2.0 (SD 

7.3) mL/m2 in the valsartan group: adjusted between-group difference –1.9 (95% 

confidence interval [CI], –4.8, 1.0) mL/m2; p=0.19 (Table 4-2 and Figure 4-4). 

In a post hoc subgroup analysis of patients below and at or above the median NT-

proBNP level at baseline (230 pg/mL), there was a nominally significant 

interaction between baseline NT-proBNP and randomised treatment effect 

(interaction p value=0.036). The adjusted mean between-treatment group 

difference in LVESVI from baseline was -5.1 (95% CI -9.2, -1.0) mL/m2 in those 

with NT-proBNP ≥230 pg/mL at baseline, and 1.3 (95% CI -2.9, 5.5) mL/m2 in 

those with baseline NT-proBNP <230 pg/mL (Figure 4-5).
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Figure 4-4 Change in left ventricular end-systolic volume index from baseline 

to week 52

 
Data presented as mean and error bars represent 95% CIs. Between-group 

difference presented as an adjusted mean difference calculated using a linear 

regression model adjusted for randomised treatment, baseline LVESVI, use of 

diuretics at baseline, and time from randomisation to cardiac magnetic 

resonance imaging. LVESVI = left ventricular end-systolic volume index.
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Data presented as mean and error bars represent 95% confidence intervals. 
This analysis was post-hoc. 
Median NT-proBNP was 230 pg/mL 
LVESVI, left ventricular end-systolic volume index. 
* Treatment effect calculated using a linear regression model with interaction between treatment group and 
baseline NT-proBNP, adjusted for randomised treatment, baseline value of the outcome, use of diuretics at 
baseline and time from randomisation to cardiac MRI.  
 

Figure 4-5 Change in left ventricular end-systolic volume index by baseline NT-proBNP level 
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 Sacubitril/valsartan Valsartan Between-group 

difference (95% 

CI) * 

P 

Value n Baseline Week 52 Change n Baseline Week 52 Change 

LVESVI, mL/m2 
46 

74.7 

(18.2) 

70.7 

(17.3) 
-4.0 (6.6) 44 

75.3 

(21.3) 

73.3 

(24.1) 
-2.0 (7.3) -1.9 (-4.9, 1.0) 0.19 

LVEDVI, mL/m2 
46 

115.4 

(20.6) 

111.0 

(19. 8) 
-4.4 (8.8) 44 

119.3 

(21.9) 

118.1 

(26.5) 
-1.2 (8.6) -3.1 (-6.8, 0.6) 0.10 

LAVI, mL/m2 

46 
46.2 

(13.6) 

43.4 

(14.2) 
-2.8 (9.0) 43 

47.4 

(14.6) 

46.5 

(16.6) 
-0.8 (11.7) -2.3 (-6.6, 2.0), 0.29 

LVEF, % 
46 

35.8 

(6.4) 

36.9 

(6.6) 
1.1 (3.4) 44 

37.7 

 (7.6) 

39.1  

(7.3) 
1.4 (3.6) -0.5 (-2.0, 0.9), 0.46 

LVMI, g/m2 

46 
51.9 

(9.0) 

49.4 

(9.4) 
-2.4 (4.9) 44 

52.1  

(8.0) 

51.0  

(9.5) 
-1.1 (5.0) -1.5 (-3.5, 0.6) 0.16 

Data presented as mean (SD). 

Results reported for those with data available at baseline and 52-weeks. 

Between-group difference presented as an adjusted mean difference calculated using a linear regression model adjusted for  

randomised treatment, baseline value of the outcome, use of diuretics at baseline, and time from randomisation to cardiac  

magnetic resonance imaging. 

 

Table 4-2 Change in primary and secondary MRI outcomes with sacubitril/valsartan or valsartan from baseline to week 52 
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4.3.4 Effect of neprilysin inhibition on left ventricular end-
diastolic volume index 

Mean (SD) LVEDVI at baseline was 115.3 (20.6) mL/m2 in those randomised to 

sacubitril/valsartan with follow-up MRI data (n=46) and 119.3 (21.9) mL/m2 in 

those randomised to valsartan (n=44). LVEDVI decreased by 4.4 (SD 8.8) mL/m2 

between baseline and 52 weeks in the sacubitril/valsartan group and by 1.2 (SD 

8.6) mL/m2 in the valsartan group: adjusted between-group difference –3.1 (95% 

CI, –6.8, 0.6) mL/m2; p=0.10 (Table 4-2 and Figure 4-6). In a post hoc subgroup 

analysis, the adjusted mean between-treatment group difference in LVEDVI from 

baseline was -6.1 (95% CI -11.4,-0.8) mL/m2 in those with NT-proBNP ≥230 

pg/mL at baseline, and 0.1 (95% CI -5.3, 5.5) mL/m2 in those with baseline NT-

proBNP <230 pg/mL (Interaction p=0.11). 
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Figure 4-6 Change in left ventricular end-diastolic volume index from 

baseline to week 52 

 

Data presented as mean and error bars represent 95% CIs. Between-group 

difference presented as an adjusted mean difference calculated using a linear 

regression model adjusted for randomised treatment, baseline LVEDVI, use of 

diuretics at baseline, and time from randomisation to cardiac magnetic 

resonance imaging. LVEDVI = left ventricular end-diastolic volume index.
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4.3.5 Effect of neprilysin inhibition on left atrial volume index 

Mean (SD) LAVI at baseline was 46.2 (13.6) mL/m2 in those randomised to 

sacubitril/valsartan with follow-up MRI data (n=46) and 47.5 (14.6) mL/m2 in 

those randomised to valsartan (n=43). LAVI decreased by 2.8 (SD 9.0) mL/m2 

between baseline and 52 weeks in the sacubitril/valsartan group and by 0.8 (SD 

11.7) mL/m2 in the valsartan group: adjusted between-group difference –2.3 

(95% CI, –6.6, 2.0) mL/m2; p=0.29 (Table 4-2 and Figure 4-7). In a post hoc 

subgroup analysis, the adjusted mean between-treatment group difference in 

LAVI from baseline was -2.0 (95% CI -8.1, 4.1) mL/m2 in those with NT-proBNP 

≥230 pg/mL at baseline, and -2.3 (95% CI -8.5, 3.9) mL/m2 in those with baseline 

NT-proBNP <230 pg/mL (Interaction p=0.95).
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Figure 4-7 Change in left atrial volume index from baseline to week 52 

 

Data presented as mean and error bars represent 95% CIs. Between-group 

difference presented as an adjusted mean difference calculated using a linear 

regression model adjusted for randomised treatment, baseline LAVI, use of 

diuretics at baseline, and time from randomisation to cardiac magnetic 

resonance imaging. LAVI = left atrial volume index.
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4.3.6 Effect of neprilysin inhibition on left ventricular ejection 
fraction 

Mean (SD) LVEF at baseline was 35.8 (6.4) % in those randomised to 

sacubitril/valsartan with follow-up MRI data (n=46) and 37.7 (7.6) % in those 

randomised to valsartan (n=44). LVEF increased by 1.1 (SD 3.4) % between 

baseline and 52 weeks in the sacubitril/valsartan group and by 1.4 (SD 3.6) % in 

the valsartan group: adjusted between-group difference –0.5 (95% CI, –2.0, 0.9) 

%; p=0.46 (Table 4-2 and Figure 4-8). In a post hoc subgroup analysis, the 

adjusted mean between-treatment group difference in LVEF from baseline was 

0.52 (95% CI -1.5,2.6) % in those with NT-proBNP ≥230 pg/mL at baseline, and -

1.7 (95% CI -3.8, 0.5) % in those with baseline NT-proBNP <230 pg/mL 

(Interaction p=0.15).
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Figure 4-8 Change in left ventricular ejection fraction from baseline to week 

52 

 

Data presented as mean and error bars represent 95% CIs. Between-group 

difference presented as an adjusted mean difference calculated using a linear 

regression model adjusted for randomised treatment, baseline LVEF, use of 

diuretics at baseline, and time from randomisation to cardiac magnetic 

resonance imaging. LVEF = left ventricular ejection fraction.

−4

−3

−2

−1

0

1

2

3

4

0 12
Months Since Randomisation

M
ea

n 
(9

5%
 C

I) 
C

ha
ng

e 
in

 L
VE

F(
%

) 

Sacubitril/valsartan Valsartan

Between-group difference: -0.5 % (95% CI -2.0, 0.9); p=0.46 
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4.3.7 Effect of neprilysin inhibition on left ventricular mass index 

Mean (SD) LVMI at baseline was 51.9 (9.0) g/m2 in those randomised to 

sacubitril/valsartan with follow-up MRI data (n=46) and 52.1 (8.0) g/m2 in those 

randomised to valsartan (n=44). LVMI decreased by 2.4 (SD 4.9) g/m2 between 

baseline and 52 weeks in the sacubitril/valsartan group and by 1.1 (SD 5.0) g/m2 

in the valsartan group: adjusted between-group difference –1.5 (95% CI, –3.5, 

0.6) g/m2; p=0.46 (Table 4-2 and Figure 4-9). In a post hoc subgroup analysis, 

the adjusted mean between-treatment group difference in LVMI from baseline 

was -3.1 (95% CI -6.1,-0.2) g/m2 in those with NT-proBNP ≥230 pg/mL at 

baseline, and 0.2 (95% CI -2.8, 3.2) g/m2 in those with baseline NT-proBNP <230 

pg/mL (Interaction p=0.13).
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Figure 4-9 Change in left ventricular mass index from baseline to week 52 

 

Data presented as mean and error bars represent 95% CIs. Between-group 

difference presented as an adjusted mean difference calculated using a linear 

regression model adjusted for randomised treatment, baseline LVMI, use of 

diuretics at baseline, and time from randomisation to cardiac magnetic 

resonance imaging. LVMI = left ventricular mass index. 
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Between-group difference: -1.5 g/m2 (95% CI -3.5, 0.6); p=0.16 
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4.3.8 Effect of neprilysin inhibition on left ventricular global 
function index 

Mean (SD) LVGFI at baseline was 28.6 (5.4) % in those randomised to 

sacubitril/valsartan with follow-up MRI data (n=46) and 30.6 (6.9) % in those 

randomised to valsartan (n=44). LVGFI increased by 1.1 (SD 3.5) % between 

baseline and 52 weeks in the sacubitril/valsartan group and by 1.4 (SD 3.8) % in 

the valsartan group: adjusted between-group difference –0.6 (95% CI, –2.1, 0.9) 

%; p=0.41 (Figure 4-10). In a post hoc subgroup analysis, the adjusted mean 

between-treatment group difference in LVGFI from baseline was 0.2 (95% CI -

2.1, 2.4) % in those with NT-proBNP ≥230 pg/mL at baseline, and -1.9 (95% CI -

4.2, 0.4) % in those with baseline NT-proBNP <230 pg/mL (Interaction p=0.21).
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Figure 4-10 Change in left ventricular global function index from baseline to 

week 52 

 

Data presented as mean and error bars represent 95% CIs. Between-group 

difference presented as an adjusted mean difference calculated using a linear 

regression model adjusted for randomised treatment, baseline LVGFI, use of 

diuretics at baseline, and time from randomisation to cardiac magnetic 

resonance imaging. LVGFI = left ventricular global function index.
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4.3.9 Effect of neprilysin inhibition on patient global assessment of 
general well-being 

Data on the patient global assessment of general well-being (Appendix 4) were 

available for 92 patients (46 in both treatment groups) at 52 weeks. An 

improvement in general well-being from baseline was reported by 22 (47.8%) and 

25 (54.3%), no change in 24 (52.2%) and 21 (45.7%) in the sacubitril/valsartan 

and valsartan groups, respectively, with no significant between-group difference 

(p=0.56) (Table 4-3). 

 

Table 4-3 Response at 12 months relating to the patient’s global assessment 

of any change in their general well-being since the start of the trial 
 

Sacubitril/valsartan 

(n=46) 

Valsartan 

(n=46) 

P-Value 

Markedly 

improved 
8 (17.4%) 8 (17.4%) 

p=0.56 

Moderately 

improved 
9 (19.6%) 7 (15.2%) 

Slightly 

improved 
5 (10.9%) 10 (21.7%) 

Unchanged 24 (52.2%) 21 (45.7%) 

Slightly 

worsened 
0 (0.0%) 0 (0.0%) 

Moderately 

worsened 
0 (0.0%) 0 (0.0%) 

Markedly 

worsened 
0 (0.0%) 0 (0.0%) 
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4.4 Safety and adverse events 

Study treatment was very well tolerated with no permanent discontinuations for 

reasons other than death (n=1 in the sacubitril/valsartan group) during follow-

up. Adverse events of interest by randomised treatment arm are summarised in 

Table 4-4. 

Compared with baseline, change in systolic blood pressure at 52 weeks was –5.8 

(16.5) mm Hg in the sacubitril/valsartan group and +0.17 (16.8) mm Hg in the 

valsartan group; between-group adjusted mean difference –5.3 mm Hg (95% CI, –

11.5, 1.0); P=0.10. There were numerically more cases of symptomatic 

hypotension with sacubitril/valsartan than valsartan (n=7 versus n=1). No cases 

of symptomatic hypotension required permanent discontinuation of study 

treatment. 

There were no cases of significant worsening renal function and 3 cases of 

hyperkalaemia (serum potassium >5.5mmol/L) (2 in the sacubitril/valsartan 

group and 1 in the valsartan group). There were no cases of severe 

hyperkalaemia (serum potassium >6.0mmol/L). 
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Table 4-4 Adverse events of interest 

Adverse event 
Sacubitril/valsartan 

(n=47) 
Valsartan 

(n=46) 
Serum creatinine 
≥2.5mg/dl  

0 0 

Serum potassium 
>5.5mmol/L 

2 (4) 1 (2) 

Serum potassium 
>6.0mmol/L 

0 0 

Symptomatic 
hypotension 

7 (15) 1 (2) 

Symptomatic 
hypotension with systolic 
blood pressure <90mmHg 

1 (2) 0 

Angioedema 0 0 
Cough 0 0 

 

n= number of patients with event (%) 

Due to the small number of events no tests for statistical significance were 

performed. 
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4.5 Discussion 

4.5.1 Study population 

The population enrolled in the present study were specifically targeted to 

represent a group of patients who were at an elevated risk of the future 

development of heart failure due to the development and persistence of left 

ventricular systolic dysfunction following myocardial infarction. Several 

characteristics of the population enrolled are worthy of further discussion.  

Firstly, the mean age (60.7 years) and the very high proportion of men (91%) are 

consistent with previous reports in similar populations; a contemporary post 

myocardial infarction study in patients with left ventricular systolic dysfunction 

(cardiac MRI LVEF <45%) enrolled immediately following anterior ST elevation 

myocardial infarction reported almost identical results with a mean age of 58 

years and 88% of participants were male.231 In the 2016 OMEGA-REMODEL trial 

which recruited a broad selection of patients with acute myocardial infarction, 

mean age was approximately 60 years and around 80% were male.232 In the High-

Risk Myocardial Infarction Initiative pooled dataset of 4 trials enrolling patients 

with left ventricular systolic dysfunction with or without heart failure as a result 

of acute myocardial infarction, the mean age at the time of myocardial 

infarction was 65.0 years and 70% of patients were male.233 In this cohort of 

approximately 29000 patients, the proportion of patients with diabetes (26%) 

and hypertension (54%) were significantly higher than those observed in the 

present cohort (16% and 22%, respectively). This difference could represent that 

both diabetes and hypertension are independent risk factors for heart failure 

both at the time of acute myocardial infarction (an inclusion criterion for some 

of the trials) and later after myocardial infarction (thereby rendering the patient 

ineligible for the present trial).234,235 Comparison with the most contemporary 

large post-myocardial infarction left ventricular systolic dysfunction/heart 

failure trial, the PARADISE-MI trial, is not possible as this trial utilised a range of 

enrichment criteria for eligibility which limits the generalisability of any 

comparisons made.236,237 

Several characteristics relating to sub-types of myocardial infarction have been 

identified as being predictors of persisting left ventricular systolic dysfunction: 
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consistent with these reports the majority of patients in the present trial had 

experienced a STEMI in the anterior anatomical territory.238 Furthermore, the 

mean infarct size, an established independent predictor of the risk of heart 

failure following myocardial infarction, was 28.4% of left ventricular mass in the 

present study, significantly higher than the 18.7% reported at 3 months following 

infarct in a recent population of patients with STEMI.239 These infarcts had 

developed despite very high use of reperfusion therapy with 92.5% of patients 

having undergone percutaneous coronary intervention. This figure is in keeping 

with the 89.4% who were reported as having had acute reperfusion therapy in 

the recently reported PARADISE-MI trial.237 This is significantly higher than the 

number of patients who had reperfusion therapy in the High-Risk Myocardial 

Infarction Initiative database, the constituent trials of which were completed 

over 15 years ago, prior to the widespread adoption of emergent coronary 

reperfusion therapy.233 Patients in the present study were also well treated with 

medical therapies which are known to attenuate adverse left ventricular 

remodelling and reduce the risk of heart failure and death following myocardial 

infarction; all patients were taking an ACE inhibitor or ARB prior to enrolment, 

93.5% were taking a beta-blocker, and 43% an MRA. 

The primary outcome of this study was the treatment effect of the addition of 

neprilysin inhibition on attenuating adverse left ventricular remodelling as 

measured by the LVESVI. Mean LVESVI at baseline was 74.8 (SD 19.6) mL/m2; the 

upper limit of the normal reference range for men in the UK Biobank project was 

49 mL/m2 and the equivalent numbers for LVEDVI were 117.2 (21.0) mL/m2 and 

110 mL/m2 indicating that the patients enrolled in the present study had 

evidence of significant ventricular dilatation.213 Mean MRI measured left 

ventricular ejection fraction (36.8 [7.0] %), by merit of the study inclusion 

criteria, was lower than the lower limit of the normal MRI reference range (48-

69% for men).213 It is of interest to place these values in context of other post-

myocardial infarction and heart failure populations. In a contemporary 

population of patients with an anterior ST-elevation MI, all of whom had a 

cardiac MRI ejection fraction of 45% or less at baseline immediately following 

myocardial infarction (mean 43%), the mean LVESVI at 3 months was 40 ml/m2, 

confirming that the population enrolled in our study represented a population 

who had evidence of adverse left ventricular remodelling.231 When compared to 
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cardiac MRI measured volumes in patients with established HFrEF, the degree of 

ventricular dilation and reduction in systolic function was less in this cohort than 

in those with symptomatic HFrEF. In the cardiac MRI substudy of the Metoprolol 

CR/XL Randomized Intervention Trial in Heart Failure (MERIT-HF) trial, mean 

placebo group ejection fraction 32.0%, LVESVI 111 mL/m2 and LVEDVI 156 

mL/m2.240  

Few studies have examined the remodelling effect of neurohumoral antagonists 

in patients with asymptomatic left ventricular systolic dysfunction. Several 

factors in the enrolled population suggest that the patients in the present study 

differed than those with established chronic heart failure. The use of loop 

diuretics was low at 12% and this small group of patients likely reflects those 

who had transient heart failure at the time of myocardial infarction and were 

commenced (and continued) on an oral loop diuretic. The cardiac volumes in the 

present trial are similar to other asymptomatic populations such as in the 

REversal of VEntricular Remodeling with Toprol-XL (REVERT) Trial where the 

mean echocardiographic measured LVESVI and LVEDVI in the placebo group were 

82.5 mL/m2 and 110.7 ml/m2, respectively.241 Arguably, the most objective 

evidence of difference between this symptomless cohort and patients with HFrEF 

was the median NT-proBNP level of 230 pg/ml, a level below the 400 pg/ml cut-

off used in the diagnosis of heart failure.19 Further discussion of the natriuretic 

peptide levels in the present cohort will follow in Chapter 5. 

In summary, the cohort enrolled represented a group of patients with evidence 

of established adverse left ventricular remodelling (i.e., ventricular dilatation 

and reduced systolic function) as a result of prior myocardial infarction. 

Therefore, this was a population who are at a higher risk of the development of 

symptomatic HFrEF. It is also worth highlighting the very high use of evidence-

based therapies which have been shown to prevent adverse left ventricular 

remodelling following myocardial infarction, therefore the effect of neprilysin 

inhibition was examined in addition to these therapies. 
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4.5.2 The effect of neprilysin inhibition on left ventricular 
remodelling 

In this study which was designed to assess the potential additional reverse 

remodelling effect of a neprilysin inhibitor when added to a RAS inhibitor and 

beta-blocker in patients with evidence of persisting left ventricular systolic 

dysfunction late after myocardial infarction, sacubitril/valsartan, compared with 

valsartan, did not have any significant favourable effects on left ventricular or 

atrial volumes, left ventricular ejection fraction, or left ventricular mass.  

