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Abstract 

 
Aortic stenosis is a major cause of morbidity and mortality in the western world. Whilst 

symptomatic patients with severe AS are treated with valve replacement surgery, there 

remains uncertainty about the best treatment for asymptomatic severe AS. Current guidelines 

recommend wait and watch strategy and offer surgery on occurrence of symptoms or 

evidence of systolic dysfunction. The annual rate of sudden cardiac death in asymptomatic 

severe AS remains close to 1%.  

Aortic disease is both a disease of the valve and myocardium. The valve mechanisms and 

structural LV changes secondary to pressure overload have been extensively studied before, 

but no medical therapy directed at the valve processes has so far shown beneficial effect on 

cardiac physiology or disease progression. Changes in cardiac metabolism in pressure 

overload hypertrophy seem to play an important role in pathophysiology of AS and transition 

to decompensation. The healthy human heart uses fatty acids as the main energy source 

~70% of adenosine triphosphate (ATP) requirements. In AS, there is substrate shift with 

downregulation of fatty acid oxidation (FAO) and increased reliance on glycolysis, with 

evidence of myocardial lipid accumulation and impairment of myocardial energetics. 

Peroxisome proliferator activated receptor-alpha (PPAR-a) plays a central role in FAO 

signalling and controlling lipid homeostasis in the heart. Downregulation of this 

transcriptional factor is associated with the metabolic alterations and subsequent lipotoxicity 

in AS, which ultimately causes reduced ATP production and heart failure.  However, it is 

unclear whether these metabolic changes have a cause or effect relationship with the two 

main pathological features of AS, left ventricular (LV) pressure loading and LV hypertrophy, 

and their relationship with myocardial fibrosis (which is commonly seen in AS), is unclear.  
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Furthermore, it is yet unknown whether modulating cardiac metabolism would have any 

beneficial effect on disease progression or outcomes in AS. 

This thesis set out to establish the relationship between metabolic remodelling and cardiac 

structure and physiology in AS. It then evaluates the role of novel metabolic modulator 

therapy in asymptomatic moderate-severe AS. 

In Chapter 3 and 4, patients across the spectrum of AS were studied with advanced CMR 

imaging and phosphorus-31 magnetic resonance spectroscopy (31P-MRS) and 

cardiopulmonary exercise testing (CPET) respectively. It is demonstrated that metabolic 

changes, specifically myocardial lipid accumulation (steatosis) and impaired cardiac 

energetics appear to occur early in the disease process. In addition, whilst impairment in 

cardiac energetics is related to degree of LV hypertrophy, steatosis appears to be more related 

to the degree of LV pressure loading from valve obstruction. Furthermore, these patients 

despite being asymptomatic with normal LVEF have evidence of subclinical LV dysfunction 

which occurs early in the disease process. Moreover, these patients though able to exercise to 

volitional exhaustion without developing symptoms have reduced average peak VO2 and 

VE/VCO2, both of which are predictors of outcome in cardiac disease. 

In Chapter 4 and 5, the effect of the PPARa agonist Fenofibrate was evaluated on cardiac 

metabolism and physiology in a randomised double-blind placebo-controlled study. 

Fenofibrate reduced myocardial triglyceride content significantly after 6 months’ treatment 

with evidence of in vivo fatty acid oxidation upregulation. It also caused a modest 

improvement in cardiac energetics. However, this modulation did not show any measurable 

improvement in cardiac physiology or exercise capacity. 

Together, these data show that myocardial metabolic remodelling plays an important role in 

pathophysiology and progression of AS. The novel finding from this research is that 

metabolic changes occur early in the AS disease process and are associated with early 
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subclinical systolic and diastolic dysfunction. This highlights that metabolic remodelling may 

play a causal role in disease progression. This research has also shown, for the first time, that 

metabolic alterations in AS are amenable to modulation with a PPARa agonist, with some 

improvement in cardiac physiology but the benefit of such modulation in advanced disease 

remains questionable. Whether targeting earlier disease would yield different results remains 

unanswered. 
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1 Chapter One  

Introduction 

 
1.1 Aortic Stenosis 

Aortic Stenosis (AS) is a major cause of cardiac morbidity and mortality. There is an 

exponential increase in prevalence of AS with age, with 0.2% in the 50–59-year group, 1.3% 

in the 60–69-year group, 3.9% in of the 70–79-year group, and 9.8% in those aged 80–89 

years. The incidence of new AS is 5 per 1,000 per year, with the initial mean age of patients 

being 60 years,1 due to the predominance of degenerative aetiologies (Figure 1.1).  This 

makes it a currently a major societal and economic burden, which given the ageing 

population is likely to be increased in the future.2  

 

Figure 1.1: The prevalence of aortic stenosis as a function of age.2, 3 The prevalence of 
aortic stenosis (AS) according to age in the following population-based series from the USA 
or Europe: Lindroos et al. (Finland), in which AS was defined as an aortic valve area of < 
1.2 cm2; Stewart et al. (Cardiovascular Health Study, USA), in which AS was defined as a 
peak aortic jet velocity of > 2.5 m per sec; Nkomo et al. (USA), in which AS was defined as 
an aortic valve area of < 1.5 cm2; Eveborn et al. (Tromsø Study, Norway), in which AS 
defined was as a mean gradient of ≥ 15 mmHg; Danielsen et al. (AGES-Reykjavik Study, 
Iceland), in which AS was defined as an indexed aortic valve area of ≤ 0.6 cm2 per m2 
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Degenerative AS develops over many years and slowly progresses at the molecular, cellular 

and tissue levels. Current guidelines recommend aortic valve replacement (AVR) as the 

definitive treatment for severe AS, but only after the onset of clinical symptoms such as chest 

pain, breathlessness, and syncope, or when there is impaired left ventricular (LV) systolic 

function.4 However, there is uncertainty about the best treatment for asymptomatic severe AS 

patients with preserved LV systolic function. Previous trials of medical therapy include trials 

of 3-hydroxy-3-methyl-glutaryl-coenzyme A (HMG Co-A) reductase inhibitors (statins), 

angiotensin converting enzymes inhibitors and bisphosphonates 5,6,7,but all have failed to 

show any significant therapeutic effects that could translate clinically and the 

pathophysiological mechanisms that underlie the transition from compensated pressure 

overload state to heart failure are poorly understood.  

Therapeutic options beyond AVR are currently limited but hold great promise not only in the 

elderly patients at high or prohibitive risk for surgery due to multiple comorbidities, but also 

to delay timing of AVR in young patients who may require more than one surgery in their 

lifetime. Alternative therapeutic options may also help improve myocardial response and 

recovery in severe AS undergoing AVR and potentially improve outcomes after surgery. 

There is thus an urgent need to understand the pathophysiological processes leading to 

decompensation in AS at the most fundamental level to improve preventive and therapeutic 

strategies.  

 

1.2  Progression of disease 

Progression of AS is not entirely predictable. A preclinical phase of aortic sclerosis, where 

the aortic valve cusps are thickened without significant blood flow limitation, occurs prior to 

the development of calcific AS (Table 1.1), but the rate of progression may differ from 

individual to individual. Indeed, population studies have suggested that by the age of 85 years 
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old, only half of the population would have developed aortic sclerosis. The conversion from 

sclerosis to stenosis affects approximately 2% of patients per year, but there are no clear 

methods for identifying who will progress, nor for predicting the rate of disease advancement 

in an individual.8,9 However, observational data has suggested that individuals with the 

greatest valve calcification are at higher risk of early progression of AS.10  

 

Table 1.1: Disease progression stages in calcific aortic stenosis and current recommended 
management for each stage (AS, Aortic Stenosis; AVR, Aortic valve replacement; LV, left 
ventricular; LVEF, LV ejection fraction 
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AS is both the disease of valve and myocardium, and response of the myocardium is equally 

important in determining progression and development of symptomatic disease. LV 

hypertrophy develops as a result of increased afterload, which is believed to normalise LV 

wall stress and preserve systolic function.11,12 However, there is wide individual heterogeneity 

when it comes to degree of hypertrophy and progression to heart failure.13,14. I sought to 

understand in this research whether metabolic changes underlie this variability.  

Figure 1.2 gives a brief overview of the structural and metabolic changes in AS. 
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Figure 1.2: Illustration of structural and metabolic changes that occur in aortic stenosis as the disease progresses. 
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1.3 Pathophysiology of Aortic Stenosis 

It is clear that AS is not a passive degenerative disorder of aging related to mechanical stress 

but incorporates active cellular processes that affect both the valve leaflets and the 

myocardium, which I have expanded on further below. 

1.3.1 Valvular mechanisms 

AS progresses over several decades during which the valve leaflets undergo extensive fibro-

calcific tissue remodelling.15 Biomechanical stress is recognised to play a significant role in 

the initiation and progression of the disease. The most widely accepted hypothesis is that 

hemodynamic stress leads to lipid infiltration that in turn allows for inflammation and 

calcification.16 Like atherosclerotic lesions, the lipoproteins [including LDL-cholesterol and 

lipoprotein Lp(a)] infiltrate and undergo oxidative modifications. These oxidized lipoproteins 

are cytotoxic and can stimulate both the inflammatory response and the mineralisation. Once 

inflammatory cells, like macrophages and T lymphocytes, are recruited in the sub-

endothelium, they release enzymes, such as matrix metalloproteinase, which degrade 

collagen, elastin and proteoglycans of the aortic cusps. Inflammation promotes the 

mineralisation of valve interstitial cells, the main cellular components of the aortic valve. The 

transformation of valve interstitial cells into myofibroblasts and osteoblast-like cells is 

determined by several signalling pathways having reciprocal crosstalk.17 These different 

valvular mechanisms that have been implicated in the pathophysiology of AS have been the 

target of previous clinical trials and are briefly discussed below. 

1.3.1.1 Atherosclerosis like process 

The extensive scientific evidence that degenerative AS likely represents an active process 

similar to that of atherosclerotic disease has led to the suggestion that the risk factors for 

atherosclerosis are also common to AS and include older age, male gender, smoking, arterial 



  Chapter 1: Introduction 
 

8 
 

hypertension, high levels of Lp(a) and LDL cholesterol.15 This recognized association 

between atherosclerosis, cholesterol, and calcific aortic valve disease has been the basis for 

major larger studies evaluating the efficacy of LDL-lowering therapy in retarding AS 

progression. Three large randomized clinical trials (SALTIRE, SEAS and ASTRONOMER) 

reported between 2005 and 2010 assessing the impact of statins on either AS progression by 

echocardiographic parameters or outcome using a composite of cardiovascular events. These 

studies randomised patients with mild to moderate AS to treatment with several different 

statins. No statistically significant difference was found for any of the measured parameters 

of disease progression or other cardiovascular outcomes.18,19,20  

Sub analysis of the ASTRONOMER trial (Aortic Stenosis Progression Observation: 

Measuring Effects of Rosuvastatin) showed that in patients with mild to moderate AS, 

elevated levels of Lp(a) were associated not only with faster progression of AS but also with 

significantly worse clinical outcomes after multi-variable adjustment. In addition, single-

nucleotide polymorphisms in the Apo-B and IL10 genes have been suggested to play a role in 

the risk of developing AS. Given the potential role of Lp(a) in AS progression, drugs that 

reduce Lp(a) levels like Niacin, antisense-specific Lp(a) inhibitors, and PCSK9 inhibitors21 

are seen to be promising future alternatives. Further basic research is ongoing before such a 

treatment can be evaluated in a clinical setting. 

Whether lipid-lowering therapy could slow or halt progression of valvular mechanisms that 

underpin AS is still unknown. Although the initial evidence in the literature seems to be 

unfavourable, currently there is a growing idea that these therapies may have a benefit only if 

given early in the disease process, when inflammation (and not calcification) is the 

predominant process, in contrast to severe or advanced AS, where calcification (and not 

inflammation) predominates. 
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1.3.1.2 Osteoporosis like process (Imbalance of calcium homeostasis) 

Another school of thought is that the calcium deposition and bone mineralization, which 

when established in late-stage calcific aortic valve disease, severely impedes normal 

mechanical operation of the aortic valve. Valve calcification assessed with computed 

tomography (CT) is one of the stronger independent predictors of adverse clinical outcomes 

in AS.22,23 Dysregulation of serum calcium and phosphate is hypothesized to promote 

development of calcific aortic valve disease, the cellular basis of which remains an active 

topic of research in AS.24  

The calcification hypothesis implies that treatments for bone diseases (bisphosphonates or 

denosumab) might have a beneficial effect on vascular and valvular calcification while 

maintaining bone health. The recently published SALTIRE 2 trial, however, showed that 

neither denosumab (which inhibits osteoblast activity) nor alendronic acid (which reduces 

bone absorption and release of calcium in the circulation) affect progression of aortic valve 

calcification in patients with calcific aortic AS.25 Vitamin K supplementation is another 

attractive option to replenish vascular vitamin K stores and ensure full activation of Matrix 

Gla protein (MGP) for optimal calcification inhibition. Vitamin K supplementation in rats 

showed regression of warfarin-induced vascular calcification.26 In line with this, a first in-

man RCT has demonstrated that vitamin K supplementation decelerated valvular calcification 

on CT in a small group of patients with calcific aortic valve disease.27The effectiveness of 

vitamin K supplementation to reduce or hold calcification progression is currently subject of 

investigation in clinical trials.28 

1.3.1.3 Renin-Angiotensin Aldosterone system (RAS) 

 

The RAAS cascade is another important player in cardiovascular disease, also being involved 
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in pathological processes involving both the valve and myocardium in calcific aortic valve 

disease.29,30 However, observational retrospective studies investigating the Angiotensin 

converting enzyme (ACE) inhibitor effects on aortic valve disease progression has provided 

conflicting results. Treatment with ACE inhibitors has been shown to be associated with less 

aortic valve calcification31 but did not appear to slow haemodynamic progression.32 In 

relation to the LV hypertrophic response, the Ramipril in Aortic Stenosis (RIAS) RCT 

performed in OCMR, showed a modest but significant reduction of myocardial hypertrophy 

in patients with calcific aortic valve disease treated with Ramipril.6 Finally, clinical 

observational studies have suggested that ACE inhibitors and Angiotensin receptor blockers 

(ARB) are associated with favourable effects on symptoms and improved survival in patients 

with calcific aortic valve disease.33 Again RCT data are required to validate this observation. 

Overall, valve mechanisms have been the target of multiple interventional trials as described 

above but none so far has shown the ability to halt the progression of calcific AS or induce its 

regression. Figure 1.3 below summarises the valve processes and targeted interventions. 
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Figure 1.3: Established mechanisms of valve injury and previously targeted interventions. 
ACE indicates angiotensin-converting enzyme; ARB,  Angiotensin Receptor Blockers; 
RANKL, receptor activator of nuclear factor-κB ligand; LVH, left ventricular hypertrophy: 
RAS, Renin Angiotensin system 
 
1.3.2 Myocardial mechanisms 

Although the primary insult in AS is valve stenosis, the myocardial response to this is highly 

relevant to the clinical course. The myocardial response depends not only on the severity of 

AS itself, but also on a multitude of additional factors like age, sex, coexistent coronary 

artery disease, hypertension, and genetic influences, as these contribute significantly to 

myocardial remodelling. LV pressure overload in AS is a pathological process that elicits 

myocyte hypertrophy and alterations in extracellular matrix composition, both of which 

contribute to increases in LV stiffness and failure. There is significant clinical and 

experimental evidence to suggest that when AVR is performed after the development of 

significant LV diastolic dysfunction and heart failure symptoms, the LV structural 
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remodelling process including LVH and myocardial fibrosis that ensued from long-standing 

AS may not be readily reversible.34,35 Thus, elucidation of cellular and metabolic pathways 

that contributes to myocardial structural and functional remodelling in AS will not only 

provide clinically relevant prognostic information but translation of these metabolic pathways 

into diagnostic and prognostic applications could be utilised to direct appropriate timing for 

AVR or explore new therapeutic options. 

Below, I first expand on the myocardial structural changes in AS dividing them into 

myocardial hypertrophy, myocardial fibrosis and LV contractile dysfunction before dwelling 

into the intricacies of metabolic cascade in AS. I, further, explore avenues for better risk 

stratification and potential therapeutic options targeting metabolic phenomenon.  