The development of heart failure late after myocardial infarction is secondary to 

progressive ventricular dilatation and a reduction in systolic function, 

accompanied by a vicious cycle of deleterious activation of the RAS and 

sympathetic nervous system which promotes further adverse remodelling and 

depresses cardiac function. In the present study, there was no significant 

difference in the placebo group between baseline and 12 months in LVESVI 

(p=0.07) or LVEDVI (p=0.35), however LVEF did increase significantly by 1.4% 

(p=0.014). A range of definitions of adverse left ventricular remodelling have 

been suggested; recently, a 12% change in non-indexed LVESV or LVEDV 

measured using cardiac MRI has been proposed as a cut off indicating adverse 

(≥12% increase in volumes) or reverse remodelling (≤12% decrease in volumes) in 

patients following ST-elevation myocardial infarction.242 Using these cut-off 

values, of the 90 patients with paired MRI data in the present study, 4 had 

“adverse remodelling” (3 in the sacubitril/valsartan group and 1 in the valsartan 

group; p=0.62) and 14 had “reverse remodelling” (8 in the sacubitril/valsartan 

group and 6 in the valsartan group; p=0.77). In the placebo arm of the SOLVD-

Prevention trial of asymptomatic patients with left ventricular systolic 

dysfunction, progressive ventricular dilation was observed over 24 months of 

follow-up. This was attenuated by treatment with the ACE-inhibitor enalapril, 

and in enalapril treated patients there was little change in left ventricular 

volumes as measured by radionuclide ventriculograms after 12 months of follow-

up but a reduction in volumes was observed at 24 months.243 It is also notable 

that the degree of progressive ventricular dilation seen in SOLVD-Prevention 

(i.e., asymptomatic patients) was less than that seen in patients with 

symptomatic heart failure in the SOLVD-Treatment trial.244 In the REVERT trial, 

94% of patients were taking an ACE inhibitor or ARB at baseline and in the 
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placebo arm there were no significant differences seen in the change in LVESVI, 

LVEDVI or LVEF between baseline in 12 months; in the metoprolol treated 

patients there were significant reductions in LVESVI and LVEDVI along with an 

improvement in LVEF.241 Therefore, the small number of patients with signs of 

adverse remodelling over 12 months of follow-up in the present study may 

simply reflect the excellent background neurohumoral antagonist therapy which 

they were taking along with the relatively short follow-up time.  

Randomised data describing the remodelling effect of neprilysin inhibition in 

patients with left ventricular systolic dysfunction with or without heart failure 

are limited. As described in Chapter 1, pre-clinical models of myocardial 

infarction have suggested a beneficial effect on left ventricular volumes and 

function along with an attenuation of fibrosis, a key process in the progression of 

adverse remodelling.142,146 A range of observational studies have reported a 

reverse remodelling effect of sacubitril/valsartan (summarised in Table 1-2) 

however the ability of these studies to make conclusions about treatment effect 

are limited by their observational, non-randomised design. The largest of these, 

the Prospective Study of Biomarkers, Symptom Improvement, and Ventricular 

Remodeling During Sacubitril/Valsartan Therapy for Heart Failure (PROVE-HF) 

reported large improvements in serially echocardiographic measured LVEF and 

reductions in left ventricular volumes which correlated with the degree of 

reduction in NT-proBNP in patients with symptomatic HFrEF and a clinical 

indication to commence sacubitril/valsartan, however these observational data 

do not support conclusions regarding treatment effect but are hypothesis 

generating.153  

In the EVALUATE-HF randomised-controlled trial enrolled patients with HFrEF, 

the majority of whom were NYHA≥II, sacubitril/valsartan, as compared with 

enalapril, significantly reduced the secondary echocardiography endpoints of 

LVESVI by 1.6 (95% CI -3.1, -0.03) mL/m2, LVEDVI by 2.0 (95% CI -3.7, -0.3) 

mL/m2 and LAVI by 2.8 (95% CI -40, -1.6) mL/m2, with no difference in LVEF 

after 12 weeks of treatment (0.6% [-0.4, 1.7]).148 Baseline left ventricular 

volumes in this trial were lower than those in EVALAUTE-HF (mean enalapril 

group LVESVI 54.1 mL/m2 and LVEDVI 79.1 mL/m2), left ventricular ejection 

fraction was also lower (33%) and median NT-proBNP higher (595 pg/mL). It 
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should be noted however that it has been reported previously that 

echocardiography may underestimate ventricular volumes when compared with 

results based on cardiac MRI imaging.245,246 The results of EVALUATE-HF should 

be considered in context of two important points; firstly the potential 

remodelling benefit of neprilysin inhibition was assessed in addition to treatment 

with RAS inhibitors and beta-blockers in the majority of patients, and secondly, 

the remodelling indices were assessed after only 12 weeks of treatment as it was 

felt unethical to continue randomised treatment for any longer given the 

established clinical benefits of sacubitril valsartan as demonstrated in 

PARADIGM-HF.138 It may be that a longer period is required to demonstrate a 

significant additive beneficial remodelling effect.  

A second trial, the Pharmacological Reduction of Functional, Ischemic Mitral 

Regurgitation (PRIME) trial, compared 12 months of randomised treatment with 

sacubitril/valsartan or valsartan in patients with significant functional mitral 

regurgitation and LVEF between 25% and <50% and reported a significant 

reduction in LVEDVI of 7.0 mL/m2 with no effect on LVESVI or LVEF.147 Taken 

together, the data from these trials are suggestive of a small additional 

beneficial effect of the addition of neprilysin inhibition on reverse remodelling 

in patients with symptomatic HFrEF.  

The key difference in this study to those described above, was that all patients 

had symptomless left ventricular systolic dysfunction (as well as lower NT-

proBNP concentrations). Differences between the remodelling effect of various 

heart failure therapies have been previously reported in patients with 

symptomless left ventricular systolic dysfunction and those with symptomatic 

HFrEF. The ACE inhibitor captopril was the first pharmacological therapy to 

demonstrate a reduction in mortality and risk of heart failure which was related, 

in part, to its ability to prevent adverse remodelling in patients with left 

ventricular systolic dysfunction as a result of an acute myocardial infarction.46 At 

around the same time, the ACE inhibitor enalapril was shown in the two 

randomised placebo-controlled trials of the SOLVD programme to reduce the risk 

of mortality and hospitalisation for worsening heart failure in patients with 

established symptomatic HFrEF and reduce the risk of a first hospitalisation for 

heart failure in patients with asymptomatic left ventricular systolic dysfunction 
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(LVEF ≤35%).44,130As described above, in a small radionuclide ventriculogram sub-

study, a greater attenuation of adverse remodelling with ACE-inhibition was seen 

in patients enrolled in the Treatment study (symptomatic patients) as compared 

with those in the Prevention arm (asymptomatic patients), however this finding 

was not replicated in the larger echocardiography sub-study where there was no 

significant interaction between the study arm and the beneficial remodelling 

effects of enalapril.60,243 It is notable that ANP levels were higher in patients in 

the SOLVD Treatment trial compared with those in the Prevention trial, in which 

the levels were higher than those of a control group with no history of 

cardiovascular disease.247 

Similar to ACE inhibitors, beta-blockers have been shown to improve outcomes in 

both patients with symptomatic HFrEF and in high-risk patients with left 

ventricular systolic dysfunction after acute myocardial infarction, and the 

benefits of this class of drugs are, in part, due to a beneficial effect on left 

ventricular remodelling. Compared with the results with metoprolol succinate in 

the MRI substudy of the MERIT-HF trial and in the Randomized Evaluation of 

Strategies for Left Ventricular Dysfunction Pilot Study (RESOLVD), both of which 

randomised patients with symptomatic HFrEF (with evidence of elevated 

natriuretic peptide levels recorded in the RESOLVD study), the significant 

reduction in LVEDVI and LVEF in the high dose (200 mg once daily) metoprolol 

succinate group in the REVERT trial was lower in this asymptomatic patient 

group (who had low natriuretic peptide concentrations at a similar level to those 

in the present study).240,241,248 No significant reduction in left ventricular volumes 

was seen in the low dose metoprolol succinate group (50mg once daily) however 

there was a significant improvement in LVEF. A similar differential response with 

a lesser remodelling effect in asymptomatic patients as compared with 

symptomatic patients has also been seen with ivabradine, a selective inhibitor of 

the sinus node If current.249,250 

The finding in the present trial of a potential differential treatment effect by 

the degree of elevation of NT-proBNP level at baseline is perhaps consistent with 

the greater remodelling effect seen in symptomatic patients with other 

neurohumoral antagonists when compared with asymptomatic patients as 

described above. Patients with higher levels of NT-proBNP in this trial appeared 
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to derive a greater reverse remodelling effect than those with lower NT-proBNP 

levels. As NT-proBNP is a biomarker of the degree of elevation of left ventricular 

wall stress (i.e., ongoing stimulus for the process of adverse remodelling), it may 

be that for the addition of neprilysin inhibition to have any additive favourable 

remodelling effect to that offered by a RAS inhibitor and beta-blocker, there 

must be a degree of elevation of left ventricular wall stress as evidence by 

higher NT-proBNP levels. Furthermore, a drug's effect on left ventricular 

volumes and remodelling may relate to its effect on altering cardiac load (i.e., 

reducing preload and afterload). In the present trial I did not observe any 

reduction in NT-proBNP (suggesting no significant reduction in preload) and 

systolic blood pressure (i.e., afterload) was lower in the sacubitril/valsartan 

group although this difference was not statistically significant. Taken together, 

these results suggest that no significant favourable changes in cardiac loading 

conditions occurred which may have contributed to any remodelling effect. 

4.5.3 Limitations 

As with all small mechanistic studies such as this, I was limited by the relatively 

small sample size. The study sample size, which was based on the power 

calculation detailed in Chapter 3-11, provided adequate power to detect a mean 

between-group difference in LVESVI of 6mL/m2 at 52 weeks, a difference which 

is thought to represent a minimal clinically meaningful difference and one that 

is comparable to the treatment effect of ACE-inhibitors and beta-blockers. The 

standard deviation of change in the present study was smaller than that used in 

the power calculation, therefore, meaning that there was adequate power to 

detect a treatment effect of this magnitude. The point estimate and 95% 

confidence intervals for the effect of treatment did not preclude a smaller 

treatment difference, but the modest prespecified sample size limited the 

ability to detect such a difference if it existed. 

The present trial deliberately examined the effect of sacubitril/valsartan on late 

left ventricular remodelling after myocardial infarction, recruiting patients at 

least 3 months following an acute event. Therefore, I cannot draw any 

conclusions about the potential effect of neprilysin inhibition on the early and 

distinctive remodelling in the acute phase of myocardial infarction. It is however 

of note that the results of the recently presented PARADISE-MI trial did not 
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report any significant additional benefit on cardiovascular outcomes of the 

addition of a neprilysin inhibition commenced early (within 7 days) following 

acute myocardial infarction in an enriched population of patients with left 

ventricular systolic dysfunction and/or heart failure.237 This trial did have an 

echocardiography sub-study, the results of which are yet to be presented at the 

time of writing. 

In the PARADIGM-HF trial, sacubitril/valsartan was superior to the ACE inhibitor 

enalapril in patients with symptomatic HFrEF. The findings presented in this trial 

are not directly comparable given the differences in both the patients studied 

and comparator therapy. It is also possible that a comparison of 

sacubitril/valsartan with an ACE inhibitor may show different results in terms of 

remodelling outcomes than those presented. However, VALIANT clearly 

demonstrated non-inferiority of valsartan compared with captopril in reducing 

the risk of death or heart failure hospitalisation in patients with myocardial 

infarction complicated by left ventricular systolic dysfunction, heart failure, or 

both.59 Furthermore, an analysis of valsartan versus imputed placebo in VALIANT 

reported a nearly identical hazard ratio for death from any cause as compared to 

a pooled estimate of the three seminal ACE-inhibitor post-myocardial infarction 

trials (SAVE, AIRE and TRACE). In addition, the effect of valsartan on attenuating 

adverse left ventricular remodelling as measured by echocardiography in the 

VALIANT cohort was equivalent to that of captopril.13 Taken together these 

results confirm that valsartan is as effective as the ACE-inhibitor captopril at 

reducing the risk of death or heart failure hospitalisation in patient with left 

ventricular systolic dysfunction, heart failure or both as a result of myocardial 

infarction. The Optimal Treatment in Myocardial infarction with the Angiotensin 

II Antagonist Losartan (OPTIMAAL) trial compared the ARB losartan (50mg once 

daily) to captopril (50mg three times daily) in high-risk patients following 

myocardial infarction and reported a non-significant trend to a reduction in 

mortality with captopril compared with losartan.251 In the HEAAL trial, when 

compared to the 50mg once daily dose used in OPTIMAAL, a higher dose of 

losartan (150mg once daily) was shown to reduce the risk of death or heart 

failure hospitalisation in patients with symptomatic HFrEF.252 Therefore, the 

observed non-significant difference in OPTIMAAL is likely explained by the 

relatively low dose of losartan used as compared to the dose of captopril of 
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50mg three times daily which was used in both the SAVE trial and VALIANT.46,59 

Taken together, I believe that the evidence presented supports the equivalence 

of ARB and ACE-inhibitors in high-risk patients following myocardial infarction. 

4.5.4 Conclusions 

In a population of asymptomatic patients with evidence of adverse left 

ventricular remodelling and significant ventricular dilatation following a previous 

myocardial infarction, the addition of a neprilysin inhibitor to standard therapy 

with a RAS inhibitor and beta blocker did not have any beneficial reverse 

remodelling effect.  
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Chapter 5 The effect of neprilysin inhibition on 
natriuretic peptide levels in patients with 
asymptomatic left ventricular systolic 
dysfunction late after myocardial infarction 

5.1 Introduction 

As described in Chapter 1-3, the natriuretic peptides are a group of endogenous 

vasoactive peptides released in response to increased cardiac wall stress which 

aim to counteract the harmful activation of the RAS and sympathetic nervous 

system through diuretic, natriuretic, sympatholytic, anti-hypertrophy and anti-

fibrotic mechanisms of action.28,76 Three main active forms of natriuretic 

peptides are in the circulation; atrial natriuretic peptide (ANP), B-type 

natriuretic peptide (BNP) and C-type natriuretic peptide (CNP). The formation 

and active forms of these peptides and their precursor molecules are described 

in Chapter 1-3.  

In both general and at-risk populations (e.g. those with hypertension, coronary 

artery disease and a previous myocardial infarction), elevated levels of 

natriuretic peptides are independent predictors of the presence of asymptomatic 

left ventricular systolic dysfunction and the risk of the development of 

symptomatic heart failure and mortality.253–256 The majority of data regarding 

the prognostic value of natriuretic peptides in patients following myocardial 

infarction relate to the measurement of these peptides at the time of, or shortly 

after, acute myocardial infarction when elevated levels are associated with 

adverse left ventricular remodelling, the development of heart failure and 

mortality.82,257–259  

In the Prevention of Events with Angiotensin Converting Enzyme (PEACE) trial in 

patients with stable coronary artery disease and preserved left ventricular 

systolic dysfunction, over 50% of whom had had a prior myocardial infarction, 

elevated BNP and MR-proANP levels were independently associated with a higher 

risk of cardiovascular mortality and heart failure.260,261 The EPHESUS trial 

enrolled patients with heart failure and left ventricular systolic dysfunction, and 

patients with diabetes with left ventricular systolic dysfunction following acute 

myocardial infarction; in a post hoc analysis, an increase in BNP at one month 
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following infarction was an independent predictor of cardiovascular mortality or 

heart failure hospitalisation.262 These results suggest that elevated levels of 

natriuretic peptides measured remote from the time of myocardial infarction 

may identify patients at risk of future adverse outcomes. 

This chapter will describe natriuretic peptide levels measured in patients with 

asymptomatic left ventricular systolic dysfunction, late after a myocardial 

infarction, and their relationship with the degree of adverse left ventricular 

remodelling as measured using cardiac MRI. I will also describe the effect of the 

addition of a neprilysin inhibitor to standard therapy including a RAS inhibitor 

and beta-blocker on natriuretic peptide levels and the association with changes 

in cardiac volume and function. I will also examine cGMP, the major secondary 

messenger of natriuretic peptide bioactivity, and the effect of treatment with 

sacubitril/valsartan, compared with valsartan, on its levels in the urine.  
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5.2 Methods 

5.2.1 Study patients and protocol 

The patients included in this study were 93 patients who had evidence of 

persisting left ventricular systolic dysfunction (left ventricular ejection fraction 

≤40% measured using echocardiography) without signs or symptoms of heart 

failure at least 3 months following an acute myocardial infarction. All patients 

were taking an ACE inhibitor or ARB prior to enrolment and a beta-blocker 

(unless contraindicated or not tolerated). Eligible patients were randomised 1:1 

to sacubitril/valsartan (target dose 97/103mg twice daily) or valsartan (target 

dose 160mg twice daily) and matching placebo for 52 weeks. The study protocol 

is detailed in Chapter 3 and baseline characteristics in Table 4-1. 

All patients underwent cardiac MRI for assessment of left ventricular and atrial 

volumes indexed to body surface area pre-randomisation and at 52 weeks as 

detailed in Chapter 3-6. 

Venepuncture was performed pre-randomisation, at 26 weeks, and at 52 weeks 

as described in Chapter 3-6. Spot urine samples were also collected at the same 

time points. Mid-regional prohormone of atrial natriuretic peptide mid-regional 

pro-atrial natriuretic peptide (MR-proANP) (B·R·A·H·M·S KRYPTOR Compact 

PLUS, Thermo Fisher Diagnostics), BNP (i1000SR, Abbott Laboratories, Abbott 

Diagnostics) and NT-proBNP (e411, Roche Diagnostics) were measured on clinical 

immunoassay platforms using the manufacturers’ calibrators and quality control 

materials. α-atrial natriuretic peptide (ANP) and C-type natriuretic peptide 

(CNP) (aprotinin-treated plasma, α-ANP(1-28), CNP-22 extraction-free enzyme 

immunoassays (EIAs), Phoenix Pharmaceuticals) were also measured using 

commercial enzyme-linked immunosorbent assay (ELISA) assays and the 

manufacturers’ quality control materials. Urinary cyclic guanosine 

monophosphate (cGMP) was measured using a commercially available ELISA (R&D 

systems, Bio-Techne), and using the manufacturers’ quality control materials. 

All biomarker sample processing and measurements were performed by Philip 

Stewart, Elaine Butler, Josephine Cooney and Emma Dunning at the Glasgow 

Biomarker Laboratory, Institute of Cardiovascular and Medical Sciences, 

University of Glasgow under the supervision of Dr Paul Welsh. 



151 
 

 

5.2.2  Statistical methods 

The distribution of baseline biomarker values was examined by means of 

histograms and summary statistics. Non-normally distributed biomarkers were 

log-transformed prior to analysis. Baseline levels are presented as means with 

standard deviations for normally distributed values, and as medians with 

interquartile ranges for non-normal distributions. Baseline values are presented 

in the overall population and by randomised treatment allocation with between-

group comparisons made using a two-sample T-test or Wilcoxon rank-sum test 

for normal and non-normal distributed variables, respectively. Correlation 

between baseline values of biomarkers and LVESVI, LVEDVI, LVEF and LAVI were 

calculated by means of a Pearson’s correlation coefficient (r) with a linear 

regression line plotted graphically. The same methods were used to examine the 

correlation between the 52-week change in biomarker values and change in 

cardiac MRI parameters. 

The treatment effect of sacubitril/valsartan as compared with valsartan on 

biomarker levels over time was examined by means of a linear regression model 

adjusted for randomised treatment, baseline value of the outcome and use of 

diuretics at baseline. The regression model coefficients for the treatment 

indicator variable are reported as adjusted between-treatment group mean 

differences or, if required to satisfy modelling assumptions, log transformations 

were performed, and regression coefficients were back-transformed and are 

presented as relative differences. In confirmatory analyses, repeated measures 

analyses were performed adjusting for the main effects of time-point, 

randomised group and the interaction between time-point and randomised group 

and for diuretic use at baseline. All analyses were performed on an intention to 

treat basis as described in Chapter 3-11. 

A p-value of <0.05 was considered statistically significant for all analyses. No 

correction for multiple testing was performed. No imputation for missing data 

was performed. All analyses were performed by Bethany Stanley (Robertson 

Centre for Biostatistics) and me using R Studio and R version 4.0.0 (R Foundation 

for Statistical Computing, Vienna, Austria), and STATA version 16.1 (College 

Station, TX, USA). 
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5.3 Results 

5.3.1 Baseline levels 

The baseline values of natriuretic peptides and urinary cGMP are presented in 

Table 5-1. Median MR-proANP was 95.0 (IQR 73.0-141) pmol/L and mean ANP 1.2 

(SD 0.3) ng/mL. Using the cut-off value of >120 pmol/L, 30 of 93 (32%) patients 

had elevated levels of MR-proANP. Median BNP and NT-proBNP were 46.3 (23.8-

78.7) pg/mL and 230 (123.9-404.2) pg/mL, respectively. Using the cut-off levels 

of BNP >100 pg/mL and NTproBNP >400 pg/mL, 19 (20.4%) and 25 (27%) patients 

had baseline levels above these respective thresholds. Mean CNP was 3.3 (0.9) 

ng/mL and median urinary cGMP was 472 (250-818) pmol/ml. There were no 

significant differences between the randomised treatment groups in any of the 

biomarkers at baseline.  