1.3.2.1 Pressure overload hypertrophy  

Pressure overload, which is defined here as total LV pressure sufficient to cause LVH, in AS 

manifests as two distinct but overlapping structural changes (Figure 1.4). The first one is 

characterised by LV hypertrophy where the increase in wall thickness and mass act to limit 

the increase in wall stress created by AS-induced pressure overload state 36 in line with the 

law of Laplace (i.e. wall stress is related directly to intra-cavity pressure and cavity radius, 

but inversely to wall thickness). However, these compensatory mechanisms i.e., myocyte 

hypertrophy and stretching, occur at the expense of increased myocardial oxygen 

consumption, altered LV function and increase filling pressures.37 Once the adaptive 

mechanisms to pressure overload are exhausted, either because of extreme sarcomere 

extension or marked LVH with increased diastolic stiffness preventing adequate LV filling, 

the LV becomes unable to maintain a normal stroke volume in the setting of limited preload 

reserve causing afterload mismatch. Consequently, systolic wall stress becomes markedly 

elevated, and LVEF decreases.38 LV dilation might be present in this late phase, with 

eccentric LV remodelling or hypertrophy. 
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This above concept, however, is operative, and perfect hypertrophic compensation often does 

not occur. In some cases, the amount of hypertrophy that develops seems excessive, afterload 

is reduced to subnormal levels, and ejection performance is normal or supernormal.39 In some 

cases, hypertrophy is inadequate to normalize wall stress and ejection fraction is 

decreased.40 In other cases, there is concentric remodelling with little hypertrophy, a pattern 

in which LV wall thickness is increased but chamber size is decreased.41 What causes this 

variable response is not fully known. Metabolic interactions in AS may explain this 

variability, and I explore this possible hypothesis in detail in Chapter 3. 

 

1.3.2.2 Myocardial fibrosis 

The second process occurs within the hypertrophied myocardial extra-cellular matrix (ECM) 

and causes progressive myocardial fibrosis which in turn results in reduced ventricular 

compliance and diastolic dysfunction. Interstitial myocardial fibrosis, myocyte degeneration, 

and apoptosis are early structural changes in patients with severe AS. In the hypertrophied 

myocardium, areas of fibrosis coalesce with areas of myocyte apoptosis, and a pathological 

sequence of myocyte hypertrophy followed by apoptosis and replacement fibrosis has been 

described.42,43,44 These changes occur predominantly in the sub-endocardial layers, leading 

first to interstitial and later to replacement fibrosis during disease progression. The extent 

being related to increasing LV filling pressures and decreased LVEF. Cardiac Magnetic 

Resonance (CMR) imaging detected mid wall fibrosis has been shown in various prospective 

clinical studies to be an independent predictor of mortality in patients with moderate and 

severe AS and of incremental value in the prognostic model to ejection fraction.45 
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Figure 1.4: Structural remodelling in Aortic stenosis: Progressive myocardial hypertrophy associated with myocyte apoptosis and replacement 
fibrosis Modified from source 45 
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1.3.2.3 Myocardial perfusion and contractile dysfunction 

1.3.2.3.1 Longitudinal function 

In pressure overload state, the increase in wall stress and intra myocardial pressure as well as 

the reduction in myocardial blood flow occurs mainly in the sub-endocardium where the 

myocardial fibres are oriented longitudinally.46 Increase in sub-endocardial wall stress and 

associated ischemia are found in patients with AS even in the absence of significant coronary 

artery disease.47 These are related to the severity of AS, haemodynamic load on the LV, and 

reduced diastolic perfusion time and may represent the substrate for LV longitudinal 

dysfunction, which is an early finding in patients with significant AS even in the presence of 

a normal LVEF. Compensatory changes in LV geometry with increased relative wall 

thickness and preserved radial and circumferential function, mainly determined by mid-wall 

myocardial fibres, may explain the preservation of LVEF in these patients.36 A reduction in 

peak systolic longitudinal strain and circumferential strain has been shown to predict adverse 

outcomes in asymptomatic AS patients.48  

 

1.3.2.3.2  Diastolic function  

This also has an important role in the pathogenesis of symptoms and the progression to HF in 

patients with AS. It appears early in the disease process as a result of LVH and interstitial 

fibrosis with subsequent impaired relaxation and increased LV chamber stiffness.49 Recent 

studies have shown that increasing baseline grades of diastolic dysfunction are associated 

with adverse clinical outcomes.50 

 

1.3.2.3.3    Right Ventricle (RV) in AS   

The right and left ventricle are closely attached through the interventricular septum sharing 

common fibres that encircle both ventricles, and are constraint into the pericardial space, 
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which justifies the functional interdependence between the two chambers.51, 52 The alteration 

in LV afterload and function in AS might therefore be transmitted to the RV through the 

interventricular septum, as already observed in some experimental models of AS.53 

Traditionally, RV dysfunction in AS was thought to be a direct consequence of increased 

systemic pulmonary artery pressure (PAP) due to advanced LV dysfunction and increased LV 

end-diastolic pressure. However, PAP is not always the true indicator of RV function. In AS 

with normal LVEF, increased RV afterload may be present before detectable pulmonary 

hypertension.54 RV adaptation to chronic afterload is by increased contractility thus a high 

normal RV ejection fraction (RVEF) and increased RV strain in these patients may indicate 

early decompensation. Hypertrophied, stiff LV might be aided by increased RV contractility 

in asymptomatic severe AS to maintain the normal stroke volume across the stenosed valve. 

There are studies suggestive that a hyperdynamic RV may be considered a novel early 

objective marker of decompensated AS.55 Larger studies establishing the role of RV 

functional assessment in asymptomatic severe AS remain pending. 

Overall, AS is not a disease entity limited to the aortic valve, but rather could be compared to 

a cardiomyopathy like process that is characterized by a concomitant deep alteration in the 

whole heart structure and function.56 It yet remains to be explored how the above structural 

changes tie in with the metabolic alterations that accompany AS. Whether there exists a cause 

or effect relationship between the two that might explain variability in outcomes amongst 

individuals with the same amount of pressure overload and hypertrophy. This research aims 

to understand the underlying reciprocity between the structural and metabolic myocardial 

response to chronic pressure overload in AS well as explore avenues for metabolic 

modulation in AS. 
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1.4 Normal cardiac metabolism  

As a continually working aerobic biological pump, the adult human heart has the highest 

energy demand for adenosine triphosphate (ATP) per gram of tissue of any organ ~ 6 kg 

daily.57 The heart conducts its pumping function by converting the chemical energy stored in 

fatty acids, glucose and other substrates into the mechanical energy of actin-myosin 

interaction of myofibrils. 

 

Normal cardiac metabolism comprises of three key stages (as illustrated in Figure 1.5). 

The first stage is substrate utilization i.e., cellular uptake of different carbon substrates 

(glucose, fatty-acids, lactate, ketones, branch chain amino acids) followed by their utilisation 

via substrate specific metabolic pathways, (β-oxidation for fatty acids, and glycolysis for 

glucose), to generate acetyl coenzyme-A (acetyl CoA) which then enters the tricarboxylic 

acid (TCA) or Krebs cycle. In the adult heart, fatty acids are the main source of ATP 

production, accounting for 60%–90% and the remaining 10%–40% comes from glucose, 

amino acids, pyruvate, lactic acid, ketone bodies, and other sources.58 

The second stage - Oxidative phosphorylation (Oxphos) involves electron shuttling from 

cytosolic to mitochondrial reducing equivalents (via the glycerol phosphate and malate-

aspartate shuttle), then transfer of energy by electrons from reducing equivalents to O2 via the 

electron transport chain (ETC) complexes and generation of an electrochemical proton 

gradient within the mitochondrial intermembrane space. The free energy of this gradient is 

coupled to the synthesis of ATP from ADP + Pi by the F0, F1-ATPase contributing >95% of 

ATP synthesis under aerobic conditions.59 The heart has no excess capacity for energy 

production over energy utilization and during maximal exercise cardiac muscle uses 90% of 

its oxidative capacity.60  
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The third stage, Phosphotransfer, refers to delivery of ATP from mitochondria to sites of use, 

i.e., facilitated diffusion. This involves ADP-ATP exchange across the inner mitochondrial 

membrane by adenine nucleoside translocase (ANT) and propagation of local ATP/ADP 

disequilibria by the CK system. The CK system plays an important role in myocardial ATP 

metabolism by maintaining ADP and Pi levels high in the mitochondria (CK mitochondrial 

isoform), where ATP is generated, and low at sites of ATP utilization (CK muscle isoform), 

thereby enhancing the efficiency of the ATP utilization processes.  Besides CK, there are 

minor contributions from adenylate kinase, other phosphotransfer systems and direct adenine 

nucleotide channelling.61, 62  

 

1.4.1 Normal substrate selection 

1.4.1.1 Fatty acid metabolism 

Fatty acid (FA) metabolism is a multi-step process including uptake into the cytosol, 

transport across the mitochondrial membrane and oxidation within the mitochondria finally 

resulting in the breakdown of FA for energy production (highlighted in Figure 1.5 in yellow). 

Although short chain FAs can traverse the plasma membrane passively, the transport of long 

chain fatty acids is facilitated by transport proteins including fatty acid translocase 

(FAT/CD36) 63 and the plasma membrane fatty acid binding protein (FABPc). In the cytosol, 

free fatty acids are esterified to fatty acyl CoA, which is either esterified to triglycerides (TG) 

and stored as lipid droplets in the myocardium available for oxidation or converted to long-

chain acylcarnitine by carnitine palmitoyl transferase I (CPT I) located in the outer 

mitochondrial membrane prior to entering the mitochondria, a critical regulatory step that 

determines FA oxidation rates. The turnover of myocardial TG is high, and FA derived from 

myocardial TG stores provides a significant proportion of substrates for mitochondrial FAO 

and has also been shown to be involved in the regulation of FAO through the activation of 
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peroxisome proliferator-activated receptor-α (PPARα) and PPARγ coactivator-1α 

(PGC1α).64,65,66 

 

Long-chain acylcarnitine is then transported into the mitochondrial matrix and converted 

back to long-chain acyl-CoA by carnitine palmitoyl transferase II (CPT II). Acyl-CoA then 

enters β-oxidation, generating acetyl-CoA and the reducing equivalents NADH and FADH2, 

which are not only used for ATP production via the electron transport system but also 

regulate glucose oxidation.67 Adenine nucleotide translocase (ANT) transfers ATP and ADP 

into and out of the mitochondria. The transfer of ATP to the utilization site (e.g., myofibril) 

involves the creatine kinase (CK) shuttle, which catalyses the conversion between ATP and 

phosphocreatine (PCr).62 (shown in Figure 1.5). 
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Figure 1.5:  Three main steps of cardiac metabolism (highlighted in blue), cardiac glucose 
(grey) and long chain FA (yellow) metabolic pathways. FA, besides glucose, are the main 
substrates for cardiac energy metabolism. [FA, fatty acid; TG, triglycerides; FAT/CD36;fatty 
acid translocase; FABPc, fatty acid binding protein; GPAT, glycerol phosphate 
acyltransferase; MGAT, monoglyceride acyltransferase; DGAT, diglyceride acyltransferase; 
DG, diglycerides; ATGL, adipose triglyceride lipase; MG, monoglycerides; HSL, hormone 
sensitive lipase; ACLS-1, long chain fatty acyl-coA synthestase-1; MCD, malonyl Co-A 
decarboxylase; ACC, acetyl co-A carboxylase; CPT, carnitine palmitoyl transferase; CACT, 
carnitine-acylcarnitine transporter; VLCAD, very long chain acyl co-A dehydrogenase; 
LCAD, long chain acyl co-A dehydrogenase; PPP, pentose phosphate pathway; HBP, 
hexokinase biosynthetic pathway; HK, hexokinase; PDHK, pyruvate dehydrogenase kinase; 
PDH, pyruvate dehydrogenase; TCA, tricarboxylic acid; UCP, uncoupling proteins; ANT, 
adenine nucleotide translocase].   
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1.4.1.2 Normal glucose metabolism 

Under normal conditions, cardiac ATP is mainly derived from FAO, with glucose 

metabolism contributing less. However, under stress conditions, FAO may be reduced, which 

is concomitant with increased glucose utilization. Glucose uptake in cardiomyocytes is 

mediated by glucose transporters (GLUTs), with GLUT1 and GLUT4 as the most abundant 

isoforms. GLUT4 is predominant in the adult heart.68, 69, 70 Inside cardiac myocytes, glucose 

is first phosphorylated to glucose 6‐phosphate by hexokinase. Glucose 6‐phosphate 

subsequently goes through multiple metabolic pathways, including glycolysis, pentose 

phosphate pathway (PPP), and the hexosamine biosynthetic pathway (HBP).  

 

Glycolysis is the most important route for glucose metabolism in a cell, which produces 

pyruvate, NADH, and ATP.71 ATP yield from glycolysis, however, contributes only a small 

portion of the overall ATP pool in the normal heart.72 In cytosol, pyruvate can be further 

utilized to form alanine by alanine transaminase or reduced to lactate by 

lactate dehydrogenase. On the other hand, pyruvate is oxidized (known as pyruvate 

oxidation) to generate acetyl‐CoA by pyruvate dehydrogenase that fuels the TCA cycle in 

mitochondria.73 (refer to Figure 1.5). 

 

1.4.1.3  Accessory pathways of glucose metabolism 

Beside glycolysis, G6P may also be channelled into glycogen synthesis or the pentose 

phosphate pathway (PPP, see Figure 1.5).74 The PPP is an important source of reduced 

nicotinamide adenine dinucleotide phosphate (NADPH), which plays a critical role in 

regulating cellular oxidative stress and is required for lipid synthesis and anaplerosis75 

(discussed in next section 1.4.1.4). The key oxidative enzyme of the PPP is G6P 

dehydrogenase, which catalyses the first reaction of the pathway to generate NADPH. In 
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addition to the PPP, a small amount of G6P can enter the hexosamine biosynthetic pathway 

(HBP, Figure 1.5).76 Because the HBP requires not only glucose but also acetyl-CoA and 

glutamine, it may serve as a metabolic sensor linking metabolic status to several cellular 

processes. In the normal heart flux through the PPP and HBP is relatively small. 

1.4.1.4 TCA cycle and anaplerosis in the normal heart  

Acetyl-CoA, the common end product of glucose and FA oxidation, enters the tricarboxylic 

acid (TCA) or Krebs cycle to generate guanosine triphosphate, GTP (or ATP), CO2, and 

reducing equivalents NADH2.75 Because Krebs cycle intermediates can be used for many 

biosynthetic pathways (e.g., amino and nucleic acids), they are constantly removed from the 

cycle and therefore need to be replaced. The replenishment of the Krebs cycle intermediate 

pool through pathways independent of acetyl-CoA is called anaplerosis.77 The carboxylation 

of pyruvate to malate is an important anaplerotic reaction. This requires NADPH and 

therefore links anaplerosis to processes that generate (PPP) or consume (lipogenesis, 

antioxidative defence) NADPH.78 Anaplerosis is a crucial process in the heart, where 

impairment rapidly causes contractile dysfunction.79 

 

1.4.1.5  Metabolic flexibility in the normal heart  

The heart is an omnivore, consuming fuel constantly and using any substrate available. Heart's 

substrate preference can rapidly change based on the availability of energy substrates supplied 

to the heart, hormonal status and the changing workload of the heart (Figure 1.6). The high 

rates of ATP production and turnover are critical in maintaining cardiac contractility to deliver 

blood and oxygen to the other organs. To adapt to substrate availability and energy demand, 

the heart is ‘metabolically flexible’ to switch between FA and glucose,79 an important feature 

that is usually lost in the diseased heart, for example in the diabetic heart and in the failing 
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heart. Compared with glucose oxidation, FAO is more carbon-efficient; one mole of palmitate 

produces about 3-4 times more ATP than one mole of glucose does. On the other hand, glucose 

oxidation is more oxygen efficient compared with FAO, producing 10-12% more ATP per 

carbon used for the same amount of oxygen consumed. The balance between cellular energy 

metabolism and contractile performance is disrupted in cardiac disease.74, 79 

 

 

Figure 1.6: Metabolic flexibility in the normal heart. The energy-yielding substrates (fatty 
acids, glucose, ketones, and amino acids, lactate), via specific catabolic pathways, converge on 
acetyl-CoA production with subsequent entry into the tricarboxylic acid (TCA) cycle. The final 
step of energy transfer is accomplished through oxidative phosphorylation (OxPhos), 
supplying >95% of ATP consumed by the heart. The boxes above each metabolic pathway 
indicate the pathological and physiological condition in which the specific substrate becomes a 
predominant contributor to metabolism. {ATGL indicates adipose triglyceride lipase; DGAT, 
diacylglycerol acyltransferase; mCPT1, muscle form of carnitine-palmitoyl transferase-1; 
PDH, pyruvate dehydrogenase; TAG, triacylglycerol; and TCA, tricarboxylic acid}
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1.4.2 Normal mitochondrial oxidative phosphorylation and ATP homeostasis  

Mitochondrial oxidative phosphorylation normally contributes ≈95% of myocardial ATP 

requirements, with glycolysis providing the remaining 5%.80, 81 The majority of the oxygen 

consumed by the heart is used for mitochondrial oxidative phosphorylation by the electron 

transport chain, while the synthesis of ATP derived from glycolysis does not require oxygen. 