Table 5-1 Baseline levels of natriuretic peptides and urinary cGMP 

 Overall Sacubitril/valsartan Valsartan 
P 

value 
 N=93 N=47 N=46  
MR-proANP, 
pmol/L 

95.0 
(73.0-141.0) 

95.0 
(73.0-135.0) 

96.0 
(66.0-153.0) 

0.94 

ANP, ng/mL 1.2±0.3 1.1±0.3 1.2±0.3 0.24 
NT-proBNP, 
pg/mL 

230 
(124-404) 

216 
(124-404) 

242 
(124-433) 

0.97 

BNP, pg/mL 
46.3 

(23.8-78.7) 
36.3 

(18.7-70.7) 
51.3 

(32.1-88.8) 
0.14 

CNP, ng/mL 3.3±0.9 3.1±0.7 3.4±1.0 0.13 
Urinary cGMP, 
pmol/mL 

472 
(250-818) 

508 
(265-841) 

378 
(204-818) 

0.49 

 

Data are presented as means ± standard deviation or median (interquartile 

range). 
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5.3.2  Correlation between baseline natriuretic peptide levels and 
urinary cGMP 

The correlations between each natriuretic peptide and urinary cGMP are 

displayed graphically in Figure 5-1. MR-proANP and ANP were significantly 

correlated (r=0.48; p<0.001), as were BNP and NT-proBNP (r=0.68; p<0.001). MR-

proANP was also significantly correlated with BNP (r=0.74; p<0.001) and NT-

proBNP (0.49; p<0.001). There were also significant correlations between ANP 

and BNP (r=0.32; p=0.002) and CNP (r=0.34; p<0.001). Neither ANP, BNP or CNP 

were significantly correlated with levels of urinary cGMP at baseline. 

Figure 5-1 Pearson correlation coefficients for baseline natriuretic peptides 

and urinary cGMP 

 

Darker tones indicate stronger correlations.  

* = p<0.05 
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5.3.3 Correlation between baseline natriuretic peptides and left 
ventricular and atrial volumes 

The relationships between baseline natriuretic peptide levels and baseline 

cardiac MRI measurements of left ventricular and atrial volumes and left 

ventricular ejection fraction are shown in Figures 5-2, 5-3, 5-4 and 5-5.  

Figure 5-2 shows the relationship between LVESVI and natriuretic peptide levels. 

In order of magnitude of correlation, BNP (r=0.44; p<0.001), NT-proBNP (r=0.41; 

p<0.001), MR-proANP (r=0.41; p<0.001), and ANP (r=0.25; p=0.014) were all 

significantly correlated with LVESVI. The equivalent results for LVEDVI (Figure 5-

3) were BNP (r=0.44; p<0.001), MR-proANP (r=0.41; p<0.001), NT-proBNP 

(r=0.36; p<0.001) and ANP (r=0.25; p=0.017). With regards to LVEF (Figure 5-4) 

NT-proBNP (-0.36; p<0.001) BNP (-0.30; p=0.003) and MR-proANP (r=-0.27; 

p=0.01) displayed significant correlations at baseline but ANP did not (r=-0.18; 

p=0.081). Of all the natriuretic peptide correlations, the strongest was seen 

between LAVI and MR-proANP (r=0.51; p<0.001) (Figure 5-5). LAVI was also 

significantly correlated with BNP (r=0.44; p<0.001), ANP (r=0.38; p<0.001) and 

NT-proBNP (0.30; p=0.003). There were no significant correlations between CNP 

and any of the cardiac MRI volumetric measurements.  
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Figure 5-2 Correlations between baseline natriuretic peptides levels and 

baseline left ventricular end-systolic volume index 

For this figure and all scatter plots presented in this thesis, the solid black line 

represents a linear regression model with 95% confidence intervals denoted by 

the shaded grey area.  
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Figure 5-3 Correlations between baseline natriuretic peptides levels and 

baseline left ventricular end-diastolic volume index 
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Figure 5-4 Correlations between baseline natriuretic peptides levels and 

baseline left ventricular ejection fraction 
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Figure 5-5 Correlations between baseline natriuretic peptides levels and 

baseline left atrial volume index 
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5.3.4 Correlation between change in natriuretic peptides and left 
ventricular and atrial volumes 

Data on the change in natriuretic peptide levels and cardiac MRI measurements 

of left ventricular and atrial volumes between baseline and 52 weeks were 

available for 90 patients. The correlations between them are displayed in 

Figures 5-6, 5-7, 5-8, 5-9 and 5-10. 

Change in MR-proANP over 52 weeks was significantly correlated with change in 

LVESVI (r=0.38; p<0.001), LVEDVI (r=0.41; p<0.001), and LAVI (r=0.30; 0.004) 

(Figure 5-6). Change in MR-proANP and LVEF were not significantly correlated 

(r=-0.08; p=0.463). There were no significant correlations between change in 

ANP and change in any of the measures of left ventricular remodelling (Figure 5-

7) and the same findings were seen when examining the valsartan treated group 

only in light of the effect of neprilysin inhibition on ANP.  

Change in NT-proBNP over 52 weeks was significantly correlated with change in 

LVESVI (r=0.38; p<0.001), LVEDVI (r=0.30; p=0.004), and LVEF (r=-0.22; p=0.039) 

(Figure 5-8). Change in NT-proBNP and LAVI were not significantly correlated (r=-

0.16; p=0.13). Results with BNP were similar to those for NT-proBNP but with 

stronger correlations (Figure 5-9); LVESVI (r=0.48; p<0.001), LVEDVI (r=0.43; 

p<0.001), and LVEF (r=-0.26; p=0.014) and LAVI (r=0.20; p=0.06).  

Change in CNP was significantly correlated with LVEDVI (r=-0.27; p=0.01) but not 

with the change in any other cardiac MRI measurements (Figure 5-10). 
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Figure 5-6 Correlation between change in MR-proANP and cardiac MRI 

measurements of left ventricular remodelling at 52 weeks 
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Figure 5-7 Correlation between change in ANP and cardiac MRI measurements 

of left ventricular remodelling at 52 weeks 
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Figure 5-8 Correlation between change in NT-proBNP and cardiac MRI 

measurements of left ventricular remodelling at 52 weeks 

 

In a sensitivity analysis examining values within the 5-95% centiles of NT-proBNP 

values, the correlation between change in LVESVI and change in NT-proBNP was 

broadly similar with Pearson’s R=0.29 (p=0.009). 
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Figure 5-9 Correlation between change in BNP and cardiac MRI measurements 

of left ventricular remodelling at 52 weeks 
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Figure 5-10 Correlation between change in CNP and cardiac MRI 

measurements of left ventricular remodelling at 52 weeks 
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5.3.5 Effect of neprilysin inhibition on natriuretic peptide levels 

5.3.5.1 Mid-regional prohormone of atrial natriuretic peptide (MR-proANP) 

Median (IQR) MR-proANP at baseline was 96.0 (74.3, 133.8) pmol/L in those 

randomised to sacubitril/valsartan with follow-up data (n=46) and 96.0 (68.5, 

150.0) pmol/L in those randomised to valsartan (n=46). Median change in MR-

proANP was -12 (IQR -30.0, 11.0) pmol/L between baseline and 52 weeks in the 

sacubitril/valsartan group and 1 (-10.0, 20.0) pmol/L in the valsartan group: 

ratio of adjusted geometric means: 0.85 (95% confidence interval [CI], 0.75, 

0.96); p=0.009 (Table 5-2 and Figure 5-11). Similar results were seen in repeated 

measures modelling with a decrease in MR-proANP at 26 weeks which was non-

significant (ratio 0.90 [0.80, 1.01]; p=0.068) and significant at 52 weeks (0.85 

[0.75, 0.95]; p=0.006). 

Figure 5-11 
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Change in MR-proANP with sacubitril/valsartan or valsartan from baseline to 

week 52 

 

Data presented as median and error bars represent the interquartile range. 

Between-group difference presented as an adjusted ratio of geometric means 

calculated using a linear regression model using log-transformed values adjusted 

for randomised treatment, baseline MR-proANP and use of diuretics at baseline.  
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5.3.5.2 Atrial natriuretic peptide (ANP) 

Mean (SD) ANP at baseline was 1.12 (0.26) ng/mL in those randomised to 

sacubitril/valsartan with follow-up data (n=46) and 1.20 (21.3) ng/mL in those 

randomised to valsartan (n=46). Mean change in ANP was 0.09 (SD 0.22) ng/mL 

between baseline and 52 weeks in the sacubitril/valsartan group and -0.04 (0.24) 

ng/mL in the valsartan group: adjusted between-group mean difference 0.13 

(95% confidence interval [CI], 0.03,0.22) ng/mL; p=0.013 (Table 5-2 and Figure 

5-12). Similar results were seen in repeated measures modelling with significant 

increases with sacubitril/valsartan compared with valsartan at 26 weeks 

(p=0.002) and 52 weeks (p=0.008).
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Figure 5-12 Change in ANP with sacubitril/valsartan or valsartan from 

baseline to week 52 

 

Data presented as mean and error bars represent 95% CIs. Between-group 

difference presented as an adjusted mean difference calculated using a linear 

regression model adjusted for randomised treatment, baseline ANP, and use of 

diuretics at baseline.  
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5.3.5.3 N-terminal prohormone of B-type natriuretic peptide (NT-proBNP) 

Median (IQR) NT-proBNP at baseline was 213 (126, 399) pg/mL in those 

randomised to sacubitril/valsartan with follow-up data (n=46) and 242 (124, 426) 

pg/mL in those randomised to valsartan (n=46). Median change in NT-proBNP was 

-39 (IQR -131, 12) pg/mL between baseline and 52 weeks in the 

sacubitril/valsartan group and -21 (-104, 23) pg/mL in the valsartan group: ratio 

of adjusted geometric means: 0.85 (95% confidence interval [CI], 0.63,1.16); 

p=0.31 (Table 5-2 and Figure 5-13). Similar results were seen in repeated 

measures modelling with no significant between-group differences at either time 

point. 
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Figure 5-13 Change in NT-proBNP with sacubitril/valsartan or valsartan from 

baseline to week 52 

 
Data presented as median and error bars represent the interquartile range. 

Between-group difference presented as an adjusted ratio of geometric means 

calculated using a linear regression model using log-transformed values adjusted 

for randomised treatment, baseline NT-proBNP and use of diuretics at baseline.  
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5.3.5.4 B-type natriuretic peptide (BNP) 

Median (IQR) BNP at baseline was 38.5 (19.8, 70.0) pg/mL in those randomised to 

sacubitril/valsartan with follow-up data (n=46) and 51.4 (32.5, 86.3) pg/mL in 

those randomised to valsartan (n=46). Median change in BNP was 1.0 (IQR -9.6, 

23.5) pg/mL between baseline and 52 weeks in the sacubitril/valsartan group 

and -5.5 (-18.9, 8.8) pg/mL in the valsartan group: ratio of adjusted geometric 

means: 1.29 (95% confidence interval [CI], 0.97,1.71); p=0.08 (Table 5-2 and 

Figure 5-14). Similar results were seen in repeated measures modelling with 

increases with sacubitril/valsartan compared with valsartan at 26 (ratio 1.27 

[0.97,1.65]) and 52 weeks (1.27 [0.97, 1.66]) which were not statistically 

significant.  
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Figure 5-14 Change in BNP with sacubitril/valsartan or valsartan from 

baseline to week 52 

 
Data presented as median and error bars represent the interquartile range. 

Between-group difference presented as an adjusted ratio of geometric means 

calculated using a linear regression model using log-transformed values adjusted 

for randomised treatment, baseline BNP and use of diuretics at baseline.  
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5.3.5.5 C-type natriuretic peptide (CNP) 

Mean (SD) CNP at baseline was 3.14 (0.65) ng/mL in those randomised to 

sacubitril/valsartan with follow-up data (n=46) and 3.39 (1.02) ng/mL in those 

randomised to valsartan (n=46). Mean change in CNP was -0.27 (SD 0.48) ng/mL 

between baseline and 52 weeks in the sacubitril/valsartan group and -0.33 (0.47) 

ng/mL in the valsartan group: adjusted between-group mean difference -0.01 

(95% confidence interval [CI], -0.19,0.17) ng/mL; p=0.91 (Table 5-2 and Figure 5-

15). Similar results were seen in repeated measures modelling with no significant 

changes with sacubitril/valsartan compared with valsartan at 26 weeks (p=0.97) 

and 52 weeks (p=0.91). 
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Figure 5-15 Change in CNP with sacubitril/valsartan or valsartan from 

baseline to week 52 

 

Data presented as median and error bars represent the interquartile range. 

Between-group difference presented as an adjusted ratio of geometric means 

calculated using a linear regression model using log-transformed values adjusted 

for randomised treatment, baseline CNP and use of diuretics at baseline.  
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5.3.5.6 Urinary cyclic guanosine monophosphate (cGMP) 

Median (IQR) cGMP at baseline was 510 (271, 835) pmol/L in those randomised to 

sacubitril/valsartan with follow-up data (n=46) and 378 (205, 802) pmol/L in 

those randomised to valsartan (n=46). Median change in cGMP was 296 (IQR -5, 

796) pmol/L between baseline and 52 weeks in the sacubitril/valsartan group 

and 17 (-241, 252) pmol/L in the valsartan group: ratio of adjusted geometric 

means: 2.06 (95% confidence interval [CI], 1.35, 3.13); p=0.001 (Table 5-2 and 

Figure 5-16). Similar results were seen in repeated measures modelling with 

significant increases in cGMP at 26 weeks (p<0.001) and 52 weeks (p=0.001). 

When cGMP was indexed to urinary creatinine the ratio of adjusted geometric 

means was 1.94 (1.54, 2.43); p<0.001. 
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Figure 5-16 Change in cGMP with sacubitril/valsartan or valsartan from 

baseline to week 52 

 

 
Data presented as median and error bars represent the interquartile range. 

Between-group difference presented as an adjusted ratio of geometric means 

calculated using a linear regression model using log-transformed values adjusted 

for randomised treatment, baseline cGMP and use of diuretics at baseline.  
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Sacubitril/valsartan Valsartan 

Between-
group 

difference 
(95% CI) * 

P Value 

n Baseline Week 52 Change n Baseline Week 52 Change   
ANP, ng/mL 

46 1.12 (0.26) 1.22 (0.34) 0.09 (0.22) 46 1.20 (0.31) 1.16 (0.36) -0.04 (0.24) 
0.13  

(0.03, 0.22) 0.013 

MR-proANP, pmol/L 
46 

96.0  
(74.3, 133.8)# 

82.0 
(66.0, 115.8)# 

-12.0  
(-30.0, 11.0)# 

46 
96.0  

(68.5, 150.0)# 
108.0  

(66.5, 148.5)# 
1.0  

(-10.0, 20.0)# 
0.85  

(0.75, 0.96) 0.009 

NT-proBNP, pg/mL 46 213  
(126, 399)# 

168  
(105, 376)# 

-39  
(-131, 12)# 

46 242  
(124, 426)# 

235  
(113, 330)# 

-21  
(-104, 23)# 

0.85  
(0.63, 1.16) 

0.31 

BNP, pg/mL  
46 

38.5  
(19.8, 70.0)# 

39.9  
(25.4, 92.3)# 

1.0 (-9.6, 23.5)# 46 
51.4  

(32.5, 86.3)# 
40.0  

(21.7, 95.1)# 
-5.5  

(-18.9, 8.8)# 
1.29  

(0.97, 1.71) 0.08 

CNP, ng/mL 
46 3.14 (0.65) 2.87 (0.52) -0.27 (0.48) 46 3.39 (1.02) 3.06 (0.93) -0.33 (0.47) 

-0.01  
(-0.19, 0.17) 

0.91 

Urinary cGMP, 
pmol/mL 

46 
510  

(271, 835)# 
847  

(454, 1413)# 
296  

(5, 796)# 
46 

378  
(205, 802)# 

420  
(189, 808)# 

17  
(-241, 252)# 

2.06  
(1.35, 3.13) 

0.001 

 

Data presented as mean (SD) unless otherwise stated.  

Results reported for those with data available at baseline and 52-weeks. 

# Median (interquartile range). 

*Calculated using a linear model adjusted for randomized treatment, baseline value of the outcome, use of diuretics at baseline. 

 Between-group differences are reported as ratios of adjusted geometric means for MR-proANP, NT-proBNP, BNP and urinary cGMP from models 

using log-transformed values. All other outcomes are reported as adjusted mean differences (95% CI). 

 

Table 5-2 Effect of neprilysin inhibition on natriuretic peptide levels 
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5.4 Discussion 

Elevated levels of natriuretic peptides are a powerful independent predictor of 

adverse outcomes in patients with HFrEF. In meta-analyses of the-effects of 

HFrEF treatments, the extent of reduction in lowering natriuretic peptides was 

significantly correlated with the size of reduction in risk of heart failure 

hospitalisation but not mortality.80 The strength of elevated natriuretic peptide 

levels in identifying of patients at a higher risk of the development of heart 

failure or subclinical left ventricular systolic dysfunction in both general 

populations and in high-risk populations is well established.253–256 Furthermore, 

elevated levels of natriuretic peptides measured in the early period immediately 

following acute myocardial infarction identifies patients at elevated risk of 

adverse left ventricular remodelling and at a higher risk of cardiovascular 

mortality and heart failure hospitalisation.82,257–259 Their potential role when 

measured remote from the time of myocardial infarction in identifying patients 

at risk of future adverse outcomes and progressive remodelling is less well 

established. The present study offered an opportunity to examine the 

relationship between natriuretic peptides levels and the degree of adverse left 

ventricular remodelling (an independent predictor of the risk of the 

development of heart failure and mortality) in a well-defined population using 

cardiac MRI, the gold-standard method of assessing cardiac structure and 

function. 

I observed significant correlations between baseline levels of both ANP and BNP 

and their precursor molecule fragments MR-proANP and NT-proBNP, which is 

unsurprising given the equimolar release of these fragments following the 

enzymatic breakdown of proANP and proBNP by corin and furin.76 Baseline left 

atrial and ventricular volumes were significantly correlated (LVESVI r=0.46 and 

LVEDVI r=0.60; both p<0.001); this relationship between atrial and ventricular 

distension (and increased wall stress) likely explains the correlations between 

ANP and BNP, and those of MR-proANP with both BNP and NT-proBNP. Plasma 

levels of ANP and CNP were also significantly correlated, consistent with 

previous reports that ANP stimulates release of CNP.263 

Data on the relationships between natriuretic peptide levels and the degree of 

adverse remodelling in patients remote from myocardial infarction and those 
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with asymptomatic left ventricular systolic dysfunction are limited. In the 

OPTIMAAL trial, at >4 years following acute infarction, elevated NT-proBNP was 

significantly associated with a greater degree of ventricular dilatation (LVESVI = 

log NT-proBNP β coefficient 0.36 [p=0.008] and LVEDVI = log NT-proBNP β 

coefficient 0.54 [p=0.0004]).264 In this cohort, of whom 50% of patients were in 

NYHA functional class II, greater infarct size was significantly correlated with 

higher NT-proBNP levels, and this finding was replicated in the present study 

(r=0.38; p<0.001). In the context of the correlation between elevated infarct 

size and degree of ventricular dilation described in Chapter 4, it is likely the 

relationship between infarct size and NT-proBNP is a surrogate marker for the 

degree of wall stress on the non-infarct zone myocardium, rather than a direct 

cause of elevated natriuretic peptide levels, a conclusion which is supported by 

the observation in OPTIMAAL that in multivariate regression including infarct 

size, LVEDVI was the only independent predictor of NT-proBNP levels at >4 years 

following myocardial infarction.264 With regards to the data related to 

measurements of other natriuretic peptide levels, in the SOLVD registry, after 

adjustment for NYHA functional class (37% of patients were NYHA class I), higher 

levels of ANP were significantly associated with a lower ejection fraction.84 

The present data demonstrating significant associations between elevated levels 

of MR-proANP, BNP, NT-proBNP and, to a lesser extent, ANP and a greater 

degree of left ventricular remodelling are the first, to my knowledge, to 

describe these relationships in a cohort of exclusively asymptomatic patients 

with left ventricular systolic dysfunction remote after myocardial infarction 

(median time from infarction 3.6 years).  

The relationship between a greater degree of adverse remodelling late following 

myocardial infarction and risk of outcomes is well established.37,38 In addition to 

the associations demonstrated with metrics of adverse left ventricular 

remodelling, further support for the measurement of natriuretic peptides is 

provided by limited data reporting the predictive capability of elevated 

natriuretic peptide measurements when measured late after the time of acute 

myocardial infarction. In a sub-study of the SAVE trial which recruited patients 

with asymptomatic left ventricular systolic dysfunction immediately following 

myocardial infarction, 471 patients were assessed who remained asymptomatic 
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at 3-months post infarction (i.e., the same time-point for eligibility for inclusion 

in the present study).265 In that study a 1 standard deviation increase in ANP in 

univariable analysis was associated with a 7% and 10% higher risk of 

cardiovascular death and severe heart failure, respectively. However, after 

multivariable adjustment a significant association was only seen with the risk of 

heart failure. Another finding of note from SAVE was that the ANP levels at 3 

months in asymptomatic patients were similar to those seen in the SOLVD 

treatment arm (i.e., patients with symptomatic HFrEF), suggestive of ongoing 

increased cardiac filling pressures and wall stress, and ANP only decreased to 

similar levels to those in the SOLVD prevention arm (i.e., asymptomatic 

patients) at 1 year following infarct.247 Unfortunately differences in the assay 

used in the present study preclude any direct comparisons with these results. In 

another study of 145 patients in Japan, BNP measured 1 month following acute 

myocardial infarction was an independent predictor of cardiovascular 

mortality.266  

A further novel aspect of the present study was the examination of the change in 

natriuretic peptides levels and their association with change in ventricular and 

atrial volumes. When considering the value of any surrogate outcome, it must be 

demonstrated that a change in the marker is associated with a change in 

outcome. The present data clearly establish a relationship between a change 

MR-proANP, NT-proBNP and BNP and a change in ventricular volumes, an 

established surrogate marker for outcomes adding to similar observations in 

patients with symptomatic HFrEF.153,267,268 However it is important to highlight 

that natriuretic peptide guided treatment has not been demonstrated to 

improve outcomes in patients with HFrEF.269 

In summary, these results suggest that measurement of natriuretic peptides may 

offer easy-to-obtain predictive information on the degree of adverse remodelling 

in at-risk patients remote from the time of myocardial infarction. The cost and 

relative ease of measurement relative to echocardiography mean that 

measurement of natriuretic peptides may be a valuable “gate-keeper” test to 

identify patients who may have adversely remodelled following myocardial 

infarction and are therefore at elevated risk of adverse outcomes. I will return 

to this subject in Chapter 7.  
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This study also offered novel insights into the potential mechanisms of action 

behind the established clinical benefits seen with sacubitril/valsartan.138 A 

strength of the present work was the use of valsartan as the comparator which 

allowed a direct examination of the effect of neprilysin inhibition per se on 

natriuretic peptide levels which are substrates for the enzyme. This differs from 

previous randomised comparisons which have used an ACE-inhibitor as the 

comparator, i.e., a comparison of neprilysin and AT1R inhibition versus ACE 

inhibition alone.138,148  

Randomised data describing the effect of neprilysin inhibition on natriuretic 

peptide levels in patients with symptomatic left ventricular systolic dysfunction 

are provided by the PARADIGM\-HF and PIONEER-HF trials, where sacubitril 

valsartan, compared with enalapril, significantly reduced NT-proBNP (not a 

substrate for neprilysin) indicating a reduction in left ventricular wall stress. I 

did not observe any significant difference in the change in NT-proBNP between 

baseline and 52 weeks with sacubitril/valsartan as compared with valsartan 

(i.e., the addition of neprilysin inhibition). This could be considered consistent 

with the lack of significant effect on left ventricular volumes as the two are 

significantly correlated both in the present study and in previous reports.153 It is 

notable however, that the baseline levels of NT-proBNP in these trials was 

significantly higher (median 1594 pg/mL and 2536 pg/mL in the enalapril arms of 

PARADIGM-HF and PIONEER-HF, respectively), which is unsurprising given the 

inclusion criteria for these trials mandated elevated natriuretic peptide levels 

and the patients studied differed from the asymptomatic population in the 

present trial, i.e. symptomatic (NYHA ≥II) HFrEF in PARADIGM-HF and HFrEF 

patients hospitalised for decompensated heart failure in PIONEER-HF.138,270 I did 

however, observe a significant reduction in MR-proANP in patients treated with 

sacubitril/valsartan suggesting a degree of reduction in cardiac filling pressures 

and/or negative feedback secondary to the increase in ANP. 

As described in Chapter 1-4, neprilysin has a greater affinity for ANP relative to 

BNP.108 Consistent with this, in the present study I observed a significant 

increase in ANP but the small increase in BNP was not statistically significant. 

Due to the difficulties in measuring ANP in large multi-centre studies because of 

its short half-life, there are no randomised data examining the effect of 
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sacubitril/valsartan on ANP. In the observational PROVE-HF study, 

concentrations of ANP were significantly higher than baseline 14 days after 

initiation of sacubitril valsartan and the degree of increase in ANP was 

associated with improvements in ejection fraction and LAVI, a finding that was 

not replicated in the present study.271 In another observational study by Nougué 

and colleagues, in findings similar to those presented here, a significant rise in 

ANP with sacubitril/valsartan was not correlated with beneficial reverse 

remodelling changes.272  

In the PARADIGM-HF trial, BNP was significantly higher at 8-10 weeks following 

randomisation in the sacubitril/valsartan group as compared with the enalapril 

group.273 Again, consistent with the greater affinity that neprilysin has for ANP 

relative to BNP, in an observational study in 23 patients with HFrEF initiated on 

sacubitril/valsartan, a greater relative increase in ANP was seen as compared 

with BNP.274 Of the three bioactive natriuretic peptides measured, CNP levels 

showed the least difference between the two treatment groups after 52 weeks 

of treatment with sacubitril/valsartan or valsartan. This is unsurprising given 

levels of CNP in patients with heart failure are not significantly elevated 

compared to controls and therefore is not thought to play a major 

pathophysiological role.275  

It appears clear, therefore, from the available data that ANP, rather than BNP or 

CNP may be the predominant natriuretic peptide mediator underlying the 

clinical benefits of sacubitril/valsartan, possibly in consort with increased levels 

of other substrates for neprilysin (Chapter 6). The physiological actions of ANP 

and BNP are mediated through their activation of the natriuretic peptide 

receptor A (NPR-A), for which ANP has a greater affinity for, relative to BNP, 

resulting in increased intracellular levels of the secondary messenger cGMP; an 

increase in cGMP results in vasodilation, natriuresis as well as anti-hypertrophic 

and anti-fibrotic effects.276 The observed increase in urinary cGMP in the present 

study, therefore, reflects the increase in ANP-mediated activation of NPR-A. 

Indeed, the urinary cGMP:ANP ratio increased by 89% (p=0.003) between 

baseline and 52 weeks in sacubitril/valsartan treated patients compared with a 

66% (p=0.026) increase in cGMP:BNP ratio. It is worth considering that this 

increase in ANP (a substrate for neprilysin) is also in the context of a significant 
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reduction in MR-proANP (not a substrate for neprilysin) indicating a reduction in 

the formation of the proANP precursor molecule. Therefore, the rise in ANP 

represents an increase in bioactive ANP (secondary to a reduction in its 

breakdown by neprilysin), not an increase in production, as evidenced by a 

significant increase in the ratio of ANP:MR-proANP of 32%% (p<0.001) with 

sacubitril/valsartan compared with valsartan. An increase in bioactive BNP was 

also suggested by a 28% increase in the BNP:NT-proBNP ratio (p=0.02).  

5.4.1 Limitations 

The major limitation of the present study was the sample size. A larger sample 

size may have provided greater statistical power to detect small differences 

between the treatment groups (e.g., in BNP). A high number of statistical tests 

were performed with no correction for multiple testing. With regards to the 

predictive capability of natriuretic peptides to detect left ventricular 

remodelling, I did not have any patients with ejection fractions of >40% to 

identify optimal cut-off values to detect patients with persisting left ventricular 

systolic dysfunction late after myocardial infarction. The degree of change in 

left ventricular volumes over time was relatively small and this may have limited 

my ability to detect correlations between the change in natriuretic peptide 

levels and the degree of cardiac remodelling. Elevated neprilysin levels have 

been reported to be detectable in patients with HFrEF.277 I did not measure 

neprilysin concentrations or activity in the present study but this could provide 

further insight into the mechanisms behind changes in natriuretic peptide levels. 

5.4.2 Conclusion 

In this study examining natriuretic peptide levels in patients with asymptomatic 

left ventricular systolic dysfunction late following a myocardial infarction, I have 

made several important observations. Firstly, in this patient population elevated 

levels of ANP and BNP, and their precursor molecule fragments (MR-proANP and 

NT-proBNP) were significantly correlated with the degree of adverse left 

ventricular remodelling with higher levels of these peptides indicating greater 

ventricular dilatation and impairment of systolic function. Secondly, reductions 

in plasma levels of MR-proANP, NT-proBNP and BNP over 52 weeks were 

associated with improvement in left ventricular and atrial volumes over the 
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same period as measured by cardiac MRI. Finally, the addition of neprilysin 

inhibition to standard therapy in the form of sacubitril/valsartan increased 

plasma levels of ANP and urinary cGMP, indicating increase ANP-mediated 

bioactivity, and significantly reduced MR-proANP which is not a substrate for 

neprilysin and may indicate a reduction in left ventricular filling pressures. No 

significant differences were observed in concentrations of BNP or CNP 

(substrates for neprilysin) or NT-proBNP (a marker of elevated left ventricular 

wall stress and not a substrate for neprilysin). 
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Chapter 6 The effect of neprilysin inhibition on 
postulated circulating substrates for neprilysin in 
patients with asymptomatic left ventricular 
systolic dysfunction late after myocardial 
infarction 

6.1 Introduction 

Neprilysin has numerous substrates in addition to the natriuretic peptides 

(Chapter 1-4), and it has been suggested that by preventing their breakdown, 

increased levels of some of these substrates may be one of the mechanisms of 

action behind the clinical benefits of neprilysin inhibition observed in patients 

with HFrEF in the PARADIGM-HF trial.138 Data relating to the effect of 

sacubitril/valsartan are mainly limited to observational studies examining 

concentrations of these substrates and these studies are limited in making 

conclusions regarding treatment effect by the very nature of their observational 

design.272 Furthermore, given the overwhelming evidence for clinical benefit in 

patients with HFrEF, it would not be ethical to randomise these patients to a 

neprilysin inhibitor. Therefore, the present study population, those with 

asymptomatic left ventricular systolic dysfunction, are a close 

pathophysiological group in which to examine the effect of neprilysin inhibition 

on its substrates in a rigorously performed randomised, active-comparator 

controlled trial.  

This chapter will provide novel data on the effect of neprilysin inhibition on a 

selection of its postulated circulating neurohumoral and metabolic substrates 

through the randomised comparison of sacubitril/valsartan compared with 

valsartan alone. 
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6.2 Methods 

6.2.1 Study patients and protocol 

The 93 patients detailed in in the preceding chapters compose the population 

included in this study. These patients had evidence of persisting left ventricular 

systolic dysfunction (left ventricular ejection fraction ≤40% measured using 

echocardiography) with no signs or symptoms of heart failure and were recruited 

into a trial examining the effect of the addition of neprilysin inhibition to 

standard therapy at least 3 months following an acute myocardial infarction. All 

patients were taking an ACE inhibitor or ARB prior to enrolment and a beta-

blocker (unless contraindicated or not tolerated). Eligible patients were 

randomised 1:1 to sacubitril/valsartan (target dose 97/103mg twice daily) or 

valsartan (target dose 160mg twice daily) and matching placebo for 52 weeks. 

The study protocol is detailed in Chapter 3 and baseline characteristics in Table 

4-1. 

Venepuncture was performed pre-randomisation, at 26 weeks, and at 52 weeks 

as described in Chapter 3. Mid-regional pro-adrenomedullin (MR-proADM) 

(B·R·A·H·M·S KRYPTOR Compact PLUS, Thermo Fisher Diagnostics) was measured 

on a clinical immunoassay platform using the manufacturer’s calibrators and 

quality control materials. Endothelin-1 was measured using a commercially 

available enzyme-linked immunosorbent assay (ELISA) (R&D systems, Bio-

Techne), and using the manufacturer’s quality control materials. GLP-1 (plasma 

from a BD p800 protease inhibitor vacutainer, using Total GLP-1 assay, Mercodia) 

and apelin (aprotinin-treated plasma, apelin-36 extraction-free EIAs, Phoenix 

Pharmaceuticals) were also measured using commercial ELISA assays and the 

manufacturers’ quality control materials. 

 All biomarker sample processing and measurements were performed by Philip 

Stewart, Elaine Butler, Josephine Cooney and Emma Dunning at the Glasgow 

Biomarker Laboratory, Institute of Cardiovascular and Medical Sciences, 

University of Glasgow under the supervision of Dr Paul Welsh. 
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6.2.2 Statistical methods 

The distribution of baseline biomarker values was examined by means of 

histograms and summary statistics and non-normally distributed values were log-

transformed prior to analysis. Baseline levels are presented as means with 

standard deviations for normally distributed values, and as medians with 

interquartile ranges for non-normal distributions. Baseline values are presented 

in the overall population and by randomised treatment allocation with between-

group comparisons made using a two-sample T-test or Wilcoxon rank-sum test 

for normal and non-normal distributed variables, respectively.  

The treatment effect of sacubitril/valsartan as compared with valsartan on 

biomarker levels over time was examined using a linear regression model which 

was adjusted for randomised treatment, baseline value of the outcome and use 

of diuretics at baseline. The regression model coefficients for the treatment 

indicator variable are reported as between-treatment group adjusted mean 

differences. Repeated measures analyses were performed as confirmatory 

analyses and are adjusted for the main effects of time-point, randomised group 

and the interaction between time-point and randomised group and for diuretic 

use at baseline. All analyses were performed on an intention to treat basis as 

described in Chapter 3. 

A p-value of <0.05 was considered statistically significant for all analyses. No 

correction for multiple testing was performed. No imputation for missing data 

was performed. All analyses were performed by Bethany Stanley (Robertson 

Centre for Biostatistics) and me using R Studio and R version 4.0.0 (R Foundation 

for Statistical Computing, Vienna, Austria), and STATA version 16.1 (College 

Station, TX, USA).
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6.3 Results 

6.3.1 Baseline values 

Baseline values of the substrates for neprilysin detailed overall and by 

randomised treatment allocation in Table 6-1. There were no significant 

between-group differences at baseline.  

Table 6-1 Baseline levels of circulating neprilysin substrates  

 Sacubitril/valsartan Valsartan Total 
p-

value 

 N=47 N=46 N=93  

MR-proADM (nmol/L) 0.5±0.1 0.5±0.1 0.5±0.1  0.30 

GLP-1 (pmol/L) 5.8±3.8 6.1±3.6 6.0±3.7  0.68 

Apelin (ng/mL) 1.4±0.5 1.4±0.4 1.4±0.4  0.72 

Endothelin-1 (pg/mL) 1.3±0.4 1.3±0.3 1.3±0.3  0.17 

Data presented as mean ± standard deviation. 
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6.3.2 MR-proADM 

Mean (SD) MR-proADM at baseline was 0.54 (0.11) nmol/L in those randomised to 

sacubitril/valsartan with follow-up data (n=46) and 0.51 (0.12) nmol/L in those 

randomised to valsartan (n=46). Mean change in MR-proADM was 0.36 (SD 0.18) 

nmol/L between baseline and 52 weeks in the sacubitril/valsartan group and 

0.04 (0.08) nmol/L in the valsartan group: adjusted between-group mean 

difference 0.31 (95% confidence interval [CI], 0.25,0.37) nmol/L; p<0.001 

(Figure 6-1). Similar results were seen in repeated measures modelling with 

significant increases with sacubitril/valsartan compared with valsartan at 26 

weeks (p<0.001) and 52 weeks (p<0.001) 

Figure 6-1 Change in MR-proADM with sacubitril/valsartan or valsartan from 

baseline to week 52 

 

Data presented as mean and error bars represent 95% CIs. Between-group 

difference presented as an adjusted mean difference calculated using a linear 

regression model adjusted for randomised treatment, baseline MR-proADM, and 

use of diuretics at baseline.  
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6.3.3 GLP-1  

Mean (SD) GLP-1 at baseline was 5.78 (3.89) pmol/L in those randomised to 

sacubitril/valsartan with follow-up data (n=46) and 6.12 (3.59) pmol/L in those 

randomised to valsartan (n=46). Mean change in GLP-1 was 8.55 (SD 9.33) 

pmol/L between baseline and 52 weeks in the sacubitril/valsartan group and –

0.58 (3.99) pmol/L in the valsartan group: adjusted between-group mean 

difference 9.12 (95% confidence interval [CI], 6.13,12.11) pmol/L; p<0.001 

(Figure 6-2). Similar results were seen in repeated measures modelling with 

significant increases with sacubitril/valsartan compared with valsartan at 26 

weeks (p<0.001) and 52 weeks (p<0.001). 

Figure 6-2 Change in GLP-1 with sacubitril/valsartan or valsartan from 

baseline to week 52 

 

Data presented as mean and error bars represent 95% CIs. Between-group 

difference presented as an adjusted mean difference calculated using a linear 

regression model adjusted for randomised treatment, baseline GLP-1, and use of 

diuretics at baseline.  
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6.3.4 Apelin 

Mean (SD) apelin at baseline was 1.40 (0.46) ng/mL in those randomised to 

sacubitril/valsartan with follow-up data (n=46) and 1.44 (0.36) ng/mL in those 

randomised to valsartan (n=46). Mean change in apelin was -0.06 (SD 0.17) 

ng/mL between baseline and 52 weeks in the sacubitril/valsartan group and –

0.06 (0.24) ng/mL in the valsartan group: adjusted between-group mean 

difference -0.01 (95% confidence interval [CI], -0.10, 0.08) ng/mL; p=0.82 

(Figure 6-3). Similar results were seen in repeated measures modelling with no 

significant difference with sacubitril/valsartan compared with valsartan at 26 

weeks (p=0.94) and 52 weeks (p=0.81). 

Figure 6-3 Change in apelin with sacubitril/valsartan or valsartan from 

baseline to week 52 

 

Data presented as mean and error bars represent 95% CIs. Between-group 

difference presented as an adjusted mean difference calculated using a linear 

regression model adjusted for randomised treatment, baseline apelin, and use of 

diuretics at baseline.  
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6.3.5 Endothelin-1 

Mean (SD) endothelin-1 at baseline was 1.36 (0.36) pg/mL in those randomised to 

sacubitril/valsartan with follow-up data (n=46) and 1.25 (0.32) pg/mL in those 

randomised to valsartan (n=46). Mean change in endothelin-1 was 0.02 (SD 0.40) 

pg/mL between baseline and 52 weeks in the sacubitril/valsartan group and -

0.01 (0.30) ng/mL in the valsartan group: adjusted between-group mean 

difference 0.06 (95% confidence interval [CI], -0.08,0.20) pg/mL; p=0.39 (Figure 

6-4). Similar results were seen in repeated measures modelling with no 

significant difference with sacubitril/valsartan compared with valsartan at 26 

weeks (p=0.12) and 52 weeks (p=0.31). 

Figure 6-4 Change in endothelin-1 with sacubitril/valsartan or valsartan from 

baseline to week 52 

 

Data presented as mean and error bars represent 95% CIs. Between-group 

difference presented as an adjusted mean difference calculated using a linear 

regression model adjusted for randomised treatment, baseline endothelin-1, and 

use of diuretics at baseline.  
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6.4 Discussion 

Neprilysin is a ubiquitous enzyme with multiple substrates including the 

natriuretic peptides as described in Chapter 1.4 and Chapter 5.278 A novel aspect 

of the study presented in this thesis was the comparison between 

sacubitril/valsartan and valsartan alone, facilitating a direct examination of the 

effect of the addition of neprilysin inhibition on parameters of cardiac 

remodelling as described in Chapter 4, along with its effect on circulating 

substrates for neprilysin including the natriuretic peptides (Chapter 5) and those 

described in this Chapter.  

Adrenomedullin 

Adrenomedullin (ADM) is a circulating vasoactive peptide with a 52-peptide ring 

structure which is derived from prepro-ADM.279 PreproADM, a 185 amino acid 

structure, is processed by carboxypeptidases into proADM which consists of two 

bioactive peptides, ADM and proadrenomedullin N-terminal 20 peptide (PAMP). 

ADM which has a 60-fold greater vasodilatory effect than PAMP, is an established 

substrate for neprilysin.280 As part of the processing of proADM, a circulating 

mid-regional fragment is produced, MR-proADM which is what was measured in 

the present study. Because MR-proADM is not a substrate for neprilysin, the 

increase in this peptide in the present study, presumably represents an increase 

in production of preproADM. It has been reported that administration of 

exogenous ANP results in increased ADM levels, therefore the observed increase 

in ANP in the present study may explain why I observed an increase in MR-

proADM.281 It should be noted however that, conversely, administration of ADM 

has been shown to increase ANP. Although the interplay between these two 

peptides is not clear, both are thought to have beneficial cardiovascular 

effects.282 Along with its vasodilatory effect, bioactive ADM has been reported to 

have natriuretic, diuretic and positive inotropic properties as well as inhibiting 

RAS activation.283  

In patients with chronic HFrEF, elevated adrenomedullin levels have been 

reported, with greater elevations seen with higher NYHA functional limitation 

class (note levels in NYHA I patients were similar to healthy controls).284,285 In 

the present population the median MR-proADM concentration of 0.51 nmol/L was 
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higher than the assay manufacturer’s healthy population median (0.39 nmol/L) 

but lower than reported in a HFrEF population (0.81 nmol/L). Elevated 

concentrations of ADM (and its precursor MR-proADM) represent a protective 

response to increased circulating volume and pressure overload; furthermore, in 

both an established ovine model of heart failure and in patients with HFrEF 

administration of exogenous ADM had beneficial renal, haemodynamic and 

inhibitory neurohumoral effects.286,287 In preclinical models, administration of a 

neprilysin inhibitor has been shown to potentiate the vasodilatory effect of 

adrenomedullin.288,289 The present data confirm that neprilysin inhibition results 

in increasing MR-proADM, likely representing an increased production of 

preproADM, however assay cross-reactivity with bioactive ADM (a substrate for 

neprilysin) is also possible. I am unable to comment on levels of circulating 

bioactive ADM but an increase in its precursor molecule and the presence of 

neprilysin inhibition (inhibiting the breakdown of bioactive ADM), suggest that 

bio-ADM concentrations should be increased in response to neprilysin inhibition. 