Oxphos involves electron shuttling from cytosolic to mitochondrial reducing equivalents i.e. 

NADH and FADH2 (primarily via the malate-aspartate shuttle), transfer of energy by 

electrons from reducing equivalents to O2 [via electron transport chain (ETC) complexes], 

and generation of an electrochemical proton gradient within the mitochondrial intermembrane 

space (by complexes I, III, and IV), as illustrated in Figure 1.5. The release of this gradient is 

coupled to the synthesis of ATP from ADP + inorganic phosphate (Pi) by F0, F1-ATPase 

(complex V), contributing >95% of ATP synthesis under aerobic conditions. Because of this 

dependence on oxphos, rates of TCA cycle flux, cardiac work, and O2 consumption are 

linearly correlated 82 and at high workloads approach 90% of mitochondrial oxidative 

capacity.80 Besides a non-limiting O2 supply, Oxphos capacity in situ requires normal 

mitochondrial number (mass and biogenesis), dynamics, and unit activity (integrity). 

ATP is required for cell viability and myocardial pump function. Cleavage of the terminal 

phosphate (a phosphoryl bond) by ATPases [ATP → ADP + (Pi)] releases chemical energy 

that is converted into the work of contraction, ion pumping, synthesis and degradation of 

large and small molecules, molecular trafficking, and indeed all functions of the cell. Because 

the amount of ATP in the heart is small (∼10 mM, enough for only a few beats) compared 

with demand (as much as 10, 000 times greater), the myocardial cell must continually re-

synthesize ATP to maintain normal cardiac pump function and cellular viability. 
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Consequently, the rates of ATP utilization and re-synthesis are very large. The concentration 

of ATP is maintained constant, despite large and variable changes in ATP demand.83 

The efficiency of ATP production expressed as the ratio of ATP synthesis rate to 

O2 consumed (P/O) differs slightly depending on the mix of substrates oxidized: the P/O is 

∼15% higher for oxidation of glucose only (a condition that occurs only in severe ischaemia) 

vs. fatty acids only. On a molar basis, however, much more ATP is produced from fatty acid 

oxidation than from glucose utilization.81 

ATP re-synthesis by fatty acid oxidation in mitochondria is normally sufficient to meet the 

dynamic demands for chemical energy and is the primary pathway for ATP synthesis. Under 

conditions of high ATP demand relative to ATP availability, the myocyte recruits additional 

pathways for ATP synthesis, namely glycolysis and the phosphotransferase reactions 

catalysed by creatine kinase (CK) and adenylate kinase (AK). The different pathways for 

ATP supply have different rates of ATP synthesis: phosphoryl transfer via CK is ∼10 times 

faster than ATP synthesis in mitochondria which is ∼20 times faster than glycolysis.81, 84 The 

relative contributions of these pathways to overall ATP synthesis changes rapidly in response 

to changes in fuel supply, hormonal and neural signals, availability of substrates and 

inhibitors of specific enzyme reactions, and by chemical modification of proteins. During 

acute increases in work in the normal myocardium, glycogen is used,83 more glucose is 

influxed,85 and phosphocreatine (PCr), the primary energy reserve compound in the heart) is 

used to support the demand for more ATP.86 To maintain constant [ATP], the sum of the rates 

of ATP synthesis by the mitochondria, glycolysis and glycogenolysis, and the 

phosphotransferase reactions matches the sum of rates of ATP utilization by the sarcomere, 

ion pumps, etc. This flexible dynamic metabolic network is the normal state of the myocyte. 
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1.4.3 Normal Creatine Kinase Shuttle 

Creatine plays a key role in cellular energy metabolism. The creatine kinase (CK) enzyme 

reversibly phosphorylates it to phosphocreatine (PCr), shown in Figure 1.5. Then, when 

phosphocreatine is reverted to creatine (Cr), its phosphate bond breaks, and such a break 

provides enough energy to allow phosphorylating a molecule of adenosine diphosphate 

(ADP) to adenosine triphosphate (ATP). Thus, PCr acts as an energy reserve to synthesize 

ATP rapidly, with no need for oxygen. The reaction is the following one: 

Cr + ATP ⇆ PCr + ADP + H+ 

This reaction plays a crucial role in heart contraction.87 Its roles have been extensively 

reviewed elsewhere 62 and summarised below: 

Transfer of ATP from its production site (mitochondria) to its place of exploitation (neuronal 

membrane or cytoplasm) is often referred to “the ATP shuttle.” To carry out this transport 

(“shuttle”) of ATP energy, Cr first receives the phosphate from ATP near the mitochondria, 

becoming PCr. It then diffuses through its concentration gradient to the periphery of the cell. 

Near cytoplasmic ATPase, it donates its phosphate to ADP, effectively forming ATP far 

away from the mitochondria and delivering it precisely where and when it is required. In 

doing so, it reverts to Cr and diffuses back, again along its concentration gradient, to the 

mitochondrion to start the cycle again. The reason why the cell needs this complex 

mechanism to transport energy between mitochondria and cytoplasmic ATPase is that ATP is 

a very large molecule, therefore its diffusion through the organelle-filled cytoplasm is slow 

and cumbersome. By contrast, PCr is a much smaller molecule, thus it diffuses more quickly 

through the cytoplasm. 

Restoration by PCr of ATP concentration in conditions of increased energy demand and in 

diseases involving a reduced supply of blood or oxygen.88 In the first scenario, the 
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consumption of ATP is excessive compared to the ability of the cell to synthesize it. For 

instance, a muscle exposed to a particularly intense effort/exercise quickly uses more ATP 

than it can produce, thus exhausting its reserve. In the second scenario, an organ cannot 

produce enough ATP because of a blood deficiency (ischemia) or an oxygen deficiency 

(anoxia). For example, in case of a myocardial infarction, phosphocreatine intervenes by 

transferring its phosphoric group to ADP, to provide ATP at a time when the heart cannot 

synthesize it due to ischemia. Among all the biochemical reactions that our cells use to 

synthesize ATP, the one that starts from the Cr/PCr system is the quickest in buffering ATP 

levels at times of increased energy expenditure.89 

There is extensive scientific evidence to suggest that failing pressure overloaded heart 

undergoes substantial metabolic reconfiguration including: substrate switch from FFA to 

glucose, FAO downregulation, increased reliance on glucose with reduced oxidative 

metabolism and enhanced glycolysis, impaired mitochondrial respiration90 and decreased 

mitochondrial creatine kinase (CK) flux,88 together with loss of metabolic flexibility to stress. 

These are partly driven by nuclear receptor and transcriptional co-regulator signalling circuits 

coordinating substrate selection, mitochondrial oxidative capacity, and energy homeostasis. 

These include peroxisome proliferator-activated receptor α (PPARα)91 along with interacting 

regulators of oxidative metabolism retinoid X receptor α (RXRα), oestrogen-related receptor 

α (ERRα) and PPARγ coactivator-1α (PGC-1α).92 

1.4.4 Role of PPARα signalling pathways in the normal heart 

PPARs are nuclear hormone receptors and major executors of modulating glucose and lipid 

homeostasis. PPARα is abundant in tissues with high fatty acid oxidative capacity like heart 

and liver and participates in the regulation of fatty acid uptake and oxidation thereby 

maintaining energy homeostasis. In the liver, activation of PPARα induces the expression of 
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fatty acid transport (FAT) proteins and long-chain acyl-CoA synthetase, which is a 

prerequisite for FA metabolism.93 Several key enzymes involved in peroxisomal β-oxidation 

such as acyl-CoA oxidase (ACO) are also direct targets of PPAR-α.94 Peroxisomal β-

oxidation does not directly provide energy but shortens very long-chain fatty acids, thus 

allowing their subsequent mitochondrial β-oxidation.95 

In the heart, activation of PPARα increases the expression of genes involved in three major 

steps in the cellular fatty acid utilization pathway (Figure 1.7):  

• Fatty acid transport and esterification (FATP, FAT/CD36, FABP, and ACS),64,96 

• Fatty acid mitochondrial import (M-CPT I),97 and  

• Mitochondrial (MCAD, LCAD, VLCAD)98, 99 and peroxisomal β-oxidation (ACO).95,100  

The developmental expression pattern of the PPARα gene parallels that of FAO enzyme 

genes in heart.101 Studies utilizing mice transgenic for human MCAD gene promoter 

fragments confirmed the importance of PPARα in the transcriptional control of cardiac 

MCAD expression in vivo. The PPARα response element, Direct repeat 1 (DR1), has been 

shown to be necessary for appropriate developmental and tissue-limited expression in the 

MCAD promoter transgenic mice, directing high-level expression in heart and brown 

adipose, tissues with high capacity FAO systems.99 These results implicate PPARα as a key 

component of the gene regulatory program for FAO enzymes in heart.64, 102PPARα  controls 

the expression of malonyl Co-A decarboxylase (MCD), which regulates the transport of long-

chain fatty acid into mitochondria by governing the level of malonyl Co-A (inhibitor of CPT-

1), and pyruvate dehydrogenase kinase (PDK), that phosphorylates and inactivates pyruvate 

dehydrogenase, thus, limiting the entry of pyruvate into mitochondria and its subsequent 

oxidation (Figure 1.7 A and B and Figure 1.5).103, 104 PPARα activation also stimulates the 

expression of the mitochondrial form of HMG-CoA synthase, involved in ketone body 

synthesis.105 
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Figure 1.7 (A) and (B):  Role of peroxisome proliferator-activated receptor (PPAR) α in normal cardiac fatty acid metabolism. PPARα 
induces the expression of fatty acid transport proteins such as FAT/CD36 and acyl co-A synthetase (ACS), regulates basal and fatty acid–
induced transcription of FAO enzyme gene including medium-chain acyl-CoA dehydrogenase (MCAD) and muscle carnitine palmitoyl 
transferase (CPT-1). Controls the expression of malonyl Co-A decarboxylase (MCD), and pyruvate dehydrogenase (PDH), which regulates the 
transport of long-chain fatty acid into mitochondria by governing the level of malonyl Co-A (inhibitor of CPT-1), PPARα activation favours fatty 
acid oxidation directly by inducing the expression of PDK that phosphorylates and inactivates pyruvate dehydrogenase, thus, limiting the entry 
of pyruvate into mitochondria and its subsequent oxidation and indirectly through the synthesis of ketone bodies by stimulating the expression of 
the mitochondrial form of hydroxymethylglutaryl (HMG)-CoA synthase and increased fatty acid oxidation capacity. [FA, fatty acid; CPT, 
carnitine palmitoyl transferase; PDH, pyruvate dehydrogenase. 
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PPARα activation, thus, favours fatty acid oxidation either directly by inducing the 

expression of pyruvate dehydrogenase kinase or indirectly through the synthesis of ketone 

bodies and the increased fatty acid oxidation capacity, thus decreasing tissue content of lipids 

and minimizing lipotoxicity. PPARα also binds to target DNA elements as a heterodimeric 

partner with the RXR receptor and promotes transcription of genes involved in FA 

metabolism. PPARα target genes encode enzymes involved in cellular fatty acid oxidation 

including the peroxisomal, mitochondrial100 and cytochrome P450 (CYP) pathways.106 

Therefore, transcriptional regulation by PPARα favours fatty acid over carbohydrate 

utilisation by establishing metabolic pathways for FAO in the heart as well as maintaining 

high fluxes of the FAO pathway while limiting fluxes through carbohydrate utilisation 

pathways. 

 
PPARα primarily not only acts as a modulator of energy metabolism but also acts as anti-

inflammatory agent.107 There is growing evidence from animal studies that PPARα activators 

are involved in integrating inflammatory and hypertrophic pathways thereby governing the 

pathological outcome of hypertrophy associated fibrosis.108, 109 Moreover, PPARα double 

knockout mice subjected to TAC showed much heightened fibrotic and inflammatory gene 

expressions along with severely aggravated hemodynamic function compared to wild type 

mice that has undergone TAC.110 The development and characterization of mice with targeted 

disruption of the PPARα gene provided definitive evidence for the role of PPARα in the 

control of the entire cardiac lipid utilization pathway.104 Although the PPARα −/− mice 

appear normal under basal conditions, the constitutive expression of proteins and enzymes 

involved in fatty acid transport (FATP, FAT/CD36, long-chain ACS, M-CPT I, CPT II) and 

oxidation (SCAD, MCAD, LCAD, VLCAD, short-chain 3-hydroxyacyl-CoA dehydrogenase, 

ACO) are all significantly lower in heart and liver compared to age-matched controls.99 In 
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addition, the increased expression of LCAD, VLCAD, FATP, CD36/FAT, and heart-type 

FABP which normally occurs in heart or cultured cardiac myocytes upon exposure to PPARα 

ligands is absent in PPARα −/− mice. Coincident with the decreased expression of these lipid 

transporters and enzymes of β-oxidation, the myocardial uptake as well as subsequent 

oxidation of LCFA is markedly reduced in the PPARα −/− mice.104Thus, PPARα serves as a 

key transcriptional integrator for the basal and regulated expression of cardiac fatty acid 

utilization enzymes. Moreover, PPARα–/– mice accumulate myocardial lipid in the context of 

conditions known to increase FAO rates, such as fasting, indicating that PPARα plays a 

critical role in the maintenance of cardiac energy and lipid homeostasis by its regulatory 

influence on cellular fatty acid utilization pathways.111 

In conclusion, PPARa plays a central role in FAO signalling system and maintaining lipid 

homeostasis. PPARα can recognize a broad array of ligands, sense wide changes in FA status 

and dietary inputs. PPARα not only plays a key role in the transcriptional control of substrate 

switching 112 but artificial ligands for PPARα, such as Fenofibrate, also protect against 

endothelin-induced cardiac hypertrophy and failure,113, 114 and cardiac function is seen to be 

severely damaged in PPARα null mice during pressure overload.115 In particular, as 

metabolism may vary from cell-to-cell and tissue-to-tissue, PPARα may act locally to 

integrate a variety of cell-specific metabolic parameters. The ability of these receptors to 

respond to distinct metabolic cues provides a potential mechanism to maintain a balance 

between FA breakdown and storage.116  

 
1.5 Cardiac metabolism in hypertrophied heart 

1.5.1 Substrate shift with FAO downregulation in pressure-overload 

Hypertrophied hearts, such as in AS undergo a shift in substrate metabolism with a 

preference towards glucose utilisation, as glucose is a more efficient fuel compared to 

FAs.117, 118 Long-chain fatty acid oxidation rates are lower in pathologically hypertrophied 
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hearts than in non-hypertrophied hearts.117 FA utilisation requires greater oxygen per mole 

ATP production compared to carbohydrate. Accordingly, a shift in substrate utilisation in 

LVH to greater dependence upon glucose is anticipated to enhance myocardial efficiency 

through increasing energy production at lower oxygen cost. There have been multiple 

attempts to provide insight regarding the impact that substrate shifts have on pressure 

overload-induced remodelling, however, mixed results have been reported. More recently, it 

has been suggested that this substrate shift in pressure overload hypertrophy associated with 

reactivation of other foetal-like hallmarks (e.g., myosin heavy chain isoform switching) 

contributes towards the progression to overt contractile failure.119 Studies in mice with either 

deficient muscle CPT1 to limit fatty acid oxidation120 or ACC2121 knockout to promote fatty 

acid oxidation, suggest that decrease in fatty acid oxidation in the hypertrophic heart is a 

maladaptive response.122 Pal et al123 in their study of patients with symptomatic severe AS 

discerned no significant impact of CPT-1 inhibitor, perhexiline on the primary symptomatic 

endpoint, LV systolic function or plasma BNP, whose levels predict outcome in AS. These 

findings contrast the salutary effect of perhexiline in symptomatic primary LVH caused by 

HCM,124 suggesting that strategy to further enhance myocardial substrate switching in favour 

of carbohydrate utilisation may not be clinically beneficial in LVH associated with pressure 

overload. More recently, Ritterhoff et al have shown that metabolic switch from FAs to 

glucose is associated with an increase in anabolic metabolism, which provides glucose-

derived aspartate for cellular hypertrophy. Although the hypertrophic growth provides short-

term benefits, including reducing wall stress and sustaining cardiac function, it becomes 

maladaptive and predisposes ton heart failure long-term. Furthermore, preservation of FAO 

reduces anabolic substrate availability and prevents cardiomyocyte hypertrophy. It remains 

unclear, however, whether FAO directly regulates hypertrophic growth or whether 
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attenuation of hypertrophy is a consequence of improved myocardial energetics and function 

when FAO is preserved.125 

1.5.2 Glucose metabolism in pressure overload hypertrophy 

The pattern of energy substrate utilization that develops in pathological cardiac hypertrophy 

resembles that in foetal hearts with increased glucose consumption. However, this increase in 

glucose uptake and glycolysis can occur in the absence of any increase in glucose oxidation, 

resulting in an uncoupling of glycolysis from glucose oxidation.122 Indeed, recent studies of 

failing animal hearts have shown that glucose oxidation rates can be significantly 

depressed in pathologically hypertrophied hearts than in non-hypertrophied hearts as there is 

increased reliance on glycolysis and a decrease in overall mitochondrial oxidative 

metabolism.126, 127  

 