Indeed, in an observational study of HFrEF patients commenced on 

sacubitril/valsartan, an increase in bioactive ADM (bioADM) and MR-proADM was 

seen with an increase in the ratio of bioADM:MR-proADM suggesting reduced 

neprilysin-related breakdown of bioADM.290  

Glucagon-like peptide 1 (GLP-1) 

GLP-1 is an incretin hormone that is released by intestinal epithelial L-cells in 

response to food-intake. Its main action through activation of the GLP-1 receptor 

is to lower blood glucose levels by stimulating pancreatic insulin release in a 

glucose-dependent manner as well inhibiting glucagon secretion and thereby 

supressing gluconeogenesis.291 As well as these glucose-centric actions, GLP-1 

has a range of cardio-protective effects, including blood pressure lowering, 

weight loss and glucose-independent renoprotective effects including natriuresis 

and inhibition of the RAS. Native GLP-1 (GLP-1[7-36]) has a very short half-life of 

2 minutes due to rapid enzymatic degradation by dipeptidyl peptidase-4 (DPP-4). 

Therefore, pharmacological activation of the GLP-1 receptor can be achieved 

through inhibition of DPP-IV (increasing endogenous circulating GLP-1[7-36]) or 

administration of GLP-1 analogues which are resistant to DPP-4 mediated 

catabolism (GLP-1 receptor agonists). In patients with diabetes, 7 large 
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randomised, placebo-controlled cardiovascular outcome trials have now been 

performed with GLP-1 receptor agonists with a meta-analysis reporting a 

significant reduction in the risk of Major Adverse Cardiovascular Events (MACE), 

the individual MACE components of cardiovascular death, myocardial infarction, 

or stroke, as well as a reduction in the risk of heart failure hospitalisation and a 

composite kidney outcome.292 It should be noted however that increased GLP-1 

bioactivity through use of the DPP-4 inhibitor alogliptin did not reduce the risk 

of cardiovascular outcomes in patients with type 2 diabetes following myocardial 

infarction.293 In patients with HFrEF, GLP-1 receptor agonists have not been 

shown to have any beneficial effect in terms of reverse remodelling and 

furthermore, have been shown to increase heart rate, an unwanted adverse 

effect thought to be secondary to stimulation of sino-atrial node localised GLP-1 

receptors.294,295 

As well as DPP-4 mediated break-down, enzymatic degradation of native GLP-1 

occurs by neprilysin at a different site than that of DPP-4.296 Following 

degradation by DPP-4, active GLP-1 (GLP-1[7-36]) is metabolised to GLP-1(9-36), 

the major circulating form of GLP-1. It has been shown that neprilysin can 

breakdown both GLP-1(7-36) and its metabolite GLP-1(9-36).297,298 Therefore, 

neprilysin inhibition could result in increased circulating GLP-1(7-36), which 

mediates its actions via the native GLP-1 receptor, and also GLP-1(9-36) for 

which there is increasing evidence of its potential cardioprotective properties 

independent of activation of the GLP-1 receptor.299 A detailed review of the 

possible cardioprotective effects of GLP-1(9-36) (and potentially its smaller 

peptide fragments) is beyond the scope of the present thesis however in 

preclinical heart failure models they include improvement in left ventricular 

function, increased myocardial glucose uptake, improvements in coronary blood 

flow and a reduction in infarct size in a myocardial infarction model.299 Indeed, 

it has been postulated that the failure of DPP-4 inhibitors to show cardiovascular 

benefits in patients with type 2 diabetes may be, in part, due to their 

prevention of the breakdown of GLP-1(7-36), and therefore reduced production 

of the by-product GLP-1(9-36). 

Neprilysin inhibition with candoxatril has been demonstrated in a pre-clinical 

model to result in increased C-terminal GLP-1 (i.e. both GLP-1[7-36] and GLP-1 
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[9-36]).296 In patients with type 2 diabetes in the PARADIGM-HF trial, 

sacubitril/valsartan, as compared with enalapril, was seen to significantly 

reduce glycated haemoglobin (HbA1c) concentrations as well as reduce the 

proportion of patients who commenced insulin therapy during trial follow-up 

suggesting improved glycaemic control.300 It was suggested that this observation 

may be due a GLP-1 mediated glucose-lowering effect secondary to neprilysin 

inhibition. However, in the absence of a DPP-4 inhibitor, the addition of 

neprilysin inhibition may not increase GLP-1(7-36) significantly due to its rapid 

degradation by DPP-4. Indeed, in healthy volunteers, sacubitril/valsartan was 

demonstrated to increase post-prandial concentrations of total GLP-1 compared 

with placebo, and also to provide an additive effect in terms of increased GLP-

1(7-36) when added to the DPP-4 inhibitor sitagliptin, as compared with 

sitagliptin alone.301 It may therefore, be that the predominant effect of a 

neprilysin inhibitor in the absence of a DPP-4 inhibitor is to increase GLP-1(9-36). 

I observed a significant increase in GLP-1 at 52 weeks from baseline in patients 

randomised to sacubitril/valsartan compared with valsartan. The magnitude of 

increase was large with an almost 3-fold increase from baseline. The GLP-1 assay 

used in the present study measured total GLP-1 with 93% and 100% specificity for 

GLP-1 (7-36) and GLP-1(9-36), respectively. Blood samples were taken using 

specific tubes including a DPP-4 inhibitor which means that I am not able to 

distinguish which form(s) of GLP-1 was increased by the addition of a neprilysin 

inhibitor. Samples were not routinely measured fasting due to the variable 

timing of study visits during the day however, the magnitude of change in GLP-1 

with sacubitril/valsartan and degree of statistical significance mean it was 

unlikely to be a chance finding.  

Apelin 

Apelin is a circulating vasoactive peptide which is a ligand for the APJ G-protein-

coupled receptor which is expressed widely in the body including in the heart, 

peripheral vasculature and kidneys.302 Activation of the APJ receptor by apelin 

results in a reduction in blood pressure secondary to nitric-oxide mediated 

vasodilatation, increased aquaresis and increased cardiac contractility. In apelin-

knockout mice, progressive left ventricular dilatation and systolic dysfunction 

occur which is fully reversed by the infusion of apelin, suggesting an important 
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role for apelin in maintaining cardiac function.303 Apelin expression has been 

shown to increase in pre-clinical models of myocardial infarction however in a 

study of patients with left ventricular systolic dysfunction immediately following 

myocardial infarction, plasma concentrations of apelin were lower than normal 

controls.304 In patients with heart failure, apelin concentrations are lower than 

normal controls and this is thought to be secondary to angiotensin-II antagonism 

of apelin and APJ expression.305 Indeed, the angiotensin receptor blocker 

olmesartan has been shown to increase apelin levels in a rat model of heart 

failure.306 Administration of apelin in patients with heart failure has been shown 

to reduce afterload and increase cardiac output and this has led to an interest in 

apelin and the APJ receptor as a potential therapeutic target in heart failure.307  

It was previously demonstrated that angiotensin converting enzyme 2 (ACE-2) is 

involved in the degradation of circulating apelin. More recently, neprilysin has 

been suggested to play a role in its breakdown.308 This study, to my knowledge, 

is the first to describe the effects of neprilysin inhibition on apelin 

concentrations in humans. I did not observe any significant change from baseline 

in apelin levels with sacubitril/valsartan as compared with valsartan alone, i.e., 

no effect of neprilysin inhibition. The assay used has 100% cross-reactivity with 

the 3 main circulating forms of apelin (apelin-12, apelin-13 and apelin-36). The 

mean apelin level at baseline of 1.43 ng/mL in the present study was higher than 

that seen immediately post myocardial infarction in patients with left 

ventricular systolic dysfunction but lower than that of controls in the same 

study.304 The present results suggest that neprilysin inhibition, in the patient 

cohort studied, did not have any significant effect on increasing apelin levels. I 

cannot exclude that in patients with symptomatic HFrEF, who have lower apelin 

concentrations than those seen in the present study, that neprilysin inhibition 

may increase apelin levels. It is however worth highlighting that previous work 

has not demonstrated any correlation between apelin and NT-proBNP 

concentrations and the same was seen in the present cohort (r=-0.11; p=0.31).309 

Furthermore, the sample size of the present study may have been insufficient to 

detect a small between-group difference. 
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Endothelin-1 

Endothelin-1 is a powerful circulating vasoconstrictor peptide, which also causes 

sodium retention and promotes adverse cardiac remodelling.310 Elevated levels 

of endothelin are seen in heart failure and associated with worse outcomes.311 

The reason for examining the effect of sacubitril/valsartan on endothelin-1 

concentrations in the present study was the previous observation that sole 

neprilysin inhibition with candoxatril resulted in elevated levels of endothelin, 

confirming that it is a substrate for neprilysin.118 Elevated endothelin 

concentrations could lead to an increase in afterload which could precipitate a 

worsening of systolic function in the population studied. 

Endothelin concentrations in the present study were similar to those reported in 

normal controls and lower than those in patients with HFrEF.311 Reassuringly, 

endothelin-1 concentrations did not change significantly in either treatment 

group over 52 weeks of treatment with no significant between-group difference. 

6.4.1 Limitations 

In addition to the specific limitations of the individual biomarker measurements 

discussed, the major limitation of the present study was the sample size which 

reduced the power to be able to detect small between-group differences. A 

larger study cohort may have detected more significant between-treatment 

differences. A further limitation is the inability of the present work to make any 

conclusions regarding the change in biomarker levels and clinical outcomes. 

Furthermore, the results presented relate to patients without symptomatic 

HFrEF; different results may have been observed had patients with symptomatic 

HFrEF had been studied. Finally, the number of statistical tests performed raises 

the possibility of chance findings.
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6.4.2 Conclusion 

In this study in patients with asymptomatic left ventricular systolic dysfunction 

late after myocardial infarction, the combined angiotensin receptor-neprilysin 

inhibitor sacubitril/valsartan, compared with the AT1R inhibitor valsartan alone, 

increased levels of MR-proADM and GLP-1, with no between-treatment group 

difference in apelin or endothelin-1 concentrations.  
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Chapter 7 The effect of neprilysin inhibition on 
cardiac troponin levels in patients with 
asymptomatic left ventricular systolic 
dysfunction late after myocardial infarction 

7.1 Introduction 

The measurement of elevated concentrations of circulating cardiac troponin is 

an established tool in the diagnosis of acute myocardial infarction.312 With the 

advent of high sensitivity cardiac troponin assays, lower concentrations of 

circulating troponin indicating the presence of sub-clinical chronic myocardial 

injury are now able to be detected.313 A growing body of evidence has 

demonstrated the value of high-sensitivity troponin measurements in predicting 

future cardiovascular outcomes, even when the value is within the normal 

reference range (i.e., below the 99th percentile upper reference limit).314  

At the time of acute myocardial infarction, a higher peak cardiac troponin 

concentration is associated with larger infarct size and the degree of left 

ventricular systolic dysfunction, as well as the risk of heart failure during the 

index admission and following discharge.315–318 In both general populations and in 

patients with stable coronary artery disease, a proportion of who had a prior 

myocardial infarction, elevated levels of troponin are associated with a higher 

risk of incident heart failure.314,319–324 Furthermore, in a population of patients 

free of coronary artery disease who had cardiac magnetic resonance imaging 

performed, higher baseline troponin was significantly associated with a greater 

degree of myocardial fibrosis and left ventricular hypertrophy, and the 

proportion of patients with an LVEF <50%, but not with LVEDV.325  

The potential value of measuring high-sensitivity troponin in survivors of 

myocardial infarction remote from the time of infarction, to identify those with 

adverse left ventricular remodelling at higher risk of future adverse outcomes, 

has not, to my knowledge, been examined. The present study, therefore, offers 

a novel opportunity to describe the associations between high-sensitivity cardiac 

troponin concentrations and the degree of left ventricular remodelling in a 

cohort of asymptomatic patients with persisting left ventricular systolic 

dysfunction late after myocardial infarction. 
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Finally, in patients with symptomatic HFrEF, sacubitril/valsartan, compared with 

enalapril, has been demonstrated to significantly reduce levels of cardiac 

troponin indicating a reduction in the degree of myocardial injury.140,222,326 

Furthermore, in patients with heart failure with preserved ejection fraction, 

sacubitril/valsartan also reduced high-sensitivity troponin T and this reduction 

was associated with the degree of reduction in NT-proBNP.327 The main aim of 

this study was to examine the effect of the addition of neprilysin inhibition to 

standard therapy with a RAS blocker and beta-blocker on circulating high 

sensitivity cardiac troponin concentrations in patients with symptomless left 

ventricular systolic dysfunction late after myocardial infarction.  
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7.2 Methods 

7.2.1 Study population 

The patient population described in the preceding chapters were also included in 

this study. This cohort comprised of 93 patients with asymptomatic left 

ventricular systolic dysfunction (left ventricular ejection fraction ≤40% measured 

using echocardiography) who were at least 3 months following an acute 

myocardial infarction. All patients were taking an ACE inhibitor or ARB and a 

beta-blocker (unless contraindicated or not tolerated) prior to randomisation. 

Eligible and consenting patients were randomised 1:1 to sacubitril/valsartan 

(target dose 97/103mg twice daily) or valsartan (target dose 160mg twice daily) 

and matching placebo for 52 weeks. The study protocol is detailed in Chapter 3 

and baseline characteristics in Table 4-3. 

All patients underwent cardiac MRI for assessment of left ventricular and atrial 

volumes, left ventricular ejection fraction and left ventricular mass pre-

randomisation and at 52 weeks. Volumes and mass were indexed to body surface 

area as detailed in Chapter 3.6. 

7.2.2 Measurement of troponin 

Venepuncture was performed pre-randomisation, at 26 weeks, and at 52 weeks 

as described in Chapter 3. High-sensitivity cardiac troponin-I (hs-TnI) was 

measured using the Architect i1000SR (Abbott Laboratories, Abbott Diagnostics, 

Abbot Park, IL) clinical immunoassay platform using the manufacturers’ 

calibrators and quality control materials. The lower limit of detection for this 

assay is 1.2 ng/L. The manufacturer reported 99th centile for the assay is 26.2 

ng/L, with sex-specific 99th centiles for women of 15.6 ng/L and 34.2 ng/L in 

men. 

All biomarker sample processing and measurements were performed by Philip 

Stewart, Elaine Butler, Josephine Cooney and Emma Dunning at the Glasgow 

Biomarker Laboratory, Institute of Cardiovascular and Medical Sciences, 

University of Glasgow under the supervision of Dr Paul Welsh. 
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7.2.3 Statistical methods 

The distribution of baseline hs-TnI was examined by means of histograms and 

summary statistics. As baseline hs-TnI and the change in hs-TnI were non-

normally distributed, all values were log-transformed prior to analysis. Baseline 

levels are presented as medians with interquartile ranges in the overall 

population and by randomised treatment allocation with between-group 

comparisons made using a Wilcoxon rank-sum test. Correlations between 

baseline values of hs-TnI and LVESVI, LVEDVI, LVEF, left atrial volume index LAVI 

and LVMI were calculated by means of a Pearson’s correlation coefficient (r) 

with a linear regression line plotted graphically. The same methods were used to 

examine the correlation between the 52-week change in hs-TnI values and 

change in cardiac MRI parameters. 

The treatment effect of sacubitril/valsartan as compared with valsartan on hs-

TnI concentrations over time was examined by means of a linear regression 

model adjusted for randomised treatment, baseline hs-TnI value and use of 

diuretics at baseline. In order to satisfy modelling assumptions, log 

transformations were performed, and regression coefficients were back-

transformed and are presented as relative differences. In confirmatory analyses, 

repeated measures analyses were performed adjusting for the main effects of 

time-point, randomised group and the interaction between time-point and 

randomised group and for diuretic use at baseline. All analyses were performed 

on an intention to treat basis as described in Chapter 3.11. 

Baseline clinical predictors of baseline LVESVI were examined using a backward-

stepwise linear regression model with a p-value set at ≥0.10 for removal of a 

variable from the model. Variables included were systolic blood pressure, eGFR, 

age, male sex, time since myocardial infarction, medical history of hypertension 

or diabetes, revascularisation for myocardial infarction, anterior myocardial 

infarction, ST-elevation myocardial infarction, current smoking and if the 

patient was taking a beta-blocker or an MRA. To examine the potential additive 

predictive ability of measurement of the natriuretic peptides MR-proANP and NT-

proBNP along with hs-TnI, these biomarkers were added alone and in 

combination into models containing the clinical variables identified using the 

above procedure. Model goodness of fit was assessed by means of the Akaike 



204 
 

 

information criterion (AIC) with lower values indicating a better fit model and a 

difference of >2 between two models indicating a significant difference in model 

fit.  

A p-value of <0.05 was considered statistically significant for all analyses. No 

correction for multiple testing was performed. No imputation for missing data 

was performed. All analyses were performed by Bethany Stanley (Robertson 

Centre for Biostatistics) and me using R Studio and R version 4.0.0 (R Foundation 

for Statistical Computing, Vienna, Austria), and STATA version 16.1 (College 

Station, TX, USA).
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7.3 Results 

7.3.1 Baseline troponin values and correlation with degree of 
cardiac remodelling and natriuretic peptide levels 

Plasma concentrations of plasma hs-TnI were detectable above the limit of 

detection for 90 of 93 (97%) patients at baseline. Median and mean 

concentrations of hs-TnI were 5.1 (interquartile range 2.8, 7.8) ng/L and 12.5 

(standard deviation 41.8), respectively (range 0.6-398.7 ng/L). There was no 

significant difference between the two treatment groups at baseline (p=0.25). 

Using sex-specific thresholds (male=34.2 ng/L and female 15.6 ng/L), 8 (8.6%) 

patients had levels above the 99th centile value for hs-TnI at baseline. 

The relationships between baseline hs-TnI levels and baseline cardiac MRI 

measurements of left ventricular and atrial volumes, left ventricular ejection 

fraction and left ventricular mass are shown in Figure 7.1. In order of magnitude 

of correlation, baseline hs-TnI concentration was weakly correlated with LVEDVI 

(r=0.28, p=0.006), LVESVI (r=0.28, p=0.008), LAVI (r=0.23, p=0.024) and LVMI 

(r=0.22, 0.034). Baseline hs-TnI was not significantly correlated with LVEF (r=-

0.17, p=0.099). 

Figure 7.2 displays the association between baseline hs-TnI and concentrations 

of the natriuretic peptides MR-proANP and NT-proBNP. hs-TnI was significantly 

correlated with both MR-proANP (r=0.31, [p=0.003]) and NT-proBNP (r=0.26, 

[p=0.011]). 
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Figure 7-1 Correlations between baseline troponin I levels and cardiac 

volumes, function and mass at baseline 
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Figure 7-2 Correlation between baseline troponin I and MR-proANP and NT-

proBNP concentrations 
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7.3.2 Baseline troponin and natriuretic peptide levels as 
predictors of the degree of adverse remodelling  

In a backwards-stepwise linear regression model of clinical baseline variables 

(methods described in Chapter 7.2), eGFR, a history of diabetes, current 

smoking, and diuretic and mineralocorticoid receptor antagonist use were 

identified as independent predictors of baseline LVESVI. I tested for the 

potential of collinearity between diabetes status and MRA use due to the 

indication for MRA use in patients with diabetes and a low LVEF following acute 

myocardial infarction (EPHESUS trial), however no significant collinearity was 

present. 

The individual variable beta-coefficients and p-values from regression models 

including these variables with the addition of baseline MR-proANP and NT-

proBNP alone, or in combination along with hs-TnI are displayed in Table 7.1. 

When added to the model with baseline clinical variables only, both MR-proANP 

and NT-proBNP alone and in combination were independent predictors of 

baseline LVESVI. In a model with MR-proANP and hs-TnI, both biomarkers were 

independent predictors of baseline LVESVI. Similarly, NT-proBNP and hs-TnI were 

also independent predictors of baseline LVESVI when added to the clinical 

model. The two models which best predicted baseline LVESVI were a model of 

clinical variables and both MR-proANP and NT-proBNP (r2=0.42; AIC 780.8) and 

the same model with the addition of hs-TnI (r2=0.44; AIC 779.8). However, in the 

latter model troponin was not an independent predictor of LVESVI and the delta 

AIC was <2 between the two models suggesting that the addition of troponin to 

the model which included both natriuretic peptides did not add significant 

predictive value. The AIC of a model with the three biomarkers as the only 

independent variables was 799.0.
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Variable 

Basic 
model 

Basic 
model + 

MR-
proANP 

Basic 
model + 

MR-
proANP + 

hs-TnI 

Basic 
model + 

NT-
proBNP 

Basic 
model + 

NT-
proBNP + 

hs-TnI 

Basic 
model + 

MR-
proANP + 

NT-
proBNP 

Basic 
model + 

MR-
proANP + 

NT-
proBNP + 

hs-TnI 

eGFR β=-0.3; 
p=0.045 

β=0.05; 
p=0.71 

β=0.04; 
p=0.730 

β=-0.1; 
p=0.37 

β=-0.08; 
p=0.49 

β=0.07; 
p=0.57 

β=0.07; 
p=0.60 

Diabetes β=-11.0; 
p=0.036 

β=-9.3; 
p=0.047 

β=-10.0; 
p= 0.031 

β=-11.3; 
p=0.019 

β=-11.8; 
p=0.012 

β=-9.9; 
p=0.03 

β=-10.4; 
p=0.022 

Current 

smoker 

β=11.6; 
p=0.038 

β=14.2; 
p=0.006 

β=12.3; 
p=0.016 

β=14.4; 
p=0.006 

β=12.1; 
p=0.019 

β=15.4; 
p=0.002 

β=13.7; 
p=0.007 

MRA β=9.2; p= 
0.17 

β=10.6; 
p=0.003 

β=10.4; 
p=0.003 

β=6.6; 
p=0.067 

β=7.0; 
p=0.046 

β=8.6; 
p=0.014 

β=8.6; 
p=0.013 

Diuretic β=15.0; 
p= 0.012 

β=12.5; 
p=0.019 

β=14.7; 
p=0.006 

β=14.5; 
p=0.008 

β=16.7; 
p=0.002 

β=12.8; 
p=0.013 

β=14.6; 
p=0.006 

Log MR-
proANP 

- β=20.4; 
p<0.001 

β=17.3; 
p<0.001 

- - β=15.5; 
p=0.001 

β=13.5; 
p=0.006 

Log NT-
proBNP 

- - - β=7.1; 
p=<0.001 

β=5.6; 
p=0.001 

β=4.6; 
p=0.013 

β=4.2; 
p=0.025 

Log hs-
TnI 

- - β=3.6; 
p=0.048 

- β=4.3; 
p=0.019 

- β=3.0; 
p=0.10 

AIC 804.6 785.6 783.3 790.3 786.3 780.8 779.8 

 

Table 7-1 Multivariable predictors of left ventricular end-systolic volume 
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7.3.3 Correlation between change in troponin and change in 
cardiac MRI measures of left ventricular remodelling 

Data on the change in hs-TnI concentrations and cardiac MRI measurements of 

left ventricular and atrial volumes and left ventricular mass between baseline 

and 52 weeks were available for 90 patients. The correlations between them are 

displayed in Figure 7.3. 

Change in hs-TnI over 52 weeks was not significantly correlated with change in 

LVESVI (r=0.12; p=0.252), LVEDVI (r=0.16; p=0.145), LVEF (r=-0.04; p=0.736) or 

LAVI (r=0.12; 0.218). Change in hs-TnI and LVMI over 52 weeks were significantly 

correlated (r=0.25; p=0.019).
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Figure 7-3 Correlations between change in troponin I levels and cardiac 

volumes, function and mass 
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7.3.4 Correlation between change in troponin and change in 
natriuretic peptide levels 

The change in hs-TnI between baseline and 52 weeks was significantly correlated 

with change in MR-proANP (r=0.27;p=0.01) and NT-proBNP (r=0.35;p<0.001) as 

displayed in Figure 7.4. 

Figure 7-4 Correlation between change in troponin and change in natriuretic 

peptide levels 
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7.3.5 Effect of neprilysin inhibition on troponin levels 

Median (IQR) hs-TnI at baseline was 3.9 (2.8, 7.4) ng/L in those randomised to 

sacubitril/valsartan with follow-up data (n=46) and 5.7 (3.0, 8.9) ng/L in those 

randomised to valsartan (n=46). Median change in hs-TnI was -1.1 (IQR -2.4, -0.1) 

ng/L between baseline and 52 weeks in the sacubitril/valsartan group and -0.4(-

2.4, 0.9) ng/L in the valsartan group: ratio of adjusted geometric means: 0.87 

(95% confidence interval [CI], 0.62, 1.22); p=0.41 (Table 7.2 and Figure 7.5). 

Similar results were seen in repeated measures modelling with a decrease in hs-

TnI which was non-significant at 26 weeks (ratio 0.86 [0.65, 1.13]; p=0.28) and 

at 52 weeks (0.87 [0.66, 1.15]; p=0.34). 

Figure 7-5 Change in hs-TnI with sacubitril/valsartan or valsartan from 

baseline to week 52 

 

Data presented as median and error bars represent the interquartile range. 

Between-group difference presented as an adjusted ratio of geometric means 

calculated using a linear regression model using log-transformed values adjusted 

for randomised treatment, baseline hs-TnI and use of diuretics at baseline. 
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 Sacubitril/valsartan Valsartan Between-group 
difference (95% CI) * 

P Value 

n Baseline Week 52 Change n Baseline Week 52 Change   
hs-TnI, 
ng/L 

46 3.9  
(2.8,7.4)# 

3.1  
(2.0, 4.5)# 

-1.1  
(-2.4, -0.1)#  

46 5.7  
(3.0, 8.9)# 

4.4  
(2.7, 7.3)# 

-0.4  
(-2.4, 0.9 )# 

0.87  
(0.62, 1.22) 

0.41 

 

Table 7-2 Change in hs-TnI with sacubitril/valsartan or valsartan from baseline to week 52 

Results reported for those with data available at baseline and 52-weeks. 

Data reported as median (interquartile range) 

*Calculated using a linear model adjusted for randomized treatment, baseline hs-TnI, use of diuretics at baseline. 

Between-group difference is reported as a ratio of adjusted geometric means (95%CI 
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7.3.6 Remodelling effect of neprilysin inhibition according to 
baseline troponin concentration 

In the overall trial population median baseline hs-TnI concentration was 5.1 

ng/L. Using similar methods to those described in Chapter 4, I examined the 

effect of the addition of neprilysin inhibition (sacubitril/valsartan versus 

valsartan alone) in a post hoc subgroup analysis according to baseline hs-TnI 

concentrations greater than or equal to, or below the median level (5.1 ng/L). 

These results are summarised in Table 7.3; a greater reverse remodelling effect 

was seen with sacubitril/valsartan in those with higher troponin levels at 

baseline with significant interaction p-values for LVESVI (p=0.002), LVEDVI 

(p=0.036), and LVEF (p=0.03).    

Table 7-3 Effect of neprilysin inhibition on left ventricular remodelling 

according to baseline troponin 

 hs-TnI < median hs-TnI  ≥ median Interaction p 

value 

LVESVI (ml/m2) 2.5 (-1.43, 6.5) -6.4 (-10.4, -2.4) 0.002 

LVEDVI (ml/m2) 0.92 (-4.23, 6.06) -7.0 (-12.2, -1.7) 0.036 

LAVI (ml/m2) -0.51 (-6.55, 

5.52) 

-3.9 (-10.1, 2.32) 0.44 

LVEF (%) -2.1 (-4.1, -0.1) 1.0 (-1.0, 3.1) 0.03 

LVMI (g/m2) -2.1 (-4.1, -0.1) 1.0 (-1.0, 3.1) 0.20 

 
Median hs-TnI was 5.1 ng/L 

Treatment effect calculated using a linear regression model with interaction 

between treatment group and baseline hs-TnI, adjusted for randomised 

treatment, baseline value of the outcome, use of diuretics at baseline and time 

from randomisation to cardiac MRI.  
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7.4 Discussion 

This study which included 93 patients at baseline with asymptomatic left 

ventricular systolic dysfunction late after myocardial infarction (median time 

from infarct 3.6 years), the majority of whom had hs-TnI levels within the 

normal reference range, has several novel findings. Firstly, I observed that in 

this patient population, higher baseline troponin correlations were correlated 

with a greater degree of ventricular and atrial dilation and increased left 

ventricular mass. Furthermore, there were significant (but weak) correlations 

between baseline markers of increased cardiac wall stress (MR-proANP and NT-

proBNP) and troponin concentrations. The inclusion of hs-TnI with either MR-

proANP or NT-proBNP, along with clinical variables identified to be predictors of 

baseline left ventricular dilatation, demonstrated that hs-TnI was an 

independent predictor of the degree of adverse left ventricular modelling at 

baseline. Change in troponin from baseline to 52 weeks was significantly 

correlated with change in MR-proANP, NT-proBNP and left ventricular mass but 

not with the change in ventricular or atrial volumes. Finally, the addition of a 

neprilysin inhibitor to standard therapy with a RAS inhibitor and beta-blocker did 

not significantly reduce hs-TnI over a 52-week treatment period. There was, 

however, the suggestion of a reverse remodelling effect in those with higher 

troponin levels at baseline with significant treatment-effect interactions for 

LVESVI, LVEDVI and LVEF. 

Most patients (97%) had detectable hs-TnI levels at baseline, similar to the 

proportions reported in chronic HFrEF populations.328 However, the proportion of 

patients with values greater than the 99th centile upper reference limit (8.6%) in 

the present study was significantly lower than that reported recently in analyses 

of HFrEF patients from the EMPEROR-Reduced and DAPA-HF trials, where 68% 

and 74% of patients, respectively, had a level above the 99th centile of high 

sensitivity troponin T (hs-TnT).329,330 This finding, in the context of the lower 

baseline NT-proBNP concentrations in the present study as compared with those 

in HFrEF populations, likely reflects a lower degree of chronic myocardial injury 

due to a lesser degree of left ventricular wall stress. 

The relationship between the magnitude of peak cardiac troponin levels at the 

time of infarction and infarct size, as well as the degree of left ventricular 
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systolic dysfunction is well established. Higher peak troponin is associated with 

larger infarcts and a greater degree of systolic dysfunction immediately 

following acute myocardial infarction and within short-term follow-up, and both 

of these remodelling metrics are predictors of the risk of development of heart 

failure.315,316,318 Troponin measured at this time has also been shown to be 

predictive of persisting left ventricular systolic dysfunction and the future risk of 

heart failure hospitalisation. In 168 patients with a first ST-elevation myocardial 

infarction, peak troponin within 24 hours of infarction was significantly 

associated with LVEF at 90 days and was an independent predictor of heart 

failure hospitalisation (12% higher risk per ug/L increase in cardiac troponin-T) 

within one year.318  

In the present study, higher troponin concentrations at baseline were correlated 

with greater ventricular and atrial dilatation and increased left ventricular mass. 

It should be noted, however, that these correlations, although statistically 

significant, were weaker than those seen with the natriuretic peptides reported 

in Chapter 5. There were also positively moderate correlations with hs-TnI and 

MR-proANP and NT-proBNP; I am not able to differentiate between cause and 

effect in the relationship of these peptides, but it is most likely bi-directional 

with increased wall stress leading to chronic myocardial injury and vice-versa. 

This view is supported by the correlations between change in troponin from 

baseline to 52 weeks and change in MR-proANP and NT-proBNP. The relationship 

between troponin concentrations and abnormalities of cardiac structure and 

function have been reported previously, but predominantly in general 

population-based studies free of established coronary artery disease or heart 

failure. In the Dallas Heart study, high-sensitivity cardiac troponin T (hs-TnT) 

was detectable in 25% of the population of 3546 individuals aged between 30-

65.331 The prevalence of both left ventricular hypertrophy and left ventricular 

systolic dysfunction was greater with increasing levels of hs-TnT and, after 

adjustment for traditional risk factors including NT-proBNP, hs-TnT was an 

independent predictor of all-cause mortality. In a longitudinal study of 4986 

participants in the Multi-Ethnic Study of Atherosclerosis (MESA), the highest 

levels of hs-TnT were associated with a greater prevalence of LVEF <50% and a 

greater odds of significant left ventricular hypertrophy, however, LVEDV did not 

differ significantly across troponin concentration categories.325 Furthermore, 
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higher baseline hs-TnT concentrations were associated with signs of progressive 

adverse left ventricular remodelling after 10 years of follow-up as indicated by a 

>8% increase in LVEDV and a >12% increase in left ventricular mass, including 

after adjustment for baseline values and established cardiovascular risk factors. 

In addition, NT-proBNP also increased more during follow-up in patients with 

higher baseline troponin concentrations, indicating greater ventricular wall 

stress. In the same cohort, compared with those with undetectable hs-TnT 

levels, those in the highest hs-TnT quintile at baseline were at a 3-fold higher 

risk of heart failure hospitalisation over a median of follow-up 12.2 years after 

adjustment for risk factors including NT-proBNP at baseline.325 This relationship 

between higher levels of troponin (including those within the normal reference 

range) and an elevated risk of cardiovascular outcomes, including heart failure 

hospitalisation, in general populations and in those with coronary artery disease 

is well documented in a range of cohort studies.314,323,332 Similar findings were 

reported in a sub-study of the Valsartan Heart Failure Trial (Val-HeFT), where a 

detectable hs-TnT level in patients with HFrEF was an independent predicator of 

a reduced odds of recovery in LVEF as measured by echocardiography.333 

Conversely, baseline BNP was not an independent predictor of LVEF recovery. 

The data above and those presented in this study support the value of high-

sensitivity troponin measurement in identifying patients who may have 

subclinical cardiac dysfunction or adverse remodelling, and the association of 

elevated troponin concentrations and higher risk of future adverse outcomes, 

including progressive adverse remodelling and the development of heart failure. 

Moreover, in the multivariate modelling performed in the population included in 

the present study, troponin remained an independent predictor of the degree of 

ventricular dilatation when added to models including the measurement of 

either NT-proBNP or MR-proANP. Given the relationship between progressive 

remodelling risk of adverse outcomes, this relationship is perhaps to be expected 

given that in patients with symptomatic HFrEF (around half of who have an 

ischaemic aetiology), troponin has been reported to have additive independent 

predictive value to that of NT-proBNP in predicting the risk of mortality and 

worsening heart failure events.329,334   
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What about temporal trends in troponin concentrations and the association with 

remodelling and outcomes? In the present study, change from baseline to 52 

weeks in troponin was only weakly correlated with the change in left ventricular 

mass index but not with change in cardiac volumes or left ventricular ejection 

fraction. In a study of the large Atherosclerosis Risk in Communities (ARIC) 

prospective observational cohort in approximately 9000 participants free of 

coronary heart disease and heart failure at baseline, inclusion of the change in 

hs-TnT over 6 years improved the discriminatory capacity of models including 

established risk-factors, NT-proBNP and baseline hs-TnT.335 Compared to 

individuals without a detectable hs-TnT concentration, those with detectable hs-

TnT were at a 2-fold higher risk of the development of heart failure (and in 

those with adjudicated events this risk was similar for HFrEF and HFpEF). Of the 

outcomes examined, a rise in troponin was associated with a higher risk of heart 

failure relative to coronary heart disease or mortality. Furthermore, in a 

Canadian cohort study of patients with HFrEF, as compared with patients who 

had recovery of left ventricular systolic function (i.e., had reverse remodelling) 

and had no change in troponin over follow-up, patients with evidence of 

persisting systolic dysfunction had a significant rise in troponin concentrations 

over follow-up, indicating ongoing myocardial injury.336 These data suggest that 

a rise (or fall) in troponin is associated with a higher (or lower) risk of future 

development of heart failure.  

The final section of this chapter relates to the effect of the addition of 

neprilysin inhibition to standard therapy on troponin concentrations in the 

present study cohort. In this population of asymptomatic patients with evidence 

of persisting left ventricular systolic dysfunction late after myocardial infarction, 

in patients randomised to sacubitril/valsartan, as compared with valsartan, hs-

TnI at 52 weeks was 13% lower (95% CI -38%, +22%) than baseline however this 

difference was not statistically significant (p=0.41). In patients with 

symptomatic HFrEF, sacubitril/valsartan, compared with enalapril had been 

shown to significantly reduce troponin indicating a reduction in the degree of 

myocardial injury.222 Furthermore, in the PROVE-HF observational study, 

troponin concentrations were reduced significantly at 30 days from baseline 

after commencing sacubitril/valsartan with a mean 6.7% reduction at 12 

months.337 Of note, earlier reductions in NT-proBNP were predictive of 
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subsequent reductions in troponin, and changes of both these biomarkers 

correlated with improvement in LVEF. Direct comparison of the median hs-TnI 

level in the present cohort with recent HFrEF cohorts was not possible due to 

measurement of hs-TnT in three recent trials (PARADIGM-HF, DAPA-HF and 

EMPEROR-Reduced) and the use of a different hs-TnI assay in another 

(GALACTIC-HF).329,330,338,339 However, as detailed above, a lower proportion of 

patients in the present study had levels above the upper reference limit than in 

the HFrEF populations described, suggestive of a lower degree of chronic 

myocardial injury in these asymptomatic patients as compared with symptomatic 

HFrEF. This finding, along with the lack of significant treatment effect in 

reducing NT-proBNP in the present cohort indicating a reduction in left 

ventricular stress, which was observed with sacubitril/valsartan in HFrEF 

patients, suggests that the relatively smaller sample size may have limited the 

ability of the present study to detect a smaller absolute difference in troponin 

between the treatment groups in this asymptomatic population who had 

evidence of a lower degree of chronic myocardial injury at baseline. The finding 

of a significant interaction between higher baseline troponin concentrations and 

a greater reverse remodelling treatment effect in terms of reduction in left 

ventricular volumes adds to the observed interaction with NT-proBNP reported in 

Chapter 4 and suggests that the additive benefits of neprilysin inhibition in this 

patient population may be limited to those patients with evidence of ongoing 

elevated left ventricular wall stress and chronic myocardial injury. 

7.4.1 Limitations 

As described above. the relatively small sample size may have limited my ability 

to detect a small between-group difference in troponin. Minimal changes in left 

ventricular volumes and NT-proBNP may have limited the present study’s ability 

to detect meaningful correlations between change in troponin and change in left 

ventricular remodelling parameters. A larger dataset may have identified other 

significant predictors of left ventricular dilation; for example, most patients in 

the present study had experienced anterior infarctions and the finding that this 

was not a predictor of the degree of left ventricular dilatation was somewhat 

surprising but may simply reflect that it was not a discriminatory factor in the 

present population. I only measured hs-TnI in the present study; other forms of 

circulating cardiac troponin, e.g., hs-TnT, when compared with hs-TnI, has been 
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shown to have differential associations with cardiovascular outcomes. Indeed, in 

patients with HFrEF, the predictive capability of hs-TnT has been reported to be 

greater than that of hs-TnI.340 It is therefore possible, that the relationship 

between hs-TnT and left ventricular remodelling is different to that described in 

the present study with hs-TnI.  

7.4.2 Conclusions 

In patients with symptomless left ventricular systolic dysfunction late after a 

myocardial infarction, higher circulating levels of hs-TnI were significantly 

correlated with a greater degree of adverse left ventricular remodelling and 

were an independent predictor of left ventricular dilation in multivariable 

modelling, including after adjustment for natriuretic peptide levels. The 

addition of a neprilysin inhibitor to standard therapy did not significantly reduce 

hs-TnI after 52 weeks of treatment. 

 

 

 
 

 

 

 

 



222 
 

 

Chapter 8 The effect of neprilysin inhibition on 
biomarkers of myocardial fibrosis in patients 
with asymptomatic left ventricular systolic 
dysfunction late after myocardial infarction 

8.1 Introduction 

In patients at risk of the development of heart failure, progressive adverse 

remodelling can occur due to profibrotic processes promoting replacement of 

healthy myocardium by collagen and reduced collagen degradation. Higher levels 

of myocardial fibrosis are associated with increased morbidity and mortality as 

well as a greater degree of adverse left ventricular remodelling in patients with 

HFrEF and following myocardial infarction.264,341–346 Furthermore, the mechanism 

of benefit of some established HFrEF treatments may be related to their ability 

to reduce myocardial fibrosis (e.g., mineralocorticoid receptor antagonists) and 

favourable changes in profibrotic signalling has been reported with 

sacubitril/valsartan in HFrEF as indicated by the measurement of circulating 

biomarkers which reflect collagen synthesis, processing and degradation.347–349 

This chapter will provide novel data on the effect of neprilysin inhibition on a 

range of biomarkers of fibrotic processes, one of the key mechanisms underlying 

progressive adverse ventricular remodelling and development of symptomatic 

heart failure in at-risk patients.
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8.2 Methods 

8.2.1 Study patients and protocol 

The patients included in the present study are the same patient cohort who are 

described in the preceding chapters; 93 patients who had evidence of persisting 

left ventricular systolic dysfunction (left ventricular ejection fraction ≤40% 

measured using echocardiography) with no signs or symptoms of heart failure 

were recruited into a trial examining the effect of the addition of neprilysin 

inhibition to standard therapy at least 3 months following an acute myocardial 

infarction. All patients were taking an ACE inhibitor or ARB prior to enrolment 

and a beta-blocker (unless contraindicated or not tolerated). Eligible patients 

were randomised 1:1 to sacubitril/valsartan (target dose 97/103mg twice daily) 

or valsartan (target dose 160mg twice daily) and matching placebo for 52 weeks. 

The study protocol is detailed in Chapter 3 and baseline characteristics in Table 

4-1. 

Venepuncture was performed pre-randomisation, at 26 weeks, and at 52 weeks 

as described in Chapter 3. Galectin-3 (i1000SR, Abbott Laboratories, Abbott 

Diagnostics) and growth differentiation factor-15 (GDF-15) (e411, Roche 

Diagnostics) were measured on clinical immunoassay platforms using the 

manufacturers calibrators and quality control materials. Tissue inhibitor of 

metallopeptidase-1 (TIMP-1), matrix metallopeptidase-9 (MMP-9) (using platelet-

poor plasma), and soluble suppression of tumorigenicity-2 (sST2) were measured 

using a commercially available enzyme-linked immunosorbent assay (ELISA) (R&D 

systems, Bio-Techne), and using the manufacturers’ quality control materials. 

Procollagen III N-terminal peptide (PIIINP) (Tecan, IBL International) was also 

measured using a commercial ELISA assay and the manufacturer’s quality control 

materials. 