1.5.3 Anaplerosis (upregulation of pathways that replenish the pools of metabolic 

intermediates) and cardiac lipotoxicity 

In hypertrophied rat hearts, an 80–90% increase in anaplerotic flux has been observed and is 

further supported with increased tissue content of malate.78, 127 A significant increase in the 

gene expression of malic enzyme without a change in pyruvate carboxylase78 supported the 

idea of increased anaplerosis through the pyruvate–malate pathway. Although the increased 

anaplerotic flux in hypertrophied myocardium is sufficient to maintain overall TCA cycle 

flux, it reduces the efficiency of ATP production from pyruvate. The hypertrophic heart 

works to maintain TCA flux by upregulating anaplerosis (Figure 1.8). In the hypertrophied 

heart, the elevated anaplerotic flux occurs via carboxylation of pyruvate through increased 

expression of the NADPH-dependent, cytosolic malic enzyme. The consequences of shifting 

single pyruvate molecule from oxidation to anaplerosis reduces ATP generation from 14 to 3 

ATP. Anaplerotic entry into the second span of the TCA bypasses several of the NADH-
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generating reactions.128 In addition, the carboxylation of pyruvate to form malate via malic 

enzyme consumes and depletes NADPH. The reduction in NADPH may represent one of the 

mechanisms responsible for the reduced triacyl glyceride (TAG) content within the 

hypertrophic myocardium and  hence, TAG oxidation to facilitate energy transduction is not 

operational.129, 130 Diacylglycerol (DAG) as well as ceramide species are increased in the 

hypertrophied heart and have been associated with lipotoxicity, while redirecting these toxic 

lipid intermediates into the TAG pool prevents lipotoxicity.131, 132 

Pound et al78 in their study added further insight into the consequences of enhanced 

intermediary metabolism in the hypertrophied heart by confirming in isolated perfused rat 

hearts that pressure overload–induced cardiac hypertrophy results in diminished contractile 

function in association with a significant increase in malic enzyme linked anaplerosis 

compared to non-hypertrophied control hearts.  
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Figure 1.8: Anaplerosis depicting pyruvate entry into competing reactions. Oxidation via pyruvate dehydrogenase (PDH) vs anaplerotic 
carboxylation to malate via malic enzyme. Bold arrows indicate the increased action of Malic enzyme in the hypertrophied heart. Acetyl-CoA is 
produced from long chain fatty acids via β-oxidation and from glycolytic pyruvate via PDH. Anaplerosis contributes malate and oxaloacetate in 
the second (5 carbon) span of the citric acid cycle and is fuelled by both the amino acids (aspartate) and pyruvate. Enzymes catalysing pyruvate 
entry into anaplerosis are pyruvate carboxylase (PC) and malic enzyme. Carboxylation of pyruvate, via malic enzyme, consumes NADPH 
necessary for TAG synthesis and glutathione reduction. Aspartate fuels anaplerosis through aspartate aminotransferase (AAT), producing 
oxaloacetate. 
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1.5.4 Impaired myocardial energetics (PCr/ATP and CK flux)  

Cardiac hypertrophy impairs the relationship between ATP demand and production. 

Myocardial energetic state that is reflected by the ratio of PCr/ATP is significantly decreased 

in hearts with LVH. The severity of this abnormality is linearly related to the severity of 

cardiac hypertrophy as well as LV dysfunction.133 The PCr/ATP ratio, however, is only one 

indicator of the energetic state of the myocardium and is shown to be reduced in 

hypertrophied hearts 130and in HF134 but PCr/ATP ratio does not directly reflect the rate of 

ATP production through the CK reaction. ATP levels fall only when PCr levels are 

substantially depleted, because the CK system strongly favours ATP synthesis above PCr 

synthesis, this may be more important in the progression to HF in patients with LVH.135 In 

the hypertrophied heart, there is initially a decline in PCr pool before any changes in ATP.136 

The decline in PCr is the result of a decrease in total creatine,137with the decline in total 

creatine directly related to the severity of  hypertrophy.138As the heart moves closer to 

decompensation, both the PCr and ATP pools begin to decline.139 LV hypertrophy alone is 

associated with a reduction in the PCr/ATP; however, there is not a further decline in the 

PCr/ATP in patients that have transitioned to chronic heart failure.140 There is, however, a 

significant decline in CK flux between LV hypertrophy and chronic heart failure.139 

Therefore, at a similar PCr/ATP, the delivery of energy via CK can be dramatically different 

in pressure overload state.141 

1.5.5 PPARα downregulation and consequent abnormal lipid homeostasis in pressure 

overload hypertrophy  

Pressure overload-induced hypertrophy results in downregulation of PPARα and subsequent 

dysregulation of FAO enzyme gene expression, which sets the stage for abnormalities in 

cardiac lipid homeostasis and energy production.64, 142(Figure 1.9). 
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Pre-clinical studies using isolated rat hearts subjected to pressure overload143 showed that 

myocardial FA oxidation was depressed, whilst glucose uptake was increased. Previous MRS 

studies144 of cardiac metabolism in rats after aortic constriction showed that in compensated 

hypertrophy FA oxidation was suppressed, there was increased reliance on glucose primarily 

via glycolysis whereas lactate and glucose oxidation were unaffected.	There was increased 

pyruvate oxidation suggesting that mitochondrial function was not impaired, This increased 

flux of pyruvate is mainly through anaplerotic pathways which reduces its availability for 

oxidation by the PDH complex. As a result, pyruvate oxidation might not sufficiently 

compensate for the impaired FA oxidation, leading to energetic inefficiency of the Krebs 

cycle. Furthermore, increased flux through malic enzyme may also affect cardiac function by 

consuming NADPH which is required for triglyceride synthesis and for defending against 

oxidative stress. 

Thus,  reduction in FA oxidation is at the level of β-oxidation or more upstream (cellular 

uptake or activation of FA). The deficiency of carnitine palmitoyltransferase-1b (CPT1b), a 

mitochondrial β-oxidation rate-limiting enzyme that controls the uptake of long-chain acyl-

CoA in the mitochondria, has shown to result in myocardial lipid accumulation, increased 

ceramide levels, and worsened pathological myocardial hypertrophy in the cardiac pressure 

overload model.120 An alternative concept is that the decline in FA oxidation in the 

hypertrophic and failing myocardium is the direct consequence of a reduction in the 

expression of the FA-handling genes concerned, as depicted in Figure 1.9.145  

However, a generalized description of the shift in energy providing metabolism as a simple 

reduction in fatty acid oxidation with increased carbohydrate use, neglects the balance of 

carbon flux in and out of the citric acid cycle, and neglects changes in the overall dynamics of 

lipid utilization/storage that produce physiological effects.146, 147 
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Eventually it appears to be a combination of reduced FAO, upregulation of anaplerosis and 

glycolysis, reduction in overall TAG volume and turnover rate that gives rise to myocardial 

lipid accumulation/steatosis.148This accumulation provides a source for non-oxidative 

metabolism of excess FAs to diacylglycerol and ceramide, potentially resulting in 

lipotoxicity, apoptosis and cardiac dysfunction.149, 150 

Cardiac lipotoxicity and resulting increased oxidative stress can cause mitochondrial 

dysfunction and potentially decrease rates of ATP synthesis and may play an important role 

in the progression from compensated hypertrophy to overt heart failure.151, 152 

 

 

 
Figure 1.9: Potential role of genomic alterations as causative factors in the chain of events 
leading from compensated hypertrophy to cardiac failure. Reductions in PPARϒ-
coactivator-1α (PGC1α) and nuclear receptor factor [(Nrf1/2), left side] impair 
mitochondrial replication and the expression of genes constituting respiratory chain 
complexes. Concurrently, the expression/activity of PPARs (right side) is reduced leading to 
diminished expression of FA oxidation (FAO) genes.  
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1.5.6 Oxidative stress and mitochondrial dysfunction in hypertrophy 

The development and progression of cardiac hypertrophy is associated with changes in the 

expression of multiple structural, signalling, and metabolic genes.153, 154 Metabolic changes 

upon cardiac hypertrophy include substrate oxidative preference and subsequent 

mitochondrial dysfunction.155 There is no consistent pattern for how ETC capacity changes in 

non-failing pressure overload hypertrophy. For example, increased complex I & III activity 

has been reported in humans with AS and peak gradients of > 80 mmHg compared with 

control subjects. Conversely, several animal studies have reported unaltered or reduced state 

3 rates or complex I/II activities in pressure overload. Uncoupling proteins (UCPs) in the 

inner mitochondrial membrane allow protons to flow across mitochondrial membrane, and by 

doing so, generate heat instead of producing ATP.141 UCPs have been implicated in the 

pathogenesis of a variety of diseases with energy metabolism dysfunction.156 

Elevated myocardial triglyceride levels have potential to stimulate apoptotic signal 

transduction pathways as well as increase mitochondrial uncoupling cardiac proteins 

(UCPs),157 which, in turn, are associated with decreased mitochondrial respiratory coupling 

and low cardiac efficiency.158 Mitochondrial UCP3 levels were increased in the 

hypertrophied failing hearts and correlated positively with plasma FFA concentrations.159,160 

Studies of mitochondrial UCP2 mRNA expression in the development of cardiac hypertrophy 

has yielded contradicting results.159, 161  The discrepancies could apparently be attributed to 

differences in subject species and the causes of cardiac hypertrophy.  

 
1.5.7 Myocardial steatosis and LV dysfunction in hypertrophy 

Although in humans there is no direct evidence yet whether this is cause or effect, preclinical 

studies have demonstrated a causal link between steatosis and LV dysfunction. Chiu et al 
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generated transgenic mice that overexpressed long-chain acyl-CoA synthetase in the heart 

and showed that mismatch between myocardial FA uptake and utilisation leads to cardiac 

lipotoxicity. Haematoxylin & Eosin staining revealed vacuolated myocytes, consistent with 

intracellular accumulation of lipid. There was evidence of DNA fragmentation and increased 

cardiac ceramide content consistent with stimulation of apoptotic pathways. These were 

observed after lipid accumulation and before development of significant LV dysfunction, 

suggesting that lipid-induced programmed cell death contributes to the development of 

cardiomyopathy.148 Similarly, Zhou et al showed a causal relationship between abnormal FA 

metabolism and reduced myocardial contractility in obese Zucker Diabetic Fatty (ZDF) rats. 

Myocardial TAG was higher in ZDF rats due to under expression of FA oxidative 

enzymes and PPARα. Ceramide levels were increased compared to controls causing 

cell apoptosis and lipotoxic cardiomyopathy. A causal relationship was further supported 

by the fact that antisteatotic agent, Troglitazone, which reduced cardiac 

triacylglycerol, prevented both cardiac apoptosis and loss of myocardial function.162 

There is now ever increasing evidence implicating altered myocardial substrate utilisation 

and consequent steatosis in hypertrophy and heart failure in humans.110, 131, 151 Mahmod et al 

have shown that steatosis is present in both symptomatic and asymptomatic severe AS and 

that it independently correlates with impaired myocardial deformation (strain), a measure of 

early LV contractile dysfunction.163 Furthermore, in symptomatic severe AS, positive oil red 

O staining of lipid deposition (a marker of steatosis) in myocardial biopsies was associated 

with systolic strain abnormalities. This is supported by a previous study by Marfella et al 

demonstrating a significant association between myocardial lipid staining and LV 

dysfunction in AS patients with the metabolic syndrome.152 

In summary, decreased FAO clearly contributes to the reappearance of the foetal metabolic 

pattern in hypertrophied and failing hearts that leads to increased reliance on glycolysis 
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combined with upregulation of anaplerosis to maintain TCA flux and slightly improves 

myocardial oxygen efficiency, but this metabolic profile is inefficient in utilizing carbon 

substrates for ATP production during increased energy demand, leading to impaired 

myocardial energetics and depletion of contractile reserve.164 With advancing cardiac 

hypertrophy, perturbations in substrate partitioning and selection become associated with 

cardiac lipotoxicity and reduced contractile reserve. Despite the recruitment of alternative 

intermediary pathways to enhance flux through the TCA cycle, cardiac efficiency is 

incompletely restored with a persistent deficit in the PCr/ATP ratio. PPARα not only serves a 

critical role in normal cardiac metabolic homeostasis, but also alterations in PPARα 

signalling likely contribute to the pathogenesis of pressure-overload hypertrophy in AS.64, 110 

Fibrate drugs such as fenofibrate, PPARα activator, have been shown in various animal and 

clinical studies to inhibit LVH 165and phenotypic changes in cardiac gene expressions166 well 

as to reduce excessive myocardial lipid accumulation.167 Myocardial lipid accumulation 

(steatosis) can be directly cardiotoxic and cause unfavourable LV remodelling.131 

In the studies to date, these metabolic changes have only been studied in mainly animal 

models and not in real world insulin resistant chronic moderate-severe AS population. 

However, it is yet unclear how early these metabolic changes occur in the disease process and 

what role, if any, do they play in decompensation and progression to heart failure. I set to 

study this precisely in my research and findings are detailed in Chapter 3. Furthermore, 

considering the critical role of PPARa in lipid homeostasis as detailed above, I sought to 

determine in this research if PPARa agonists  are able to modify cardiac metabolism 

favourably in AS, detailed later in Chapter 5. 

1.6 Role of Magnetic resonance spectroscopy (MRS) in AS  

Magnetic resonance spectroscopy (MRS) is the only non-invasive, non-radiation exposure 

technique for the investigation of cardiac metabolism in vivo.168 The basic principle enabling 
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MRS is that the distribution of electrons within an atom cause nucleus in different chemical 

environments, to experience slightly different magnetic fields. This results in different 

resonant frequencies, which in turn cause signals from these nuclei to appear as separate 

peaks in the MR spectrum.169 MRS uses magnetic resonance signals from nuclei, such as 

31phosphorus, 1hydrogen, 13carbon and 23sodium to provide comprehensive metabolic and 

biochemical information about cardiac muscle. This method is highly versatile and can 

provide metabolic insights into the role of cardiac metabolism in a wide number of 

conditions, including hypertensive, valvular, and ischemic heart disease, heart failure, as well 

as cardiomyopathies. This method can also be used to monitor patient responses to 

therapeutic interventions: pharmacologic,170 surgical, or interventional.171 When combined 

with cardiovascular magnetic resonance imaging, MRS enables detailed pathophysiologic 

insights into the inter-relations among cardiac structure, function, and metabolism. However, 

MRS is currently used primarily as a research tool because of low spatial resolution and 

reproducibility.  

Cardiac MRS uses mostly the same hardware as conventional CMR for patients, typically a 

1.5- or 3.0-T magnet (ultra-field [7- to 18-T] for experimental studies), with additional 

hardware including nucleus-specific coils (e.g., 31P-coil) and a broadband radiofrequency 

transmitter to excite non-proton nuclei. Specific MRS acquisition sequences, MRS post-

processing, and data analysis packages are also required.  

In this research, I used advanced MRS techniques, particularly proton (1H-) and phosphorus 

(31P-) MRS to understand the metabolic intricacies in AS. Below, I introduce the available 

MRS techniques and their role in cardiac disease. 
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1.6.1 1H-MRS for assessing lipid metabolism 

1H-MRS is a method capable of detecting and quantifying specific cardiac biomolecules, 

such as lipids and creatine in normal and diseased hearts in both animal models and 

humans.172, 173 In vivo, 1H-MRS is mainly used to provide a window into cardiac metabolism 

at two different levels. Firstly, lipid (triglyceride) content of the heart is highly dynamic and 

myocardial lipid overload has been implicated in the pathophysiology of cardiac disease. 

Thus, measuring lipids will help to better understand their role in the healthy and diseased 

heart. Secondly, the measurement of total creatine, a crucial actor in the CK system, gives an 

insight into high-energy phosphate transport and storage but still requires more sophisticated 

techniques to allow accurate measurement.174 

Two single-voxel single-shot localization techniques commonly used for 1H-MRS are PRESS 

(Point Resolved Spectroscopy) and STEAM (Stimulated Echo Acquisition Mode).175 As the 

concentration of cardiac proton metabolites is less than 2% of the water concentration, it is 

necessary to apply water suppression prior to the PRESS or STEAM acquisition using the 

CHESS (chemical shift selective) sequence. For the purpose of metabolite quantification, the 

maintenance of steady-state magnetization is important. More details of the method are 

explained in Chapter 2. 