 All biomarker sample processing and measurements were performed by Philip 

Stewart, Elaine Butler, Josephine Cooney and Emma Dunning at the Glasgow 

Biomarker Laboratory, Institute of Cardiovascular and Medical Sciences, 

University of Glasgow under the supervision of Dr Paul Welsh. 
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Cardiac MRI was performed at pre-randomisation and at 52 weeks as described in 

Chapter 3-6. T1 mapping images were created using a modified look-locker 

inversion recovery (MOLLI) sequence in the short axis view of the left ventricle 

at the base, mid, and apical ventricle. T1 mapping sequences were performed 

pre- and post-gadolinium administration. For the purposes of measurement of 

remote zone ECV, regions of interest were drawn in myocardium remote to the 

area of infarction (defined as myocardium 180 degrees from infarct site) and left 

ventricular blood pool in the mid ventricular short axis slice. Haematocrit (HCT) 

was measured at the time of scanning. Extracellular volume (ECV) was 

calculated as a ratio of corresponding T1 values measured pre- and post-contrast 

in each of the regions of interest. ECV was calculated using ECV = (1-HCT) × λ, 

where Lambda (λ)= ΔR1 myocardium /ΔR1 blood, ΔR1= R1 post-contrast - R1 pre-

contrast and R1=1/T1. 

8.2.2 Statistical methods 

The distribution of baseline biomarker values was examined by means of 

histograms and summary statistics and non-normally distributed values were log-

transformed prior to analysis. Baseline levels are presented as means with 

standard deviations for normally distributed values, and as medians with 

interquartile ranges for non-normal distributions. Baseline values are presented 

in the overall population and by randomised treatment allocation with between-

group comparisons made using a two-sample T-test or Wilcoxon rank-sum test 

for normal and non-normal distributed variables, respectively.  

The treatment effect of sacubitril/valsartan as compared with valsartan on 

biomarker levels over time was examined using a linear regression model which 

was adjusted for randomised treatment, baseline value of the outcome and use 

of diuretics at baseline. The regression model coefficients for the treatment 

indicator variable are reported as between-treatment group adjusted mean 

differences or, if required to satisfy modelling assumptions, log transformations 

were performed, and regression coefficients were back transformed and are 

presented as relative differences. Repeated measures analyses were performed 

as confirmatory analyses and are adjusted for the main effects of time-point, 

randomised group and the interaction between time-point and randomised group 
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and for diuretic use at baseline. All analyses were performed on an intention to 

treat basis as described in Chapter 3. 

A p-value of <0.05 was considered statistically significant for all analyses. No 

correction for multiple testing was performed. No imputation for missing data 

was performed. All analyses were performed by Bethany Stanley (Robertson 

Centre for Biostatistics) and me using R Studio and R version 4.0.0 (R Foundation 

for Statistical Computing, Vienna, Austria), and STATA version 16.1 (College 

Station, TX, USA).
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8.3 Results 

8.3.1 Baseline values 

Baseline values of the myocardial fibrosis biomarkers are detailed overall and by 

randomised treatment allocation in Table 8-1. There were no significant 

between-group differences at baseline. Correlations (expressed as Pearson’s r) 

between baseline circulating biomarker concentrations and baseline ECV fraction 

as measured by cardiac MRI were as follows: galectin-3=-0.004 (p=0.97), MMP-9 = 

-0.27 (p=0.031), TIMP-1 = -0.07 (p=0.57) and PIIINP = 0.32 (p=0.004). 

Table 8-1 Baseline levels of myocardial fibrosis biomarkers 

 N= 
Sacubitril/valsartan 

N= 
Valsartan Total p-

value 

Galectin-3 
(ng/mL) 

46 14.5  
(11.1-18.0) 

46 12.1  
(10.7-
15.9) 

13.4  
(10.9-17.1)  0.13 

GDF-15 
(pg/mL) 

46 1153  
(898-1580) 

46 1200  
(919-1522) 

1179  
(919-1522)  0.85 

sST2 
(ng/mL) 

46 17.6±6.3 46 16.2±4.8 16.9±5.6  0.24 

MMP-9 
(ng/mL) 

30 38.4  
(27.8-47.1) 

33 31.1  
(26.3-
43.8) 

35.4  
(26.4-47.0)  0.37 

TIMP-1 
(ng/mL) 

46 173.1±35.2 46 171.7±31.2 172.4±33.1  0.84 

PIIINP 
(ng/mL) 

46 7.9±3.0 46 7.8±2.5 7.8±2.7  0.86 

ECV 
fraction (%) 

37 24.1±2.8 40 23.8±2.5 24.0±2.6 0.54 

Data presented as mean ± standard deviation or median (interquartile range) 
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8.3.2 Galectin-3 

Median (IQR) galectin-3 at baseline was 14.5 (11.2, 17.8) ng/mL in those 

randomised to sacubitril/valsartan with follow-up data (n=46) and 12.1 (10.7, 

15.7) ng/mL in those randomised to valsartan (n=46). Median change in NT-

proBNP was 1.2 (IQR -1.2, 3.3) ng/mL between baseline and 52 weeks in the 

sacubitril/valsartan group and 0.0 (-3.0, 1.7) pg/mL in the valsartan group: ratio 

of adjusted geometric means: 1.13 (95% confidence interval [CI], 1.00, 1.27); 

p=0.045 (Figure 8-1). In repeated measures modelling there was no significant 

between-group differences at 26 weeks, but a 14% increase in the 

sacubitril/valsartan group at 52 weeks (p=0.03). 

Figure 8-1 Change in galectin-3 with sacubitril/valsartan or valsartan from 

baseline to week 52 

 

Data presented as median and error bars represent the interquartile range. 

Between-group difference presented as an adjusted ratio of geometric means 

calculated using a linear regression model using log-transformed values adjusted 

for randomised treatment, baseline galectin-3 and use of diuretics at baseline.  
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8.3.3 GDF-15 

Median (IQR) NT-proBNP at baseline was 1166 (905, 1561) pg/mL in those 

randomised to sacubitril/valsartan with follow-up data (n=46) and 1200 (926, 

1518) pg/mL in those randomised to valsartan (n=46). Median change in GDF-15 

was 111 (IQR -99, 228) pg/mL between baseline and 52 weeks in the 

sacubitril/valsartan group and 176 (13, 290) pg/mL in the valsartan group: ratio 

of adjusted geometric means: 0.99 (95% confidence interval [CI], 0.90,1.10); 

p=0.91 (Figure 8-2). Similar results were seen in repeated measures modelling 

with no significant between-group differences at either time point. 

Figure 8-2 Change in GDF-15 with sacubitril/valsartan or valsartan from 

baseline to week 52 

 

Data presented as median and error bars represent the interquartile range. 

Between-group difference presented as an adjusted ratio of geometric means 

calculated using a linear regression model using log-transformed values adjusted 

for randomised treatment, baseline GDF-15 and use of diuretics at baseline.  
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8.3.4 sST2 

Mean (SD) sST2 at baseline was 17.7 (6.3) ng/mL in those randomised to 

sacubitril/valsartan with follow-up data (n=46) and 16.2 (4.8) ng/mL in those 

randomised to valsartan (n=46). Mean change in sST2 was -0.9 (SD 3.4) ng/mL 

between baseline and 52 weeks in the sacubitril/valsartan group and -0.3 (3.7) 

ng/mL in the valsartan group: adjusted between-group mean difference -0.42 

(95% confidence interval [CI], -1.89, 1.05) ng/mL; p=0.57 (Figure 8-3). Similar 

results were seen in repeated measures modelling with no significant between-

group differences at either time point. 

Figure 8-3 Change in sST2 with sacubitril/valsartan or valsartan from baseline 

to week 52 

 

Data presented as mean and error bars represent 95% CIs. Between-group 

difference presented as an adjusted mean difference calculated using a linear 

regression model adjusted for randomised treatment, baseline sST2, and use of 

diuretics at baseline.  
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8.3.5 MMP-9 

Median (IQR) MMP-9 at baseline was 41.3 (30.3, 52.8) ng/mL in those randomised 

to sacubitril/valsartan with follow-up data (n=30) and 31.1 (26.3, 43.8) ng/mL in 

those randomised to valsartan (n=33). Median change in MMP-9 was -0.6 (IQR -

8.0, 6.3) pg/mL between baseline and 52 weeks in the sacubitril/valsartan group 

and 2.1 (-4.5, 7.9) ng/mL in the valsartan group: ratio of adjusted geometric 

means: 0.92 (95% confidence interval [CI], 0.74,1.14); p=0.43 (Figure 8-4). 

Similar results were seen in repeated measures modelling with no significant 

between-group differences at either time point. 

Figure 8-4 Change in MMP-9 with sacubitril/valsartan or valsartan from 

baseline to week 52 

 

Data presented as median and error bars represent the interquartile range. 

Between-group difference presented as an adjusted ratio of geometric means 

calculated using a linear regression model using log-transformed values adjusted 

for randomised treatment, baseline MMP-9 and use of diuretics at baseline.  
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8.3.6 TIMP-1 

Mean (SD) TIMP-1 at baseline was 172.9 (35.5) ng/mL in those randomised to 

sacubitril/valsartan with follow-up data (n=46) and 171.7 (31.2) ng/mL in those 

randomised to valsartan (n=46). Mean change in TIMP-1 was -1.3 (SD 33.3) ng/mL 

between baseline and 52 weeks in the sacubitril/valsartan group and 6.1 (32.2) 

ng/mL in the valsartan group: adjusted between-group mean difference -6.88 

(95% confidence interval [CI], -18.67, 4.92) ng/mL; p=0.25 (Figure 8-5). Similar 

results were seen in repeated measures modelling with no significant between-

group differences at either time point. 

Figure 8-5 Change in TIMP-1 with sacubitril/valsartan or valsartan from 

baseline to week 52 

 

Data presented as mean and error bars represent 95% CIs. Between-group 

difference presented as an adjusted mean difference calculated using a linear 

regression model adjusted for randomised treatment, baseline TIMP-1, and use 

of diuretics at baseline.  
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8.3.7 PIIINP 

Mean (SD) PIIINP at baseline was 7.82 (2.96) ng/mL in those randomised to 

sacubitril/valsartan with follow-up data (n=46) and 7.78 (2.55) ng/mL in those 

randomised to valsartan (n=46). Mean change in PIIINP was 0.21(SD 2.88) ng/mL 

between baseline and 52 weeks in the sacubitril/valsartan group and 0.49 (1.78) 

ng/mL in the valsartan group: adjusted between-group mean difference -0.28 

(95% confidence interval [CI], -1.22, 0.66) ng/mL; p=0.56 (Figure 8-6). Similar 

results were seen in repeated measures modelling with no significant between-

group differences at either time point. 

Figure 8-6 Change in PIIINP with sacubitril/valsartan or valsartan from 

baseline to week 52 

 

Data presented as mean and error bars represent 95% CIs. Between-group 

difference presented as an adjusted mean difference calculated using a linear 

regression model adjusted for randomised treatment, baseline PIIINP, and use of 

diuretics at baseline.  
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8.3.8 Effect of neprilysin inhibition on left ventricular remote 
zone extracellular volume fraction 

Mean (SD) remote zone ECV fraction at baseline was 24.1 (2.8) % in those 

randomised to sacubitril/valsartan with follow-up MRI data (n=37) and 23.8 (2.5) 

% in those randomised to valsartan (n=40). Remote zone ECV increased by 1.0 

(SD 1.7) % between baseline and 52 weeks in the sacubitril/valsartan group and 

by 0.3 (SD 2.1) % in the valsartan group: adjusted between-group difference 0.8 

(95% CI, –0.1, 1.6) %; p=0.08 (Figure 8-7). In a post hoc subgroup analysis, the 

adjusted mean between-treatment group difference in ECV from baseline was 

0.2 (95% CI -2.1, 2.4) % in those with NT-proBNP ≥230 pg/mL at baseline, and -

1.9 (95% CI -4.2, 0.4) % in those with baseline NT-proBNP <230 pg/mL 

(Interaction p=0.21).
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Figure 8-7 Change in remote zone extracellular volume fraction from 

baseline to week 52 

 

Data presented as mean and error bars represent 95% CIs. Between-group 

difference presented as an adjusted mean difference calculated using a linear 

regression model adjusted for randomised treatment, baseline ECV, use of 

diuretics at baseline, and time from randomisation to cardiac magnetic 

resonance imaging.  
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8.4 Discussion 

As previously noted, a novel aspect of the study presented in this thesis was the 

comparison between sacubitril/valsartan and valsartan alone, facilitating a 

direct examination of the effect of the addition of neprilysin inhibition on 

parameters of cardiac remodelling as described in Chapter 4, along with its 

effect on circulating substrates for neprilysin including the natriuretic peptides 

(Chapters 5 and 6). Alongside measurement of these substrates for neprilysin, I 

also measured established circulating and MRI biomarkers of myocardial fibrosis 

in order to examine the effect of neprilysin inhibition on them, due to the 

importance of progressive fibrosis in the development of adverse left ventricular 

remodelling and heart failure. 

Key pathophysiological mechanisms driving progressive adverse left ventricular 

remodelling and the development of heart failure in survivors of myocardial 

infarction are inflammation and myocardial fibrosis as described in Chapter 1. It 

is therefore of interest to examine the effect of any new treatment on 

biomarkers of these profibrotic processes and in the context of any remodelling 

effect.  

Key to the process of myocardial fibrosis is collagen metabolism and several of 

the biomarkers measured in the present study play a role in the synthesis, 

processing and degradation of myocardial extracellular matrix collagen and 

fibroblast activity.350 Along with aldosterone (which was not measured in this 

study), soluble ST2 (sST2), galectin-3 (Gal-3), tissue inhibitor of matrix 

metalloproteinase 1 (TIMP-1),and matrix metalloproteinase 9 (MMP-9) all play a 

role in the synthesis and degradation of collagen by myocardial fibroblasts. The 

TIMPs regulate the activity of the MMPs which play a key role in extracellular 

matrix degradation with elevated TIMP-1 and MMP-9 concentrations associated 

with a greater degree of adverse remodelling in survivors of myocardial 

infarction.264,346 As part of collagen synthesis, the N-terminal fragment of the 

procollagen type III, is released into the circulation and can be measured as a 

biomarker for newly synthesised collagen and is one of the few markers 

described to be associated with histologically proven myocardial fibrosis.350 

Finally, growth differentiation factor-15 (GDF-15) belongs to the transforming 

growth factor-β family of proteins and levels of GDF-15 increase secondary to 
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inflammation and elevated levels in heart failure have been reported to be 

associated with worse outcomes.351  

How did levels of these fibrosis biomarkers compare to previous populations? In 

PARADIGM-HF, a trial that enrolled patients with symptomatic HFrEF with 

elevated natriuretic peptide levels, the median levels of sST2, galectin-3, TIMP-1 

and PIIINP were higher, and those of MMP-9 lower, than the published median 

referent control values.352 When compared to the PARADIGM-HF median values, 

the present cohort had lower sST2 (16 vs. 32 ng/mL), galectin-3 (13 vs. 17 

ng/mL), MMP-9 (35 vs 64 ng/mL) and higher TIMP-1 (167 vs. 125 ng/mL) and 

PIIINP ( 7.4 vs. 4.6 ng/mL) levels. Compared with controls, sST2 and galectin-3 

were similar, MMP-9 lower, and TIMP-1 and PIIINP higher. Direct comparisons 

between these results may be limited to the small sample size in this study and 

the use of different assays. However, in this context, these results suggest that 

the present cohort had greater collagen synthesis and less degradation than both 

the HFrEF and control cohorts (higher TIMP-I and PIIINP, and lower MMP-9 

concentrations). sST2, a biomarker that has independent predictive value of the 

risk of adverse outcomes in HFrEF in addition to troponin and NT-proBNP, was no 

different than that of the control reference population and only one of the 93 

patients had a value >35 ng/mL which is the current prognostic threshold used, 

above which is associated with worse outcomes in HFrEF.353 GDF-15 levels in the 

current cohort (1179 pg/mL) were also lower than those in the PARADIGM-HF 

trial (1690 pg/ml) but higher than published controls (762 pg/mL).351 

In the current study, I did not find any significant between-group differences in 

any of the fibrosis biomarkers with the exception of galectin-3. In PARADIGM-HF, 

as compared with enalapril, sacubitril/valsartan significantly reduced sST2, 

TIMP-1, MMP-9 and had no effect on galectin-3, PIIINP and GDF-15. Of note, 

when analysed in the same way as the PARADIGM-HF trial (ratio of geometric 

means), the estimate of relative change in TIMP-1 and MMP-9 in PARADIGM-HF 

was similar than that seen in this trial but the treatment effect estimates in the 

current trial did not meet statistical significance, probably reflecting a 

limitation of the smaller sample size in the present study. The lack of difference 

in ST2 between the treatment groups is likely indicative of the low levels at 

baseline and does not preclude a lowering effect in HFrEF patients as observed 
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in PARADIGM-HF. Finally, it is possible that the reduction in sST2 (and those of 

other profibrotic biomarkers) in PARADIGM-HF was not a direct effect of 

neprilysin inhibition but was secondary to haemodynamic improvements and a 

reduction in left ventricular wall stress as evidenced by a reduction in NT-

proBNP (which was not seen in the present study). In addition to these indirect 

factors, a direct effect of neprilysin inhibition on reducing pro-fibrotic signalling 

is to reduce circulating aldosterone levels as was seen in the PARADIGM-HF 

trial.348 The finding of the present study of an increase in galectin-3 with the 

addition of neprilysin inhibition is somewhat surprising. Galectin-3 acts to 

increase myofibroblast proliferation and fibrogenesis and an increase in galectin-

3 is associated with worse cardiovascular outcomes in patients with HFrEF.354–356 

However, change in galectin-3 has not been shown to correlate with left 

ventricular remodelling following acute myocardial infarction.357 It is possible 

that the result (which is of borderline statistical significance [p=0.045] and does 

not account for multiple testing) is a spurious finding given that no difference 

was seen at 6 months and no significant difference was seen between 

sacubitril/valsartan and enalapril in the much larger PARADIGM-HF trial in which 

the observed effect was directionally opposite to that seen in the present study. 

Of note however, was the recent observation that the SGLT2 inhibitor 

empagliflozin increased galectin-3 in context of a favourable significant reverse 

remodelling effect in a placebo-controlled trial in patients with symptomatic 

HFrEF.358 Higher levels of galectin-3 in patients treated with an MRA (a 

treatment which reduces myocardial fibrosis) have been reported; potential 

reasons for this may be a negative feedback reaction to the anti-fibrotic effects 

of MRA, “aldosterone breakthrough” stimulated secretion of galectin-3 or the 

reduction in eGFR secondary to MRA (as galectin-3 concentrations are strongly 

correlated with renal function).355,357 Aldosterone stimulated galectin-3 secretion 

in the present cohort seems unlikely as in the PARADIGM-HF trial, 

sacubitril/valsartan, compared with enalapril, reduced aldosterone 

concentrations in patients with HFrEF.348  

In the cohort studied, the addition of a neprilysin inhibitor did not have any 

significant effect on cardiac MRI measured remote zone ECV fraction. 

Interestingly, ECV increased to a greater degree in patients randomised to 

sacubitril/valsartan, but this difference was not statistically significant and may 
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be a spurious observation given that the present study was not powered to 

detect a difference in ECV and data were not available for 16 of the 93 

randomised patients. Furthermore, the increase in ECV would appear to be 

discordant with the treatment effect estimates of the effect of neprilysin 

inhibition on MMP-9, TIMP-1 and PIIINP in the present study and those in 

PARADIGM-HF which were suggestive of a reduction in pro-fibrotic signalling.  

8.4.1 Limitations 

The limitations of the analyses presented in this chapter are the same as those 

discussed previously for other biomarkers analysed. Namely, the sample size may 

have reduced the power to be able to detect small between-group differences. A 

larger study cohort may have detected more significant between-treatment 

differences, and indeed some of the biomarkers (e.g., TIMP-1 and MMP-9) were 

directionally similar to those seen in the much larger PARADIGM-HF cohort. As 

discussed, the number of statistical tests performed raises the possibility of 

chance findings and no correction for multiple testing was performed. 

8.4.2 Conclusion 

In this study in patients with asymptomatic left ventricular systolic dysfunction 

late after myocardial infarction, the addition of neprilysin inhibition did not 

significantly reduce any circulating biomarkers of profibrotic processes or 

cardiac MRI measured remote zone ECV fraction. Galectin-3 levels significantly 

increased in patients randomised to sacubitril/valsartan compared with valsartan 

alone.   
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Chapter 9 Discussion 

9.1 Summary of findings 

The development of left ventricular systolic dysfunction following myocardial 

infarction increases the subsequent risk of the development of symptomatic 

HFrEF and mortality. Despite substantial advances in the last 3 decades in 

reducing the risk of heart failure following myocardial infarction, new 

therapeutic strategies aiming to minimise the development of left ventricular 

systolic dysfunction at the time of infarction and those which prevent 

progressive worsening of systolic dysfunction in the months and years following 

infarction are needed to prevent this common complication.  

In Chapter 2 I have detailed the results of a nationwide epidemiological study 

examining the trends in the occurrence of a first hospitalisation for heart failure 

in survivors of a myocardial infarction in Scotland between 1991 and 2015. This 

study included over 175 000 patients with 1.5 million patient-years of follow-up. 