 

1.6.2 31P-MRS for assessing high-energy phosphate metabolism 

31P-MRS allows the in vivo quantification of phosphorus (31P)-containing metabolites 

involved in energy metabolism, such as phosphocreatine (PCr) and adenosine triphosphate 

(ATP). Using 31P MRS, various indices of the CK system have been measured to assess 

mitochondrial energetics, including the PCr/ATP ratio and forward creatine kinase (CK) 

flux.176 Cardiac 31P-MRS in humans is typically performed at higher magnetic field strengths 

of 1.5–3 T and takes 10-30 minutes to acquire. Studies have shown that PCr/ATP is a better 
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predictor of long-term survival than NYHA functional class or LV EF in several cardiac 

conditions: dilated cardiomyopathy,177 hypertrophic cardiomyopathy,178 HF with preserved 

ejection fraction,179 and  ischemic heart disease.180 CK reaction rate and flux can also be 

probed by 31P-MRS, which provides a more accurate assessment of cardiac energetic state 

than PCr/ATP alone. Multiple studies have previously demonstrated that both PCr/ATP ratio 

and CK flux are reduced in symptomatic AS patients,139, 181 being lowest in those with 

associated systolic failure,164 and correlates with LV end-diastolic pressures and end-diastolic 

wall stress in line with previous histological animal and human studies.182,183  Some have also 

shown that impaired energetics in AS are reversible following relief of pressure overload and 

hypertrophy regression.184, 185  Further details on 31P-MRS method used in this research are 

discussed in Chapter 2. 

1.6.3    Other MRS techniques 

1.6.3.1 Hyperpolarised 13C MRS 

Hyperpolarized 13C spectroscopy has enabled the assessment of pyruvate metabolism in vivo 

in humans.186 The technique potentially provides a window on several important metabolic 

processes that are essential to cardiac function and vary during differing disease processes, 

including diabetes,187 dilated cardiomyopathy,127 ischemic heart disease,186 cardiac 

hypertrophy, and HF.188 

The metabolism of the injected [1-13C] pyruvate provides information on key metabolic 

reactions (i.e., lactate dehydrogenase, PDH, and alanine transaminase).189 Other molecules 

have also been successfully studied, including [2-13C] pyruvate190 for investigation of 

metabolism through the TCA cycle, [1,4-13C2] fumarate191 or assessment of cellular necrosis, 

and 13C-bicarbonate,192 for in vivo assessment of extracellular pH. 
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In the pressure-overloaded myocardium, there is proposed to be an increase in glycolysis 

despite a normal level of flux through PDH, leading to increased incorporation of 

glycolytically derived pyruvate into lactate.193 Histologic studies in hypertrophied rat hearts 

have demonstrated that this mismatch between glycolysis and glucose oxidation is the 

consequence of increased pyruvate carboxylation and lower flux through PDH, resulting in 

the increased lactate production.194 Use of hyperpolarized 13C imaging in the pressure-

overloaded state in vivo could remarkably improve our understanding of the metabolic 

alterations and their effect on cardiac function. 

The clinical use of hyperpolarized 13C imaging is in its infancy, with only selected centres 

having the capability to run cardiac scans in humans.  

1.6.3.2 Deuterium (2H-) MRS 

An alternative metabolic imaging technique to study TCA cycle metabolites is deuterium 

MRS (DMRS). This has recently been used in combination with an infusion of deuterium-

labelled glucose or acetate by Wang et al 195 in rat hearts to determine the rates in vivo of 

glucose metabolism and the TCA cycle, which dominates mitochondrial ATP production in 

supporting cardiac function. Though not yet tested in humans, DMRS could be valuable for 

investigating the metabolic shift from preferred FAO to glucose oxidation under stress and 

diseased conditions.196 To develop the DMRS technique for clinical translation, further 

research is needed to understand the relationship between imaging measures and cardiac 

pathophysiology in human patients. 

Table 1.2 gives an overview of available MRS techniques and their potential application.  
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Table 1.2: Overview of available MRS techniques and their potential application. 
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1.7 Exercise capacity assessments 

 
1.7.1 Cardiopulmonary Exercise Test (CPET) 

Cardiopulmonary exercise testing (CPET) provides assessment of the integrative exercise 

responses involving the pulmonary, cardiovascular and skeletal muscle systems, which are 

not adequately reflected through the measurement of individual organ system function. CPET 

is being used increasingly in a wide spectrum of clinical applications for evaluation of 

undiagnosed exercise intolerance and for objective determination of functional capacity and 

impairment. It delivers breath-by-breath gas exchange measures of 3 variables: O2 uptake 

(VO2), carbon dioxide output (VCO2), and minute ventilation (VE). These 3 measures are 

used to derive various other gas exchange patterns that reflect organ-specific maladaptive 

responses to exercise, particularly when CPET is coupled with standard exercise variables 

(HR, blood pressure, electrocardiogram), and other hemodynamic measurements during 

exercise. 

CPET evaluation involves an assessment of whether there was maximum volitional effort, as 

indicated by RER >1.0 to 1.1. Heart rate >85% of predicted also signals maximum effort but 

is often not achieved in patients with beta blockers/or with chronotropic incompetence. Peak 

VO2 remains the gold standard metric of fitness and is the focal point of CPET interpretation 

if maximum effort was achieved. Peak VO2 is known to be an important predictor of 

prognosis in HF patients with a peak VO2 ≤14 ml/kg/min associated with poor 

prognosis.197 For patients who do not achieve maximum effort, O2 uptake variables that are 

independent of volitional effort are useful i.e., oxygen uptake efficiency (OUES) <1.4 and 

VO2 at ventilatory threshold (VT) <9 ml/kg/min indicating a poor prognosis in HF cohort. 

There are no studies yet assessing the prognostic cut-off of CPET parameters in AS and 

hence data from HF studies is generally used as a reference guide on overall performance. 
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A significant proportion of patients with apparently asymptomatic moderate-severe AS 

exhibit exercise limitation as measured by peak VO2. CPET therefore has potential as a 

useful tool for serial monitoring. It can provide valuable information on haemodynamic and 

physiological components that determine decreased peak VO2. It is useful to identify 1) 

patients with a low risk of cardiac death and low risk of progression to symptoms from the 

AS, and 2) patients with hemodynamic compromise who may improve in functional capacity 

after therapeutic intervention. 

1.7.2  Six-minute walk test (6MWT) 

The 6MWT is a physical performance test that evaluates the global and integrated responses 

of systems involved during physical activity, including cardiopulmonary function, systemic 

circulation, neuromuscular units, and metabolism.198 The 6MWT is widely used to stratify 

risk and guide treatment in patients with congestive heart failure.199 In asymptomatic patients 

with aortic valve stenosis, the 6MWT has been shown to be an independent predictor of all-

cause and cardiovascular mortality.200 It is an excellent tool for the measurement of 

functional status of a patient and is of incremental value to clinical and imaging evaluation. 

6MWT can be a useful guide for monitoring disease progression and clinical follow-up 

intervals in patients with AS.  
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Participants performed the 6MWT by walking at their own pace back and forth along a 30-

metre length corridor around a set of cones spaced 10 metres apart for 6 minutes. The 

standard validated protocol was followed which is established for use in clinical and research 

practice. Total distance covered was recorded along with Borg scores for dyspnoea and 

fatigue. 

The findings from the exercise assessment of the study patients and the effect of PPARa 

agonist on exercise capacity in AS is discussed in detail in Chapter 4 and 6. 

 

1.8 Summary of Research rationale 

Lipid metabolism seems to underpin both the metabolic and the hypertrophic mechanisms 

seen in the pressure-overload state, this may be a common pathway to target as a therapy. 

MRS, with its recent improvements in technique and advanced processing systems, will 

prove to be of clinical value in establishing the link between abnormal metabolism and 

progression from compensated hypertrophy to HF. It could potentially identify metabolic 

biomarkers to monitor progression of the disease and help in risk stratification in AS. In this 

way, it not only will be helpful in guiding decision making for valve replacement in addition 

to currently available imaging tools, but also could help in exploring avenues for precision 

metabolic therapy. 

Thus, a therapeutic approach that alters myocardial substrate selection may target both the 

cardiac metabolic and the structural effects of pressure overload and is likely to be effective 

in treating cardiac dysfunction in AS and other pressure-overload disorders. PPAR agonists 

are one such group of drugs, especially PPAR-α, which play a central role in the FAO 

signalling system as well as control lipid homeostasis.64 The ability of PPARα receptors to 

respond to distinct metabolic cues provides a potential mechanism to maintain a balance 

between FA breakdown and storage, and their down-regulation in the pressure-overload 
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hypertrophy state has been shown to have deleterious effects.116 Fibrates (PPAR-α agonists) 

are one such group of drugs that hold promise with their ability to up-regulate FAO in cardiac 

myocytes and reduce lipotoxicity in pressure-overload hypertrophy. Another group that may 

hold potential are PPAR-γ agonists, Thiazolidinediones, help in adipogenesis and redirect 

excess free FAs to adipose cells preventing lipotoxicity. In the heart, they also oppose 

inflammatory pathways and function as a growth suppressor. 

The successful translation of therapies targeting cardiac substrate alterations in AS will 

require a deeper understanding of the interplay between cardiac substrate metabolism, lipid 

deposition, energy generation, and cardiac function, especially in those with asymptomatic 

moderate to severe AS and preserved ejection fraction. 

1.9 Aims of this Research  

 
• To study the timing of the metabolic changes in AS, mainly myocardial steatosis and 

energetic deficit and their relationship with structural changes and subclinical LV 

dysfunction. 

• To assess whether upregulating fatty acid metabolism in AS using PPARα agonist, 

Fenofibrate would alter myocardial lipid accumulation and have any effect on cardiac 

physiology and exercise capacity. 

 

To achieve this, the research was divided into two sub-studies and involved multi-parametric 

cardiac magnetic resonance imaging (explained in detail in Chapter 2)  
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1.9.1 Correlational study (detailed in chapter 3 and 4) 

The aim of this study is to study the timing and severity of structural and metabolic changes 

across the spectrum of AS using advanced cardiac magnetic resonance imaging techniques 

and biochemical analysis.  

I further evaluated if cardiac metabolism in AS could be modulated using a PPAR α agonist, 

Fenofibrate. The second part of the research sought to determine this. 

 
1.9.2 Randomised double-blind placebo-controlled study/Ox-FAST – Oxford: Fibrates 

in Aortic Stenosis (detailed in chapter 5 and 6) 

The main objective of this study is to assess the effects of a fibrate drug, fenofibrate (a 

PPARα agonist, a key regulator of lipid metabolism) on myocardial triglyceride content 

(MTG) and cardiac physiology and exercise capacity in patients with asymptomatic 

moderate-severe AS. 
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2 Chapter Two  

Methods 

 
2.1 General methods 

The study received approval from a Research Ethics Committee (South London, 

18/LO/1981). Research was conducted in accordance with institutional procedures and 

Declaration of Helsinki. Participants were prospectively recruited from clinical activity 

across three sites: Oxford University hospital NHS trust, Oxford, Great Western hospital 

NHS trust, Swindon, and Royal Berkshire hospital, Reading. Each participant gave written 

informed consent to be involved. 

Healthy volunteers were recruited from another study with similar protocol and ethics 

approved by research ethics committee (South Central Oxford C, 15/SC/0004). 

The project was funded through British Heart Foundation Clinical Research Training 

Fellowship (FS/18/17/33514). 

2.2  Eligibility Criteria 

2.2.1 Inclusion criteria 

• Willing and able to give informed consent for participation in the study. 

• Male or Female, aged 18 years or above 

• Not planned for aortic valve intervention (AVR or TAVI) 

• No other significant valvular condition including AR. 

• No contraindication to magnetic resonance imaging  

• Able (in the investigator’s opinion) and willing to comply with all study 

requirements 
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2.2.1.1 Correlational study group 

• Asymptomatic with diagnosed mild, moderate or severe AS per their clinical 

echocardiogram findings, but no other valvular condition. 

2.2.1.2 Ox-FAST group  

• Asymptomatic with diagnosed moderate to severe AS (at least two of the 

following:  aortic valve area <1.5 cm2, peak pressure gradient >36 mmHg or 

mean pressure gradient >25 mmHg)  

• Participant on stable doses of current regular medications for at least 6 weeks 

prior to entry to the study 

• Female participants of childbearing potential ensure effective use of 

contraception by themselves or their partner during the study and six months 

thereafter. 

2.2.1.3 Healthy volunteers’ group : same as section 2.2.1 

2.2.2 Exclusion criteria 

• Known coronary artery disease, history of angina, myocardial infarction or 

presence of regional wall motion abnormalities 

• Presence of other underlying cardiomyopathy 

• LVEF<50% 

• Presence of uncontrolled hypertension (BP >160/100 despite medical therapy) 

• Presence of type 1 or type 2 diabetes mellitus (known diagnosis of diabetes or 

fasting blood glucose >7mmol/L) 

• Presence of liver impairment (known diagnosis of liver disease or abnormal liver 

function tests) 

• Female participant who is pregnant, lactating or planning pregnancy during the 

study  
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• BMI >40 kg/m2 

• Significantly impaired renal function (eGFR<30ml/min) 

• Intolerance to or concurrent use of fibrates or PPARα agonists. 

• Contraindications to MRI (implantable devices or other metal implants, internal 

cardioverter-defibrillator, cranial aneurysm clips, metallic ocular foreign bodies, 

hypersensitivity to gadolinium) 

• Inability to tolerate MRI scanning (claustrophobia, inability to lie flat) 

• Any other significant disease or disorder which, in the opinion of the investigator, 

may either put the participant at risk because of participation in the study, or may 

influence the result of the study, or the participant's ability to participate. 

2.3  Study assessments 

Both correlational and Ox-FAST study participants underwent screening and baseline 

assessment as detailed below.  

2.3.1 Visit 1 - Screening and Baseline assessments  

This included the following: 

1. Eligibility check and informed consent 

2. History 

3. Physical Examination (5 mins) 

Anthropometric measurements including height, weight, BMI and waist to hip ratio 

will be established. Blood pressure and heart rate were recorded. Blood Pressure was 

recorded as average of 3 supine measures taken over 10 minutes (DINAMAP-1846-

SX, Critikon Corp). 

4. Resting 12 lead ECG 

5. Venous Cannulation and blood collection (15-20 minutes) 
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Prior to undergoing CMR scanning, each participant was cannulated to prepare the 

participant for the administration of contrast agent gadolinium, and at the same time 

baseline blood samples (25mls) including full blood count, renal function profile 

(Sodium, potassium, urea, creatinine), liver function tests (Albumin, ALP, ALT, 

bilirubin), Total cholesterol, HDL cholesterol, calculated LDL cholesterol, 

Triglycerides, Free fatty acids, NT-pro BNP were taken. istat creatinine was checked 

to ensure eGFR> 30ml/min prior to administration of the contrast agent. 

Patients were instructed to fast at least six hours before the scheduled visit as fasting 

blood samples will be required. 

6. Cardiac Magnetic Resonance (60-75 mins) including Magnetic Resonance 

Spectroscopy (MRS) at 3Tesla MR scanner.  

All participants underwent CMR scan and participants were asked for their consent to 

have their de-identified images stored at the time of initial consent. Participants lay in 

a supine position and a dedicated CE marked cardiac coil was placed around their 

chest. Images were obtained using breath hold and ECG gating. 

7.  6 minute walk test 

Participants were asked to perform a 6 minute walk test (6MWT) by walking at their 

own pace back and forth along a 30 metre length for 6 minutes. The standard 

validated protocol was followed which is established for use in clinical and research 

practice. Total distance covered was recorded along with Borg scores for dyspnoea 

and fatigue. 

8. Cardiopulmonary Exercise Testing 

Cardiopulmonary exercise testing (CPET) was undertaken using an upright bicycle 

ergometer protocol with simultaneous respiratory gas analysis as previously 

described.203 An incremental ramp protocol was utilised whereby workload will be 
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gradually increased with continual heart rate, blood pressure and ECG recording. 

Subjects were exercised to volitional fatigue with a corresponding adequate 

respiratory exchange ratio (RER) achieved as a requirement for satisfactory effort 

defined as RER of >1.1. Peak oxygen consumption (peak VO2) was determined by 

averaging VO2 measures over 30 seconds of peak exercise. The exercise protocol is a 

validated incremental protocol with established use in clinical and research practice.  