This study had several important findings. Firstly, over the period examined 

there was a significant reduction in the incidence of myocardial infarction with 

annual decline of 2.3% (95% CI 1.3-3.2%; p<0.001). The risk of mortality following 

discharge from myocardial infarction substantially decreased; at 1-year the 

adjusted risk of death fell by 46% (95% CI 40-52) between 1991 and 2015, with a 

significant 37% and 36% reduction in the risk of death at 5- and 10-years, 

respectively. Over a median follow-up time of 6.7 years, 12.2% of patients were 

admitted to hospital with a primary cause of heart failure following discharge 

from a myocardial infarction. The incidence of the development of heart failure 

fell over the period examined; the crude case incidence per 1000 patient-years 

of heart failure at 1-year following discharge from myocardial infarction 

decreased from 55.3 in 1991 to 31.3 in 2015 with similar trends for heart failure 

occurring within 5- and 10-years. Age at time of admission of heart failure within 

1-year rose from 70.8 years in 1991 to 76.2 years in 2015. The occurrence of 

hospitalisation for heart failure was associated with a 3.5-fold increase in the 

adjusted risk of death compared to a person who did not develop heart failure. 

However, the risk of death following a heart failure hospitalisation fell by 30% 

between 1991 and 2015. The data from the study detailed in Chapter 2 highlight 

that in a contemporary population the development of heart failure in the 
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months and years following myocardial infarction remains a common occurrence 

and therefore preventing the development of this complication remains an 

important focus for research. 

In the following Chapters, I have described the methods and results of a 

prospective, randomised, double-blind, active-comparator trial powered to 

investigate the effects of the addition of neprilysin inhibition to RAS inhibition 

on left ventricular volumes in patients with symptomless left ventricular systolic 

dysfunction late after myocardial infarction. The main findings of this study 

were that in patients with asymptomatic left ventricular systolic dysfunction late 

after myocardial infarction, the addition of a neprilysin inhibitor to RAS 

inhibition with sacubitril/valsartan, compared with RAS inhibition alone with 

valsartan, did not have a significant favourable remodelling effect on left atrial 

or ventricular volumes and did not significantly reduce biomarkers of left 

ventricular wall stress (NT-proBNP) or myocardial injury (hsTn-I).  

Progressive pathological left ventricular remodelling is the common link between 

myocardial infarction, the development of HFrEF, and worsening of established 

HFrEF. In the context of the clinical benefits observed with sacubitril/valsartan 

in patients with HFrEF in the PARADIGM-HF and the established correlation 

between the effect of HFrEF therapies on left ventricular volumes and function 

and clinical outcomes, it was not unreasonable to hypothesise that the benefits 

in HFrEF were due, in part, to a reverse remodelling effect and that this benefit, 

if present, would extend to patients with asymptomatic left ventricular systolic 

dysfunction following myocardial infarction (a common pathological precursor of 

symptomatic HFrEF). My finding that the addition of neprilysin inhibition to 

standard treatment with a RAS inhibitor and beta-blocker did not have any 

additive reverse remodelling effect in the population studied in the present trial 

does not exclude a reverse remodelling effect in patients with HFrEF and the 

results have to be considered in the context of the population studied (and the 

differences with patients with HFrEF).  

The EVALUATE-HF trial reported a beneficial reverse remodelling effect with 

sacubitril/valsartan as compared with enalapril in patients with HFrEF, the 

majority of whom were symptomatic.148 The inclusion of patients in my study 

who were exclusively asymptomatic of their left ventricular systolic dysfunction, 
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as reflected in relatively low NT-proBNP concentrations, is a key distinction 

between this cohort and that studied in EVALUATE-HF and in 3 recently 

published trials in patients with symptomatic HFrEF reporting a beneficial 

remodelling effect with the sodium-glucose co-transporter 2 (SGLT2) inhibitor 

empagliflozin.148,358–360 In EVALUATE-HF, a significant correlation between the 

degree of change in LVESVI and the change in NT-proBNP from baseline was 

reported, a finding that was replicated in the present trial.148 This, along with 

the observed treatment-effect interaction with baseline NT-proBNP level 

(Chapter 4), raises the possibility that a beneficial reverse remodelling effect 

with a neprilysin inhibitor may only occur when there is evidence of increased 

left ventricular wall stress, i.e., elevated natriuretic peptide concentrations. 

Indeed, the degree of elevation of natriuretic peptide levels in patients with 

HFrEF correlates with the level of neurohumoral activation, progressive adverse 

remodelling, symptoms and prognosis.247,265 Furthermore, if any remodelling 

effect of neprilysin inhibition is secondary to haemodynamic improvements as a 

result of increased vasodilation and augmented diuresis (thereby reducing 

preload and afterload), then it follows that this effect may be attenuated in 

patients without evidence of increased left ventricular end-diastolic pressure 

(i.e. elevated natriuretic peptides). Therefore, it is possible that a beneficial 

remodelling effect with the addition of neprilysin inhibition might have been 

demonstrated if patients had been enrolled based on elevated natriuretic 

peptide concentrations, although this is a hypothetical proposal based on a small 

and post hoc sub-group analysis and needs to be tested prospectively. 

In EVALUATE-HF, the magnitude of reduction in LVESVI (1.6 mL/m2) and LVEDVI 

(2.0 mL/m2) was less than that seen with an ACE inhibitor and beta-blockers in 

patients with HFrEF however this may represent the relatively short 12-week 

follow-up.60,240 The results in the present study do not exclude a remodelling 

effect of the magnitude with sacubitril/valsartan seen in EVALUATE-HF, 

however, my trial was not powered to detect such a difference if it exists. As 

described in Chapter 4, a differential reverse remodelling effect has previously 

been reported with other HFrEF pharmacotherapies, with less effect in 

asymptomatic patients, as compared to symptomatic patients with beta-

blockers, ivabradine and possibly ACE-inhibitors.240,241,243,244,249,250 Given the 

established clinical benefits with sacubitril/valsartan in patients with 
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symptomatic HFrEF, I did not think it was ethically justifiable to conduct a 52-

week long remodelling study in these patients thereby limiting my ability to 

assess the remodelling effect of neprilysin inhibition in symptomatic HFrEF 

patients.   

The population studied in the present study were remote (at least 3 months) 

from the time of index infarction with a median time from infarction of 3.6 

years. This aspect of the study design was to avoid the inclusion of patients in 

whom left ventricular systolic dysfunction was transient following infarction 

(i.e., patients who would be less likely to demonstrate progressive adverse 

remodelling). This characteristic of the study cohort means that I cannot exclude 

a beneficial remodelling effect of the addition of neprilysin inhibition to 

standard therapy if added immediately following the time of acute infarction. 

Indeed, it could be argued that the sympatholytic, RAS inhibitory and anti-

fibrotic effects of the augmentation of natriuretic peptides and other substrates 

for neprilysin may be more beneficial in the milieu of acute infarction where 

there is significant neurohumoral activation and prior to the development of 

myocardial fibrosis and scar. Indeed, the remodelling effect of the ACE inhibitor 

captopril in the SAVE trial was evident only in the first year of treatment and 

was not seen to continue during the second year of follow-up.37 However, 

perhaps consistent with the results seen in the present study, the recently 

published PARADISE-MI trial reported no benefit in reducing the incidence of the 

primary composite endpoint of cardiovascular death of sacubitril/valsartan, 

compared with ACE-inhibitor ramipril, when added to standard therapy in a 

contemporary, high-risk population in the immediate period following acute 

myocardial infarction.237 Given the established correlation between the clinical 

benefits of RAS inhibitors and beta-blockers in high-risk patients following 

myocardial infarction and their remodelling effect, it is not unreasonable to 

hypothesise that the lack of observed clinical benefit in PARADISE-MI with the 

addition of a neprilysin inhibitor suggests that it would be unlikely that there is 

any substantial additive beneficial remodelling effect in the population studied 

in that trial. The results of an echocardiographic sub-study from PARADISE-MI 

have not yet been published at the time of writing this thesis and will provide 

further evidence regarding this. 
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In Chapters 5, 6 and 8, I have described the effect of neprilysin inhibition on 

concentrations of its postulated circulating substrates and biomarkers of 

myocardial fibrosis. These results provide novel insights into the potential 

mechanisms of action underlying the clinical benefits observed with 

sacubitril/valsartan in HFrEF. As described in Chapter 1, neprilysin has a greater 

affinity for ANP than BNP and CNP, therefore the observation that neprilysin 

inhibition significantly increased concentrations of ANP but not BNP or CNP is 

consistent with this (Chapter 5). Increased natriuretic peptide bioactivity was 

evidenced by the two-fold increase in urinary cGMP:creatinine ratio with 

sacubitril/valsartan as compared with valsartan; this, along with the reduction 

in MR-proANP, indicating a reduction in proANP production as it is not a 

substrate for neprilysin, suggests that increased cGMP activation may be a key 

mechanism of action underlying the clinical benefits of neprilysin inhibition. I 

also observed a significant increase in MR-proADM (not a substrate for neprilysin) 

which is the precursor molecule of bioactive adrenomedullin which is a substrate 

for neprilysin. A bi-directional relationship between natriuretic peptides and 

adrenomedullin production has been previously reported, with the exogenous 

administration of each peptide resulting in increased levels of the other.282,361 It 

is possible, therefore, that the observed increase in MR-proADM was secondary 

to an increase in ANP but I am unable to confirm this hypothesis. Nevertheless, 

an increase in MR-proADM, and therefore bioactive adrenomedullin with its 

positive inotropic, antifibrotic and natriuretic effects, is thought to be 

favourable. Consistent with a previous report that sacubitril/valsartan improved 

glycaemic control in patients with diabetes in PARADIGM-HF, I observed an 

increase in the incretin hormone GLP-1 with sacubitril/valsartan as compared 

with valsartan alone.300 Along with this anti-hyperglycaemic effect, GLP-1 in its 

various peptide forms as detailed in Chapter 6, is thought to have beneficial 

cardiovascular effects including improved cardiac glucose utilization, natriuresis, 

myocardial function and vasodilation.299 Apelin, previously identified as a 

possible substrate for neprilysin, did not differ significantly between the 

treatments and reassuringly, I did not observe any increase in endothelin-1 with 

the addition of neprilysin inhibitor to a RAS inhibitor. Finally, I did not observe 

any significant changes in biomarkers of pro-fibrotic processes in the cohort 

enrolled in the present study (Chapter 8). The estimates of relative change in 

TIMP-1 and MMP-9 were similar to those reported in PARADIGM-HF but the results 
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were non-significant which may reflect the limited ability of the relatively small 

sample size to detect small between-group differences. Furthermore, when 

considered in the context of no reduction in NT-proBNP or troponin, the results 

in the present study are supportive of the hypothesis that the reductions in 

markers of fibrosis previously reported with sacubitril/valsartan are reflective of 

a reduction in left ventricular wall stress and injury secondary to haemodynamic 

changes and left ventricular wall stress (indicated by a reduction in NT-proBNP) 

rather than a direct effect of neprilysin inhibition itself. 

9.2 Strengths 

The key strength of this study was the use of valsartan as the comparator agent 

which allowed me to describe the effect of neprilysin inhibition per se on left 

ventricular remodelling and circulating substrates for neprilysin. This study was 

powered to detect a 6 mL/m2 between-group difference in LVESVI, a difference 

that has previously been shown to represent a minimally important clinical 

difference. The observed standard deviation of change was less than that used in 

the power calculation meaning that the trial was adequately powered to detect 

a difference of this magnitude; as noted previously, I cannot exclude that a 

smaller treatment effect was present and this would require larger studies to 

confirm if such a difference exists. Finally, the collection of biomarker samples 

was near complete for the cohort and the number of patients who underwent 

follow-up MRI imaging (90 of 92 survivors) was very high with no patients lost to 

follow-up. Furthermore, this was achieved in the context of the challenges of 

the COVID-19 pandemic which began during follow-up. 

9.3 Limitations 

Based on the results presented in this thesis, I am unable to make conclusions 

regarding the remodelling effect of neprilysin inhibition in patients with 

symptomatic HFrEF in whom there is a strong guideline recommendation to use 

of sacubitril/valsartan and in whom I did not feel it was ethically appropriate to 

conduct a 52-week remodelling study. I only recruited patients with left 

ventricular systolic dysfunction as a result of a previous myocardial infarction; 

the remodelling effect of neprilysin inhibition may be less in patients with 

ischaemic cardiomyopathy compared to those with non-ischemic causes as is 
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seen with cardiac resynchronization therapy.362 Previous studies, including 

PARADIGM-HF, used an ACE-inhibitor as the comparator agent; the results of a 

comparison between sacubitril/valsartan and an ACE inhibitor may show 

different results than those presented in this thesis. However, it is notable that 

in VALIANT, valsartan was found to be equivalent to the ACE inhibitor captopril 

in reducing the risk of mortality and attenuating adverse left ventricular 

remodelling in high-risk patients after myocardial infarction.13,59 The relatively 

small sample size may have limited my ability to detect small between-group 

differences in biomarkers. All biomarker analyses are hypothesis-generating, and 

I am unable to make any conclusion about change in biomarkers and substrates 

for neprilysin and their relationship with clinical outcomes. 

9.4 Future areas of research 

The results of the PARADISE-MI trial which reported no additive benefit of the 

addition of neprilysin inhibition to standard therapy in high-risk survivors of 

myocardial infarction means that it is unlikely that sacubitril/valsartan will 

receive a guideline indication in patients with heart failure and/or left 

ventricular systolic dysfunction complicating acute myocardial infarction.237 

Therefore, its current role in clinical practice remains in survivors remote from 

myocardial infarction who go onto develop symptomatic HFrEF along with other 

patients with HFrEF of any cause (i.e., become “PARADIGM-HF like” patients). 

The identification of patients who are at a higher risk of going on to develop 

symptomatic HFrEF following myocardial infarction remains challenging; a 

potential further area of future research could be the use of biomarker 

measurements performed remote from the time of infarction (e.g., at 3 months) 

to identify this at-risk population. The finding in Chapter 7 that elevated 

natriuretic peptide levels (NT-proBNP or MR-proANP) and hs-TnI were 

independent predictors of the degree of ventricular dilatation at baseline, a 

powerful predictor of the future development of HFrEF, and the observed 

treatment-effect interaction with NT-proBNP levels at baseline suggests that 

measurement of these biomarkers may help identify patients who may stand to 

benefit from escalation of their medical therapy, e.g. the addition of a 

neprilysin inhibitor.  
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As described in Chapter 2, despite contemporary pharmacological and 

interventional therapies, the development of heart failure in survivors of 

myocardial infarction remains a frequent occurrence and is associated with an 

increased risk of mortality. Therefore, new therapeutic strategies which reduce 

the risk of developing heart failure remain a focus for research to improve 

outcomes in this patient population. Recently, inhibitors of the sodium-glucose 

cotransporter 2 (SGLT2) have been demonstrated to reduce the risk of 

cardiovascular death and worsening heart failure in patients with HFrEF, as well 

as in patients with heart failure with a mildly reduced or preserved ejection 

fraction.363–365 In patients with HFrEF these clinical benefits may be, in part, due 

to a reverse remodelling effect of SGLT2 inhibitors as reported in three small 

studies.358,360,366 Ongoing large, randomised placebo-controlled trials are 

examining the effect of the addition of an SGLT2 inhibitor to standard therapy in 

high-risk patients immediately following MI; the DAPA-MI trial with dapagliflozin 

(NCT04564742) and EMPACT-MI with empagliflozin (NCT04509674). To examine 

the potential beneficial remodelling of an SGLT2 inhibitor when added to 

standard therapy in this setting, I, along with colleagues in the Institute of 

Cardiovascular and Medical Sciences (ICAMS) at the University of Glasgow, have 

designed a prospective, multi-centre, randomised, placebo-controlled trial 

examining the effect of the SGLT2 inhibitor empagliflozin on cardiac remodelling 

in patients with left ventricular systolic dysfunction started shortly after the 

time of acute myocardial infarction (EMpagliflozin to PREvent worSening of left 

ventricular volumes and Systolic function after Myocardial Infarction – EMPRESS-

MI; NCT05020704). Enrolment into this trial is due to begin in early 2022 and the 

results are expected to be presented in late 2023.  

9.5 Conclusions 

In patients with symptomless left ventricular systolic dysfunction because of 

prior myocardial infarction, the addition of a neprilysin inhibitor to standard 

therapy including a RAS inhibitor and beta-blocker did not provide any additional 

beneficial reverse left ventricular remodelling effect. As compared with RAS 

inhibition alone, the addition of a neprilysin inhibitor did not significantly reduce 

NT-proBNP, a marker of elevated left ventricular wall stress, or hs-TnI, a marker 

of myocardial injury.  
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Appendix 1: Patient Information Sheet 
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Appendix 2: Consent Forms
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Appendix 3: Cardiac MRI imaging acquisition parameters 

  
Cine (SSFP) Tagging T1 map T2 map Cardiac 

perfusion 
LGE 

Orientation VLA, HLA, LVOT, 
SAX stack 

VLA, HLA, LVOT, 
SAX 

basal/mid/apex 

SAX 
basal/mid/apex 

SAX 
basal/mid/apex 

HLA, SAX 
basal/mid/apex 

VLA, HLA, LVOT, 
SAX stack 

Sequence SSFP cine_fl2d9_grid MOLLI BEAT_MAP_tfl2d
1_58 

Dynamic_tfl_sr_e
PAT_std_5.5mins

_measures 

DE_high_res_tfl2
8_psir_seg 

TR, ms LA 41.r 32.040 280.560 207.39 167.000 900.000 

TE, ms 1.51 2.540 1.120 1.32 0.980 1.520 

Flip angle, ° 50 10 35 12 10 60 

Field of view, 
mm*mm 

340x287 255.00x340.00 306.56x360.00 360x288 360.00x360.00 262.50x350.00 

Matrix 256x173 168x224 218x256 192x116 192x192 192x256 

Slice 
thickness 
(mm) 

7mm 6.000 8.000 8mm 8.000 8.000 

Slice gap 
(mm) 

3mm n/a n/a n/a n/a n/a 

Voxel size 
(mm3) 

Acquired 
1.66x1.33x7mm 

recon 

Acq- 1.9/1.52/6 
Recon - 

1.52/1.52/6 

Acq = 2.13/1.41/8 
Recon - 

1.41/1.41/8 

Acquired - 
2.49x1.88x8 

Recon  
1.87x1.88x8 

Acq - 2.54/1.88/8 
Recon - 

1.88/1.88/8 

Acq - 2.86/1.37/8 
Recon – 

1.37\1.37/8 

Number of 
slices 

1 VLA 
1 HLA 

1 LVOT  

VLA,HLA,LVOT, 
SAX 

basal/mid/apex 

SAX 
basal/mid/apex 

SAX 
basal/mid/apex 

HLA, SAX 
basal/mid/apex 

1 VLA 
1 HLA 

1 LVOT  
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SAX approx 11 
(to cover LV) 

 

SAX approx 11 
(to cover LV)  

Acceleration Grappa 3 Grappa - 2 Grappa - 2 Grappa 2 Grappa - 2 Grappa 2 

Acquisition 
time 
(min:sec) 

Heart rate 
dependant 
~ 7s/slice 

03:00 05:00 Heart rate 
dependant 
~ 7s/slice 

 

15:00 10:00 

Bandwidth 
(Hz/px) 

977 446 1085 1184 1184 1221 

ECG gating Retrospective Prospective Triggered Triggered Triggered Triggered 

 

Abbreviations: DCE, dynamic contrast-enhanced; ECG, electrocardiogram; FOV, field of view; GRAPPA, GeneRalized Autocalibrating Partial Parallel 

Acquisition; HLA, horizontal long axis; LGE, late gadolinium enhancement; LV, left ventricle; LVOT, left ventricular outflow tract; MOLLI, modified 

Look-Locker inversion-recovery; N/A, not applicable; SAX, short axis; SR-TurboFLASH, saturation recovery Turbo Fast Low-Angle Shot; SSFP, 

steady-state free precession; TE, echo time; TI, inversion time; TR, repetition time; VLA, vertical long axis. 
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Appendix 4: Patient Global Assessment of Change 
Questionnaire 

 
 

RECOVER-LV – Patient Global Assessment 
 
Subject Number: ________        Subject initials: ________        Date: ____________ 

 

 Patient Global Assessment Version 1.0  06/05/2019 
 EudraCT Number: 2017-003460-13      

 

 
 

You are participating in a study to determine whether sacubitril/valsartan has a beneficial effect 

on measurements of heart function compared to the current gold-standard treatment valsartan in 

patients with heart muscle dysfunction after a previous heart attack. We would like to know if you 

feel any difference in your general wellbeing since the start of the study on __________ 

 

Please indicate your answer to the following question using a tick (√): 

 

How do you feel compared to when you started in the study? 

 

1:              Markedly improved 

 

2:         Moderately improved 

 

3:   Slightly improved 

 

4:  Unchanged  

 

5:   Slightly worsened 

 

6:   Moderately worsened 

  

7:   Markedly worsened 

 
 

Please take your time to think about your answer and make sure you have only placed one tick.  

When you are finished, please return this sheet to your doctor or study nurse. 
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