 

Participants who were eligible were then enrolled into the Ox-FAST sub-study and 

randomised to either receive fenofibrate or placebo for 6 months after the baseline 

assessments.  

Ox-FAST participants further underwent follow-up assessments at 3- and 6-months intervals 

as detailed in visit 2 and 3 below. 

2.3.2  Visit 2 - Safety and compliance assessment (3 months ± 7 days) 

 This included the following: 

1. Evaluate the participant’s safety by history taking 

2. Check medication packaging and compliance  

3. Dispense study medication for the remaining three-month study period 

2.3.3 Visit 3 – End of treatment assessments (6 months ± 7 days) 

 Same assessments as baseline visit 1 will be undertaken: 

1. History and physical examination 

2. Resting ECG 

3. Venous cannulation and blood collection 

4. CMR and MRS at 3.0T  

5. 6 minute walk test 

6. Cardiopulmonary exercise testing (CPET) 
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2.3.4 Visit 4 – Study completion (1 month after end of treatment) 

Visit 4 marked the completion of the study for the individual participant. This follow 

up was executed via telephone call/email. 
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Figure 2.1: Flowchart of study visits 
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Healthy volunteers only underwent CMR imaging without gadolinium contrast agent 

administration. 

2.3.5  COVID-19 modification to the study schedule 

In light of the COVID-19 pandemic and subsequent lockdowns from March 2020, visit 

schedule was changed to keep face to face patient contact to minimum. A decision was made 

to conduct visit 2 (3-month follow-up) via telephone/email and only arrange face to face 

follow-up where needed. Amendment to the protocol was submitted and approved by the 

REC committee in November 2020. 

2.4 Clinical assessment 

History included assessment of inclusion and exclusion criteria as explained above in section 

2.2 and drug history including allergies.  

2.4.1 Anthropometry 

Height and weight were recorded, and BMI calculated. BMI ³40 kg/m2 were excluded from 

the study. 

2.4.2 Blood Pressure 

Blood pressure was recorded after history taking as an average of 3 supine measures taken 

over 10 minutes (DINAMAP-1846-SX, Critikon Corp).  

2.4.3 ECG  

A 12-lead ECG was recorded and analysed by a physician. Most patients had high voltage 

criteria in keeping with LVH on the ECG.  

2.4.4 Bloods 

Fasting venous blood was drawn for glucose, lipid profile, free fatty acids (FFA), liver and 

renal function and NT-proBNP. Bloods were also drawn for metabolomics assessment which 

is explained in the next section below. 
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2.4.4.1  Metabolomics 

Metabolomics is the study of complete profile of small-molecule metabolites providing 

metabolic overview. PPARa downregulation and substrate shift in AS, unlike other 

pathological states such as in diabetes, is maladaptive and interpretation of the metabolome 

ideally paired with measurement of energy flux rates can help elucidate and identify whether 

manipulation of metabolism can improve or rescue the HF phenotype in AS. 

For this study, I collected blood samples from all AS participants including mild, moderate 

and severe disease to understand the timing of changes in cardiac metabolism across the 

spectrum of the disease. For OxFAST study participants, samples were collected both at 

baseline and 6 months to study the effect of PPARα agonist on fatty acid metabolism in the 

heart. These results would help in evaluating the rates of FAO and correlate with the results 

from CMR and blood tests in the study. 

Samples are, however, awaiting to be analysed by Prof Jules Griffin and his team in 

Aberdeen. Unfortunately, due to the impact of COVID-19 pandemic and subsequent 

lockdowns, there have been delays with collaborator’s lab set up and availability, hence these 

results were not available at the time of submission of this thesis. 

2.5 Six-minute walk test 

The test was undertaken as part of the study to define the baseline functional status of 

participants with asymptomatic moderate-severe AS. I further wanted to explore the 

relationship between cardiac metabolic state and exercise capacity in AS well as effect of 

altering the cardiac metabolism with PPARα agonist on functional status. 

2.6    Cardiopulmonary exercise testing (CPET) 

In this research, the main objective of performing CPET was to characterize the physiological 

effects of Fenofibrate in AS. In addition, I also sought to study the relationship between LV 
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metabolic, structural and functional parameters and CPET parameters across the spectrum of 

AS. 

2.6.1 CPET protocol 

Symptom-limited CPET was performed on an upright cycle ergometer in all cases (Figure 

2.2). The workload protocol was chosen so that maximal effort was achieved within 10-

20 minutes. Exercise workload was increased by a ramp protocol (10 W/min) after a 2-

minute warm-up at 0 W. Patients were encouraged to exercise to exhaustion. A 12-lead 

electrocardiogram was continuously monitored during exercise and for at least 3 minutes 

during the post-test recovery phase. Blood pressure, oxygen saturation, modified Borg scale 

score and capillary blood lactate were measured at rest and every 3-4 minutes during 

exercise. Patients were allowed to take their usual medication on the day of the CPET. 

Ventilatory expired gas was analysed with a Metasoft CPET system (CORTEX Biophysik 

GmbH, Germany), calibrated with reference gases before each test. Breath-by-breath gas 

exchange data were recorded and then averaged over 30-second time periods. Peak VO2 was 

defined as the highest consecutive 30-second averaged value obtained during exercise; it was 

normalized and expressed as a percentage of age-, sex- and body weight-predicted values. 

The VE/VCO2 slope was calculated by linear regression. The respiratory exchange ratio 

(RER) was defined as VCO2/VO2. An abnormal exercise test (AET) was defined as a test 

with: the occurrence of symptoms, such as limiting breathlessness or fatigue at low workload, 

angina, dizziness or syncope; an abnormal blood pressure response (defined as a peak systolic 

blood pressure at or below the baseline level); or complex ventricular arrhythmia. The 

maximum workload was recorded and the percentage of maximum age- and sex-predicted 

workload was calculated.201 Each patient was carefully questioned and observed during the 

recovery phase, in order to differentiate between abnormal and normal breathlessness. 

Abnormal breathlessness appeared early (i.e., at a low level of exercise relative to predicted 
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performance) and prevented the patient from speaking for several minutes. Normal 

breathlessness appeared at an expected time point during CPET and disappeared quickly 

during the post-exercise recovery phase. 

 

 

Figure 2.2: Upright bicycle ergometer used for CPET testing 

2.6.2 CPET results 

Peak VO2 was used where participants achieved maximal exercise effort. Peak VO2 is, 

however, influenced by non-cardiac factors such as age, gender, and muscle mass202 

therefore, peak VO2 values normalized to age, gender, and weight-based normative values 

generated by Metasoft software were used.203 The Wasserman-Hansen percent-predicted 

equation offers optimal HF prognostication among peak VO2 percent-predicted equations, 

with a peak VO2 <47% of predicted serving as an optimal cut-point for determining mortality 

risk in HF. 
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Figure 2.3: 9-panel CPET plot result from a patient with AS. Panels A, B and C represent 
circulation. A) Illustration of VCO2 vs. VO2 relationship used to derive the VT by the V-slope 
method. VO2 and VCO2 increase proportionately during early aerobic exercise. Upon onset 
of anaerobic metabolism and lactate buffering by bicarbonate, there is a disproportionate 
increase in VCO2 relative to VO2 that is responsible for the steeper slope of the VCO2-
VO2 relationship. (B) The aerobic efficiency panel reflects the relationship of utilization of 
oxygen (i.e., VO2) to amount of work performed. A normal VO2-work rate relationship during 
the incremental ramp portion of CPET is 10 ± 1.5 ml/min/W. (C) The ratio of VO2 and heart 
rate (termed oxygen pulse) is equal to the product of stroke volume and CaVO2 and most 
often reflects dynamic conditions that cause premature levelling or decrease in stroke volume 
in response to exercise (e.g., myocardial ischemia or ventricular-vascular uncoupling). 
Panels D – I represent ventilation and ventilatory efficiency. (D) Correlation between 
ventilatory equivalent for CO2 (V’E/VCO2) and O2 (V’E/VO2) and peak oxygen uptake (VO2) 
(E) V’E/VCO2 slope is a measure of the amount of ventilation required to exchange 1 L/min 
of CO2. It reflects ventilation-perfusion matching during exercise as well as neural reflexes 
controlling dyspnoea and hyperventilation. (F) Ventilatory threshold plotted as function of 
V’E (G) End-tidal partial pressures of CO2 (petCO2) and O2 (petO2) plotted over VO2 (H) 
Respiratory exchange ratio (RER) reflects general metabolic changes. (I) V’E/VO2 and V’E/V 
CO2 plotted over time. The ratio of V’E/VO2, as well as PETO2, decreases during exercise 
and reaches a nadir value just below the VT. After the onset of anaerobic metabolism, the 
V’E/VO2 ratio and PETO2 start increasing from their nadir values. The VT is expressed as 
the VO2 value at the time point of VE/VO2 or PETO2 increase.



Chapter 2: Methods 

 64 

 
2.7  Imaging assessment 

2.7.1 Echocardiography 

Echocardiography was not undertaken as part of the study. Participants’ latest clinical 

echocardiogram findings were used to screen them against the eligibility criteria. For the 

correlation study, patients with confirmed mild, moderate or severe AS were recruited. For 

the Ox-FAST arm, out of those in the correlation arm only moderate-severe AS meeting the 

inclusion criteria were enrolled. 

2.7.2 CMR scan protocol 

All participants underwent a comprehensive CMR protocol using a Siemens 3T MR system 

as follows: 

1. Myocardial Phosphorus Spectroscopy (31P-MRS) at rest 

2. Cine imaging for cardiac anatomy, mass and function 

3. Myocardial tagging for LV strain assessment 

4. Myocardial Proton Spectroscopy (1H-MRS) at rest 

5. Aortic valve and left ventricular outflow tract (LVOT) assessment 

6. Pre-contrast T1 mapping of the heart 

7. Late gadolinium enhancement (LGE) imaging 

8. Post-contrast T1 mapping of the heart 
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Figure 2.4: CMR scan protocol  
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Figure 2.5: Timeline for CMR protocol 
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2.7.2.1 Phosphorus Magnetic Resonance Spectroscopy (31P-MRS) 

31P-MRS allows the in vivo quantification of several important aspects of high-energy 

phosphate metabolism, from metabolite concentrations, such as PCr and ATP to metabolic 

fluxes through ATP-generating enzymes, including the PCr/ATP ratio and forward CK 

flux.206  

 

Cardiac 31P-MRS requires the localization of the signal (typically to the septum) to minimize 

contamination from signal outside the voxel of interest, especially from ribs, skeletal muscle 

and liver. Several localization sequences have been developed, but free induction decay (FID) 

localization is most commonly used, in which FID is measured immediately after excitation 

to compensate for the shorter T2 relaxation times of ATP and Pi.207 Other widely used 

localization sequences for 31P-MRS are 3D chemical shift imaging (3D-CSI) and 1D depth-

resolved spectroscopy (DRESS). The simplest is depth resolved surface coil spectroscopy 

(DRESS) where a single slice parallel to the surface coil is selected by applying a gradient.208 

Image selected in-vivo spectroscopy (ISIS) selects a single voxel in three dimensions using 

inversion pulses applied with MR gradients but can be very sensitive to respiratory motion. 

Chemical shift imaging, or CSI uses frequency or phase encoding to differentiate signals 

from different areas in space. One-dimensional chemical shift imaging (1D-CSI) uses a 

stepped gradient to encode multiple sections parallel to the coil, acquiring a ‘stack’ of spectra 

along the axis of the gradient. In 2D or 3D CSI, gradient and phase encoding are used to build 

up a matrix of individual voxels.209 (Figure 2.6). While CSI could be considered the method 

of choice for selecting an area of myocardium, it has downsides: it can lead to very long 

acquisition times and/or a small matrix size (i.e., a small total number of voxels), and where 

there is a small number of voxels, each voxel may have contributions from neighbouring 

tissues.210 
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Figure 2.6: Comparison of 31P-MRS Spectroscopy techniques A. DRESS; B. 1D CSI; C. 

3D CSI (figure adapted with permission).227 
 

The relative MR sensitivity (abundance) of phosphorus is 15 times lower than that of a 

proton. However, the spectroscopic peaks of interest are not hidden by other dominant signals 

(such as the water signal in 1H-MRS) that require suppression, so they can be identified. The 

dominant signal is from phosphocreatine (PCr), which is usually assigned a chemical shift of 

0 ppm due to its relative stability and prominence. Inorganic phosphates (Pi) and the 

phospholipids are located to the left of PCr. Resonant peaks from the three phosphate groups 

of ATP (γ-, α-, and β-ATP from left to right) are located to the right of PCr. (Figure 2.7). 

 

Cardiac 31P-MRS in humans is typically performed at higher magnetic field strengths of 1.5–

3 T and takes 10-30 minutes to acquire. Use of high field scanners in recent years has 

significantly improved SNR (signal-to-noise ratio) for imaging 31P metabolites with high 

spatial resolution. The literature average PCr/ATP ratio in a healthy human heart is 2.03 ± 

0.38206 but the absolute value is dependent on the sequence used.176,211, 212 Modern MRS 



Chapter 2: Methods 

 

69 
 

techniques typically yield a variability of 13% for PCr/ATP ratios, which is in the same range 

as LV volumes and functional assessment on CMR scanning and echocardiography.213, 214, 215  

2.7.2.1.1 Method used for PCr/ATP estimation 

Spectra were obtained on a multinuclear 3T MRI scanner (Prisma; Siemens Healthcare, 

Erlangen, Germany). Participants were positioned supine with chest centered over a 3-

element dual-tuned 1H/31P surface coil placed in the isocentre of the MRI system. Free 

induction decay (FID) inversion recovery curves (ten 1000μs) hard inversion pulses, 

inversion delay 100–3000 ms) and locations of phenyl phosphonic acid (PPA) fiducial and 

cod liver oil phantoms were acquired together with a 3D stack of short axis localizers. The 

middle of the acquisition matrix is placed over the basal-mid interventricular septum (Figure 

2.5 A). A FID (free induction decay) acquisition based 1D localisation sequence, called 

depth-resolved surface coil MRS (DRESS) using slice-selective excitation pulse was used 

with saturation bands placed over liver and skeletal muscle. The PCr/ATP ratio reported is 

the blood- and saturation-corrected PCr/average ATP ratio, averaged over the 2 most basal 

septal voxels.  Our non-gated 3D acquisition-weighted ultra-short echo time (TE) DRESS 

sequence takes about 3 min. The centre frequency is set 250 Hz left of (lower than the 

resonant frequency of) PCr, i.e. between ϒ- and α-ATP, so that the excitation bandwidth 

covers from β-ATP on one side to phospho-monoesters on the other. Sequence parameters 

included: acquisition matrix size 16 x 16 x 8,field of view 240 x 240 x 200 mm3, nominal 

voxel size 5.6 ml, 10 averages at the centre of k-space, repetition time (TR) = fixed with 

some inter-participant variability (910–1010 ms) dependent on specific absorption rate 

(SAR). 

Spectral analysis was performed using OXSA, an open-source MATLAB implementation of 

the Advanced Method for Accurate, Robust and Efficient Spectral fitting (AMARES) 

algorithm.  
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Figure 2.7: Examples cardiac energetics data from a healthy control, and patients with asymptomatifc and symptomatic Aortic stenosis. Left 
panel shows voxel placement (red) and right panel  shows spectrum fit with labelled peaks
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The resulting PCr/ATP ratio presented here is the blood- and saturation-corrected 

PCr/average ATP ratio, averaged over the two most basal septal voxels (each separated by a 

half-voxel shift). Measures of data quality include the signal-noise ratio (SNR) of the PCr 

peak and the coefficient of variation in the measured PCr/ATP ratio. Apart from selection of 

voxels on anatomic criteria and visual confirmation of correct peak fitting, analysis is fully 

automated. 

2.7.2.2 Left ventricular function and mass 

CMR is accurate, reproducible and well validated for measuring LV volumes and mass.216 

Cine images including pilot, horizontal long axis, vertical long axis, LVOT and short axis 

(SA) stack images were acquired for cardiac volume and function analysis using a 3T MR 

System using steady state free precession cine imaging217 with slice thickness 8 mm, gap 2 

mm, retrospective gating, TE 1.5 ms, TR 46 ms, flip-angle 50°, field-of-view (FOV) 400 mm, 

matrix size 256 in frequency encode direction.236 Scans were performed supine in end-

expiration. A 24-channel spine matrix and 18 channel body matrix were used. LV 

endocardial and epicardial contours in end-diastole and end-systole, as shown in figure, were 

contoured using cvi42 version 5.10.1 (Circle Cardiovascular Imaging Inc, Calgary, Alberta, 

Canada). SSFP sequences were gated prospectively when the participant was in atrial 

fibrillation otherwise retrospective gating was used. 
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Figure 2.8: Left ventricular (LV) epicardial (green) and endocardial (red) contours for 

volume and function assessment performed on cvi42 version 5.10.1 in a patient with AS. 

 

End-systolic (ESV) and end-diastolic (EDV) volumes were used to calculate stroke volume 

(SV) as SV = EDV – ESV. Ejection fraction (EF) was calculated as EF = SV/EDV. Papillary 

muscles were included as part of the LV volume but excluded from LV mass. LV mass is 

calculated as the difference between the total epicardial volume (sum of epicardial cross-

sectional areas multiplied by the sum of the slice thickness and interslice gap) minus the total 

endocardial volume, multiplied by myocardial density (1.05 gcm3).  

For LV wall thickness analysis, LV epicardial and endocardial contours were identified in 

end-diastole and end-systole, and planimetry performed using semi-automated analysis 

software tools (cmr42 version 5.10.1; Circle Cardiovascular Imaging Inc.). The maximum 

LV wall thickness was curated from the basal short axis views of the left ventricle in end-

diastole. Right and left ventricular trabeculations were excluded from wall thickness 

measurements.  
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2.7.2.3  Myocardial tagging 

CMR is well validated tool for measurement of multidirectional strain using myocardial 

tagging sequence. A gradient echo-based tagging pulse sequence was performed with a 

segmented k-space, multi-shot sequence (TR 4.47ms, echo time 7.4ms, and flip angle 25). 

Spatial modulation of magnetisation (SPAMM) produced images with a grid-based pattern of 

horizontally and vertically modulated stripes 7mm apart acquired during singe breath hold, 

using a prospectively gated sequence.218, 219 The temporal resolution (TR X no. of segments, 

9) was 40.23 ms in all data sets and 15-35 frames per cardiac cycle were recorded, depending 

on heart rate. Two long axis (HLA and VLA) and three short axis cine images (basal, mid-

ventricular, and apical) were chosen for tagging imaging sequences. The basal slice was 

carefully chosen to avoid the LV outflow tract in systole using the LVOT view; the mid-

ventricular slice was chosen to include the papillary muscles; the apical slice was carefully 

selected to ensure that it contained sufficient myocardium to minimise partial volume effects. 

Tagged images were analysed using CIM TAG 2D version 9.1 (Auckland Medical Research, 

Auckland, New Zealand). Outcome parameters measured in this study were global mid-

ventricular peak systolic circumferential strain, global peak systolic longitudinal strain, 

circumferential diastolic strain rate and longitudinal diastolic strain rate. 
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Figure 2.9: CMR tagging images of a long (left) and short axis (right) views in early 

diastole. 

 

2.7.2.4 Proton Magnetic Resonance Spectroscopy (1H-MRS) 

Proton magnetic resonance spectroscopy (1H MRS) is a powerful tool to gain insight into 

cardiac lipid and creatine metabolism.174 Myocardial triglycerides (MTG) can be assessed 

using cardiac 1H-MRS, which utilises the abundant hydrogen (1H) protons. Cardiac 1H MR 

spectra contain a number of peaks associated with triglycerides (TG) and peaks associated 

with taurine, choline/carnitine, and creatine.220 The metabolite concentration can be 

quantified by calculating the peak area, expressed for example relatively to the water 

concentration. 

Various clinical studies have assessed the presence of myocardial steatosis using 1H-MRS 

and examined its functional associations in obesity, type 2 diabetes mellitus (T2DM), and in 

normal individuals when subjected to prolonged exercise and diet restrictions.221, 222  These 

studies have shown that myocardial triglyceride (MTG) content is an independent correlate of 

both systolic and diastolic function, suggesting a potential causal relationship between 
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steatosis and such functional changes. Our group has previously demonstrated that in severe 

AS, steatosis is pronounced in both symptomatic and asymptomatic patients with AS (fat 

.proportion 0.89±0.42% in symptomatic AS; 0.75±0.36% in asymptomatic AS versus 

controls 0.45±0.17, both p<0.05) and is independently associated with impaired strain.163 

Furthermore the spectroscopic measurements of MTG have also been validated against 

histological analysis of lipid from myocardial biopsies of the same patients obtained during 

valve replacement. 

Cardiac 1H-MRS uses abundant hydrogen (1H) protons, primarily for the detection of 

myocardial triglycerides (MTG) and total Cr content. However, the 1H spectrum contains a 

dominant water signal which is several orders of magnitude stronger, and which needs to be 

sufficiently suppressed to detect the weak metabolite signals.172 For 1H-MRS, data are 

typically acquired at breath hold during diastole from a single voxel (14-16mL) localized in 

the myocardial septum (Figure 2.10 A) and take 10-15 minutes to acquire. The most 

frequently used single-voxel sequences for cardiac 1 H-MRS are stimulated echo acquisition 

mode (STEAM)223 and point-resolved spectroscopy (PRESS).224 An advantage of the 

STEAM pulse sequence is that a shorter TE can be achieved than when using the PRESS 

pulse sequence. Consequently, using STEAM, the signal intensities of spectral peaks are less 

affected by T2 decay, which makes STEAM advantageous for the detection of metabolites 

with short T2 relaxation times. During a 10 s breath-hold, water unsuppressed and suppressed 

spectra can be acquired by two phased array coils using STEAM sequence with 

electrocardiogram-triggered to mid-diastole. 1H-MRS has been performed at our centre in 

only 6-7 breath-holds at 3T using STEAM sequence, allowing reliable and quick 

quantification of myocardial lipids.172  Other metabolites (e.g. creatine and choline) are 

clinically relevant but more challenging to quantify because of their relatively low 

concentrations (approximately 10 mmol/L) and because of cardiac motion.225 1H-MRS is 
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increasingly used in research studies but has not yet been adopted into clinical cardiology due 

to technical challenges include longer scan times to obtain sufficient signal-to-noise ratio 

(SNR) for detection of low concentration metabolites, and other considerations with data 

acquisition, post-processing and analysis. 

2.7.2.4.1 1H- MRS method used 

1H- MRS was performed on a 3T Siemens Prisma using the 18-channel body and 24 channel 

spine coil for signal receiving. Mid ventricular long and SA cine were used to determine the 

trigger delay for mid diastole. A calibration pulse sequence was implemented to evaluate the 

optimal water suppression pulse scaling factor. Cardiac gated spectra were acquired using 

different water correction scaling factors and the one yielding the most effective water-

suppression was chosen. A 22 x 18 x 32 mm stimulated echo acquisition mode (STEAM) 

voxel was planned on the corresponding cine frame. A water spectrum (3 averages, TR of at 

least 4s) was acquired in a single breath-hold to use as an internal reference. Next, five to six 

water-suppressed scans (5 averages each, TR of at least 2s) were acquired are mid-diastole in 

a series of single breath-holds.  

 

Individual coil signals were combined within Matlab using specially written modules. The 

water-suppressed scans were constructively averaged, including frequency correction. 

Spectra were quantified using the Advanced Method of Accurate, Robust and Efficient 

Spectroscopic (AMARES) fitting algorithm. Metabolite peaks (including lipids/TGs) were 

analysed, and prior knowledge was used for all peak locations by using soft constraints. All 

peaks were fitted using Lorentzian line shapes. MTG is then calculated as the sum of detected 

lipid signal amplitudes (=CH-CH2-CH= @ 2.2 ppm, -CH2- @ 1.3 ppm, -CH3 @ 0.9 ppm) / 

water signal amplitude X 100. As 1H-MRS analysis has no subjective element to it and is not 

operator dependent, inter observer and intra-observer variability test was not performed. 
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A. 

B. 

PDFF L/W CRLB Residual/Water R/W CRLB 
Fit 
Residual 

Fit 
Residual 

% % % % (Unsup) (Sup) 
0.87 ± 6.77 0.48 ± 5.33 0.00 0.34 

 

 

Figure 2.10: A) 1H-MRS voxel position and graphic representation B) Results from a 

patient with AS.  
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2.7.2.5 Aortic valve cine and through-plane flow 

Planning a plane perpendicular to both the LVOT long-axis LV cine and the coronal LVOT 

cine, aortic valve (AV) anatomy and AV area in mid-systole were captured at the AV leaflet 

tips using a breath-hold radial readout sequence (slice thickness 5 mm, TR 45 ms). Through-

plane flow sequences (both breath-hold and free-breathing) were planned just distal to the 

AV leaflet tips. Typical parameters for breath-hold sequences were TE 2.3 ms TR 50 ms, flip 

angle 30, slice thickness 5.5 mm, FOV 450 mm in frequency encode direction, and aliasing 

velocity set (in severe AS) at 400-450cm/s and increased in increments until no aliasing was 

seen, or (in cases without AS) at 200cm/s. 

 

Figure 2.11: CMR acquisition of aortic valve images. The plane planned through the AV 
leaflet tips (middle of the three green lines (upper two panels) used for AV cine (bottom right) 
and through-plane flow (bottom left). 



Chapter 2: Methods 

 

79 
 

2.7.2.6 Late gadolinium enhancement imaging (LGE)  

Late gadolinium enhancement (LGE) images were acquired using a free-breathing 

respiratory-triggered 2D inversion-recovery sequence approximately 3-5 minutes after 

administration of a bolus injection of an intravenous gadolinium-based contrast agent (0.3 

mmol/kg; Dotarem) given manually, immediately followed by a 15-20 ml saline flush. The 

inversion time (TI) was adjusted for optimal nulling of remote normal myocardium. LGE 

images were acquired in standard long and short axis slices covering the whole LV. Initial 

study scans were performed using 2D segmented inversion-recovery gradient echo sequence 

with typical scan parameters: TR/TE = 750/3.38 ms, flip angle = 25°, FOV read = 380 mm, 

FOV phase = 75%, voxel size = 1.5 x 1.5 x 8.0 mm, slice thickness = 8.0 mm, GRAPPA = 2, 

reference lines = 24, measurements = 1, segments = 25, phases = 1, concatenations = 1, 

bandwidth = 130 Hz/Px.  

 

However, after first 10 patients due to time constraint and length of scan protocol, images 

were instead acquired using 2D single-shot inversion-recovery sequence. Thus, only a 

qualitative assessment of gadolinium enhancement was done using cvi42 post-processing 

software (version 5.10.1, Circle Cardiovascular Imaging Inc., Calgary, Canada) for the 

presence or absence of LGE by two independent operators. LGE suspected on short axis 

imaging was confirmed with additional imaging in long axis views or perpendicular to the 

lesion (Figure 2.12). None of the patients had any evidence of infarction. Most patients with 

LGE enhancement had basal inferolateral fibrosis. Patients with non-specific LV/RV junction 

enhancement alone were considered to have no significant fibrosis and were reported as 

negative on LGE assessment. 
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Figure 2.12: Late gadolinium acquisition images showing myocardial fibrosis in an AS 
patient. Patchy late gadolinium enhancement seen on short axis images in the inferolateral 
wall in a patient with severe aortic stenosis.\ 
 
2.7.2.7  Native T1 mapping (Both MOLLI and ShMOLLI) 

Myocardial T1-mapping was performed using the ShMOLLI 5(1)1(1)1 sequence as 

previously published.226 Typical scan parameters were: TR/TE = 378.98/1.07 ms, flip angle 

35°, FOV read 360 mm, FOV phase 75%, interpolated voxel size 0.9 x 0.9 x 8.0 mm, slice 

thickness 8.0 mm, trigger delay (TD) 260 ms, TI 260 ms, measurements 1, concatenations 1, 

bandwidth 898 Hz/Px. T1-maps were acquired in one mid-ventricular short axis slice 

matched to cine image. 

MOLLI 5(3)3 (MyoMaps, Siemens Healthcare, Erlangen, Germany) T1-maps were acquired 

from vendor-provided product protocols including “Low HR” (256 matrix) and “High HR” 

(192 matrix) variants. Typical scan parameters for MOLLI “Low HR” were: TR/TE 

279.84/1.13 ms, flip angle  35°, FOV read 360 mm, FOV phase 85.2%, voxel size 1.4 x 1.4 x 

8.0 mm, slice thickness 8.0 mm, resolution 256, measurements 1, concatenations  1, 

bandwidth  1085 Hz/Px. Typical scan parameters for MOLLI “High HR” were: TR/TE 

263.55/1.01 ms, flip angle  35°, FOV read 360 mm, FOV phase 85.4%, voxel size 1.9 x 1.9 x 

8.0 mm, slice thickness  8.0 mm, resolution 192, measurements 1, concatenations 1, 
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bandwidth  1085 Hz/Px. Shimming and centre frequency adjustments were performed to 

generate images free from off- resonance artefacts. For the analysis of both MOLLI and 

ShMOLLI T1 maps, the LV myocardium of the short axis slice acquired at baseline was 

contoured using dedicated software as previously described providing a single average 

myocardial T1 value per each individual (Figure 2.11). Care was taken to minimise 

contamination of the myocardium by blood-pool and extra-myocardial structure partial 

volume effects. 

A. 

 
B. 

 

  
 

Figure 2.13: T1-map analysis from a mid-ventricular slice. Endocardial (red) and 
epicardial (green) contours are placed within the myocardium so as to avoid contamination 
from extra-myocardial tissues. A. ShMOLLI T1 maps (acquired and contoured image). B. 
MOLLI long T1 maps (acquired and contoured image).  
  



Chapter 2: Methods 

 

82 
 

2.7.2.8 Post contrast T1 mapping and extracellular volume (ECV) estimation 

Post-contrast T1-maps were acquired following administration of an intravenous gadolinium-

based contrast agent. Slice position and sequence parameters were essentially unchanged to 

those used for native T1-mapping.  Offline post-processing of post-contrast T1-maps was 

conducted using the same methods as outline for native T1-maps (section 2.8.6). R1 of blood 

and myocardium was calculated as R1 = 1/T1 for both native and post-contrast maps. 

Haematocrit was measured on a blood sample drawn on the same day, immediately prior to 

the CMR scan. Extracellular volume (ECV) (140):= (1−haematocrit) × (Δ𝑅1 𝑚𝑦𝑜 / Δ𝑅1 

𝑏𝑙𝑜𝑜𝑑) 

 
 
Figure 2.14 A. ShMOLLI T1 maps (acquired and contoured image). B. MOLLI long T1 
maps (acquired and contoured image). Endocardial (red) and epicardial (green) contours 
are placed within the myocardium so as to avoid contamination from extra-myocardial 
tissues. Blood pool contour (orange) used for ECV estimation.  
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2.8 Summary 

The methods described above provide the backbone for the work conducted in this thesis. 

Each individual chapter provides further details and clarification on how these techniques and 

methods used help obtain the relevant information for the research. 
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3 Chapter Three 

Role of metabolic phenotyping in Aortic stenosis 

 
3.1 Abstract 

3.1.1 Background 

There is wide individual heterogeneity in degree of hypertrophy and progression to 

myocardial fibrosis and heart failure in patients with AS. It yet remains unanswered why 

some with same degree of stenosis may develop greater hypertrophy and decline sooner 

compared to others. Impaired myocardial energetics and presence of myocardial steatosis has 

been shown in severe AS. An underlying interplay of metabolic interactions might explain 

this variability.  

3.1.2 Purpose 

To understand this, I first sought to investigate the metabolic remodelling in AS, at what 

stage of the disease does it begin, how it impacts on cardiac physiology and whether it 

precedes structural remodelling. I additionally sought to understand whether the cardinal 

metabolic features of myocardial steatosis and impaired energetics were differentially related 

to LV hypertrophy or pressure load in AS. 

3.1.3 Methods 

74 asymptomatic AS patients with varying degree of stenosis and 13 healthy volunteers were 

recruited to the study. Participants were divided into quartile groups based on their maximal 

LV wall thickness, a measure of structural remodelling, as measured on CMR and peak aortic 

valve gradient, marker of pressure overload, as measured on echocardiography. Comparison 

of various metabolic and structural parameters were made to understand the relationship 

between metabolic and structural remodelling in AS. Myocardial lipid content was measured 
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using 1H-MRS and cardiac energetics were assessed using 31P-MRS. Cardiac volumes and 

function including strain and aortic valve imaging were assessed by cardiovascular magnetic 

resonance (CMR) cine imaging.  

3.1.4 Results  

Here, I have shown for the first time that metabolic changes occur as early as mild- moderate 

stage of AS, including impaired cardiac energetics (Phosphocreatine/ATP [PCr/ATP] 

measured using 31P-MRS): Q2 1.43±0.13 vs Q1 1.80±0.14, p=0.05 with worse energetic state 

seen in the severe stage of the disease, Q4 (PCr/ATP 1.39±0.14, p=0.02 vs Q1 1.80±0.14. 

Presence of myocardial steatosis is also seen early in AS, mean myocardial triglyceride 

content (MTG) in Q2 1.52±0.84 vs Q1 1.25±0.70, p 0.032 overall. Despite normal LV 

ejection fraction, there is substantial evidence of subclinical LV dysfunction in moderate-

severe AS measured by LV strain parameters. In this study, all AS groups had impaired 

global systolic longitudinal strain [GLS] (p<0.0001) and diastolic circumferential strain rate 

(p 0.0007). Impaired systolic longitudinal strain in AS was linked not only to the degree of 

hypertrophy but also to the degree of energetic impairment (p 0.03). In addition, PCr/ATP 

was strongly associated with the presence of myocardial fibrosis (p 0.01). These novel 

findings suggest that adverse metabolic changes occur early and may have a causal 

relationship in subsequent decompensation in AS.   

3.1.5 Conclusions 

A gradient of myocardial energetic deficit and steatosis exists across the spectrum of 

hypertrophied AS hearts, notably I have shown in this study that this happens prior to the 

development of irreversible structural changes and is related to subclinical LV dysfunction. 

Thus, targeting myocardial metabolism may be a sensible strategy to risk stratify as well as 

potentially prevent and treat systolic failure in AS.  
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3.2    Introduction 

AS is characterized by both progressive valve obstruction as well as LV remodelling 

response. Conventional thinking holds that hypertrophic growth of the myocardium is a 

“compensatory” response of the heart to increases in workload demand, serving to minimize 

wall stress and maintain contractile function. However, several lines of evidence – preclinical 

and epidemiological – highlight the maladaptive features of chronic ventricular 

hypertrophy.227, 228 It is not yet fully known why there is wide individual variation in the 

myocardial response to the same degree of pressure overload. Where do metabolic changes fit 

into this picture of hypertrophy, subsequent irreversible myocardial fibrosis and 

decompensation, and the cause and effect relationship, if any, behind these structural and 

metabolic alterations in AS.  The prominent metabolic changes due to pressure overload force 

a shift of reliance on glucose instead of fatty acids to provide energy for the heart.229, 125 

resulting in impaired cardiac energetics, which according to animal studies precedes 

manifestation of cardiac dysfunction and LV hypertrophy.230 Similar metabolic changes are, 

however, also seen in established hypertrophy.  LV hypertrophy, independent of pressure 

overload, is inherently associated with impaired myocardial metabolism; uncoupling of 

glycolysis and glucose metabolism, shift away from free fatty acid use and a depressed 

energetic state 231 and is a well-known risk factor for increased morbidity and mortality.14 

The PCr/ATP ratio, an index of cardiac bio-energetic state, is reduced in both animal and 

models of myocardial hypertrophy142 and in HF.134 It correlates not only with the degree of 

cardiac hypertrophy and accompanying LV dysfunction, but has also been shown to be a 

superior predictor of mortality.133, 232 Thus, both pressure overload and LVH seem to 

contribute to the metabolic changes in AS but their relative contributions are unknown. Given 

the direct coupling of adenosine triphosphate (ATP) metabolism and contractile function, 
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metabolic alterations could represent an early and specific marker of vulnerability to failure 

in AS. 

The knowledge of the timing of metabolic changes in relation to structural ventricular 

remodelling, including development of irreversible myocardial fibrosis a known prognostic 

marker, in AS is important. The annual rate of sudden death for asymptomatic AS patients, 

who are not yet offered surgery as per current guidelines, remains 1%.233 Metabolic 

phenotyping may well help identify more sensitive markers of myocardial remodelling to 

characterise high-risk population among asymptomatic cohort as well as help identify a niche 

population that may benefit from an earlier intervention.  

As such, I sought to determine the relative contribution of each - pressure overload i.e., 

severity of stenosis per se and degree of LVH in relation to metabolic remodelling. I, further, 

hypothesised that not only a gradient of myocardial energetic impairment and steatosis exists 

across the spectrum of AS but also these changes precede irreversible structural remodelling 

i.e., LVH and fibrosis as well as relate to the subclinical LV dysfunction predisposing to 

decompensation. 

To investigate this, I used a combination of proton (1H) and phosphorus (31P) MRS, as 

detailed in Chapter 2, to measure myocardial energetics and triglyceride content (MTG) and 

cine CMR to assess cardiac function. To study the effect of myocardial fibrosis on 

metabolism, I also measured myocardial T1, ECV and late gadolinium enhancement (LGE).  

My goal was to study the relationship between metabolic and structural changes in 

asymptomatic AS patients throughout the spectrum of the disease.  

3.3      Methods 

The study received approval from a Research Ethics Committee (South London, 

18/LO/1981). Research was conducted in accordance with institutional procedures and 

Declaration of Helsinki. Participants were prospectively recruited from clinical activity 
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across three sites in the UK: Oxford University hospital NHS trust, Oxford, Great Western 

hospital NHS trust, Swindon, and Royal Berkshire hospital, Reading.  All participants 

provided written informed consent.  

3.4   Study Design 

Seventy-four AS participants and 13 healthy volunteers were recruited to the study. All AS 

recruits fulfilled the inclusion and exclusion criteria as briefly described below and detailed 

in Chapter 2.  

Inclusion Criteria: Asymptomatic AS with varying degree of stenosis and meeting two of the 

three criteria (Mild AS: Peak velocity, Vmax <3m/sec, peak gradient, PG <30mmHg or Mean 

gradient, MG <20mmHg, AVA >1.5cm2; Moderate AS: Vmax 3-4m/sec, PG 30-60mmHg or 

MG 20- 40mmHg, AVA>1but <1.5cm2; Severe AS: Vmax >4m/sec, PG >60mmHg or MG 

>40mmHg, AVA <1cm2), not planned for AVR or TAVI, no other significant valvular 

pathology, no contraindication to magnetic resonance imaging. Exclusion Criteria: Known 

coronary artery disease, presence of other underlying cardiomyopathy, LVEF<50%, 

uncontrolled hypertension, type 1 or type 2 diabetes mellitus, liver impairment, BMI >40 

kg/m2, significantly impaired renal function (eGFR<30ml/min). only underwent CMR 

assessment.  

All study subjects underwent CMR scanning using a 3T MRI scanner (Magnetom Prisma; 

Siemens Healthineers) as below and represented in Figure 3.1. 

1. 31P-MRS to assess PCr/ATP as a measure of myocardial energetic status at rest. 

2. 1H-MRS to quantify myocardial steatosis. 

3. Cine imaging to measure LV function, mass and volumes and assess aortic valve. 

4. Tagging CMR to assess LV strain. 
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5. ShMOLLI T1 mapping to assess tissue characterisation. 

6. Late gadolinium enhancement to evaluate myocardial fibrosis. 

All methods used are as described in Chapter 2.  
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Figure 3.1: Pictorial representation of the participant groups and CMR protocol for the study.  
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3.5   Statistical Analysis 

To investigate the relationship between myocardial metabolism and LV hypertrophy 

participants were divided into quartile groups based on their LV wall thickness (LVWT). To 

investigate the relationship between myocardial metabolism and LV pressure overload 

secondary to AS participants were divided into quartile groups based on peak aortic valve 

gradient. I, further investigated the effect of overall LV pressure overload in AS by dividing 

participants into quartile groups based on their total LV pressure gradient (i.e. aortic valve 

gradient + systolic blood pressure). 

All data are expressed as mean ± SD depending on normality using Kolmogorov–Smirnov 

test. Categorical data are presented as numbers and percentages. Comparisons between the  

quartile groups were performed by 1-way ANOVA with post hoc Bonferroni correction. 

Ordered medians were compared using the Jonckheere-Terpstra test, according to the study 

design(i.e. using wall thickness, AV gradient or total LV pressure loading). Bivariable 

correlations were performed using the Pearson or Spearman method as appropriate. A P<0.05 

was considered significant. All statistical analyses were performed with IBM SPSS Statistics, 

version 28 and GraphPad Prism (version 9.0.2 for Windows; GraphPad Software, San Diego, 

CA). 

3.6  Results  

3.6.1 Study population 

Seventy-four patients (70% male, mean age 70±14 years, body mass index (BMI) 27±4.5 

Kg/m2) with varying degrees of AS as described above and thirteen normal controls (54% 

male, mean age 47±8 years and BMI 25±5 Kg/m2) were studied.  

Healthy volunteer population: The healthy volunteers were included to a) check whether 

the metabolic changes seen in mild AS group with relatively normal wall thickness were 
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secondary to AS and b) to add power to the study.  Table  below represents the healthy 

volunteer data in comparison with mild/moderate/severe AS participants. 

Table 3.0: Baseline characteristics of study groups.  
Values are mean ± SD or frequency (percentages).  BMI, Body mass index; SBP, systolic 
blood pressure; DBP, Diastolic blood pressure; FFA, Free fatty acids; TC, Total 
Cholesterol; TG, Triglycerides; AF, Atrial Fibrillation;  AV, aortic valve; AVG, Aortic valve 
gradient;LV, left ventricle; WT, wall thickness; EDV, End diastolic volume; ESV, End 
systolic volume; SV, Stroke volume; GLS, Global longitudinal strain; GCS, Global 
circumferential strain; DLSR, Diastolic longitudinal strain rate; CSR, circumferential strain 
rate; LA, left atrium; RV, right ventricle; LA, left atrium; RV, right ventricle; MTG, 
myocardial triglyceride content; PCr/ATP, Phosphocreatine/adenosine triphosphate. P 
values are for 1-way ANOVA for all groups († significant), except cardiac metabolism where 
ordered medians were compared using Jonckheere-Terpstra test (* significant). 
 

Groups Normal 

(n=13) 

Mild AS 

(n=30) 

Mod AS 

(n=22) 

Sev AS 

(n=22) 

P value 

Age (yrs) 51 ± 8 74 ± 8 66 ± 14 73 ± 13 <0.001 

Male (%) 9 (69) 17 (56) 16 (73) 17 (77) 0.33 

BMI (kg/m2) 25 ± 4.7 26 ± 4.2 28 ± 3.6 26 ± 5.1 0.26 

SBP (mmHg) 121 ± 8 137 ± 16 136 ± 18 145 ± 18 0.84 

DBP (mmHg) 66 ± 5 73 ± 9  75 ±11 72 ± 16 0.78 

HR (bpm) 55 ± 7 63 ± 13 65 ± 17 60 ± 11 0.38 

Glucose (mmol/L), - 5.0 ± 0.2 5.4 ± 0.9 5.8 ± 1.5 0.16 

FFA (mmol/L) - 0.53 ± 0.1 0.69 ± 0.3 0.66 ± 0.4 0.27 

Butyrate (mmol/L) - 0.11 ± 0.0 0.13 ± 0.1 0.15 ± 0.1 0.14 

TC (mmol/L), - 4.6 ± 0.8 4.7 ± 0.9 4.4 ± 0.7 0.77 

TG (mmol/L), - 0.98 ± 0.3 1.1 ± 0.6 0.96 ± 0.2 0.91 

NT-pro BNP(pg/ml) - 248 ± 108 442 ± 388 584 ± 829 0.30 

AF, % 0 (0) 2 (7) 3 (14) 1(4) 0.51 

Hypertension, % 2 (15) 9 (30) 8 (36) 9 (41) 0.65 

Peak  AVG, mmHg 9.2 ±  4.3 31.8 ± 6.8 50.4 ± 7.3 81.6 ±  13.3 <0.001 

LVWT, mm 9.0 ±  1.1 13.3 ±  2.8 13.8 ±  2.3 15.9 ±  2.7 <0.001 

AVA, cm2 3.7 ± 0.63 1.31 ± 0.26 1.16 ± 0.22 0.85 ± 0.19 <0.0001 
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Vmax, m/sec 1.5 ± 0.29 2.6 ± 0.19 3.2 ± 0.19 4.1 ± 0.53 <0.0001 

LVEDV(ml) 143 ± 32 156 ± 52 150 ± 31 156 ± 33 0.71 

LVESV(ml) 54 ± 18 65 ± 32 53 ± 15 55 ± 17 0.49 

LV SV(ml) 90 ± 17 91 ± 22 97 ± 22 98 ± 23 0.67 

LVMI (g/m2) 59 ± 14 56 ± 11 68 ± 13 75 ± 15 0.0003 

LVEF (%) 59 ± 14 60 ± 8 64 ± 6.5 67 ± 8 0.02 

GLS (%) -15 ± 1.7 -13 ± 2.4 -12 ± 2.8 -11 ± 2.4 0.003 

GCS(%) -18 ± 2.4 -16 ± 2.5 -16 ± 4.1 -16 ± 4.0 0.53 

DLSR (100/s) 33 ± 11 32 ± 9 27 ± 10 22 ± 8 0.003 

CSR (100/s) 76 ± 14 51 ± 18 54 ± 22 47 ± 19 0.001 

LA volume (ml) 61 ± 13 70 ± 33 71 ± 24 85 ± 30 0.08 

RV EF (%) 60 ± 4 59 ± 6.2 61 ± 6 62 ± 5  0.30 

PCr/ATP 1.77 ± 0.28 1.53 ±  0.47 1.49 ±  0.51 1.46 ± 0.43 0.03* 

MTG (%) 1.17 ±  0.19 1.50 ±  0.87 1.66 ±  0.63 1.79 ± 1.11 0.05* 

 

Healthy volunteer and mild AS group data were combined and then whole data divided into 

quartiles based on LVWT and pressure gradients to understand the relationship between wall 

thickness, pressure gradient and metabolic parameters.   

Overall, mean age of the population in quartile 1 (Q1), which included normal controls was 

younger (mean age ~ 55 years) than the rest of the quartiles with AS participants (mean age ~ 

71 years). This seems a fair representation of the real-world population with those 

characteristics.  

All results were separated into the three groups and each discussed in detail below.  

3.6.2 The Relationship between hypertrophy and metabolism 

This analysis involved 87 participants separated into quartiles based on LV wall 

thickness.(Table 3.2 and Figure 3.2). LV wall thickness was measured as the maximal basal 

diameter in SA slice in end-diastole. 
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3.6.2.1 Demographic and clinical characteristics of LVWT quartiles 

Patients in Q1 were relatively younger (mean age 53 ± 15 years) compared to Q2 (mean age 

71 ± 10 years), p <0.001. There was no significant difference in age between Q2 to Q4. 

Similarly, systolic blood pressure was lower in Q1 (126 ± 11 mmHg) compared to rest of the 

quartiles (p<0.001). No significant difference in BP was noted between Q2 to Q4. All 

quartiles had more number of males than females. 

All quartiles (Q1 to Q4) were matched in rest of the characteristics with no significant 

difference in blood glucose, free fatty acids, total cholesterol and triglyceride levels. Refer to 

Table 3.1 below:
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Table 3.1: Demographics, clinical and biochemical characteristics in group based on 
LVH. Values are expressed as mean ± SD for continuous data and frequency (percentages) 
for categorical data. P values are for 1-way ANOVA for all groups unless specified. † 
Significant. AS indicates aortic stenosis; BMI, body mass index; BP, blood pressure; FFA, 
free fatty acids; HDL, high density lipoprotein; BNP, brain natriuretic peptide; ARB, 
Angiotensin Receptor Blockers; ACE-I, Angiotensin Converting Enzyme Inhibitors. 

 

Quartiles based on LVH Q1 (n=23) Q2 (n=21) Q3 (n=22) Q4 (n=21) P value 

 

LV wall thickness (mm) 
9.6 ± 0.8 12.5 ± 0.5 14.5 ± 0.7 17.6 ± 1.3 <0.001† 

 

Demographics data      

Age (years) 53 ± 15 71 ± 10 69 ± 14 74 ± 11 <0.001† 

Male, n (%) 9 (39) 16 (76) 15 (68) 21(100) <0.001† 

BMI(kg/m2) 25 ± 5 27 ± 5 27 ± 4 28 ± 4 0.15 
 

Clinical data      

Systolic BP (mmHg) 126 ± 11 147 ± 16 139 ± 21 140 ± 14 <0.001† 

Diastolic BP (mmHg) 75 ± 12 72 ± 9 75 ± 8 72 ± 8 0.67 

Heart rate (bpm) 63 ± 11 63 ± 11 66 ± 12 64 ± 9 0.80 

Hypertension, n (%) 4 (17) 6 (29) 4 (18) 14 (66) <0.001† 

Atrial Fibrillation 1 (4) 1 (5) 4 (18) 2 (10) 0.36 
 

Biochemical parameters      

Blood glucose (mmol/L) 5.0 ± 0.6 5.2 ± 0.5 5.3 ± 0.8 5.8 ± 1.5 0.12 

FFA (mmol/L) 0.80 ± 0.5 0.55 ± 0.2 0.70 ± 0.3 0.62 ± 0.3 0.21 

Butyrate (mmol/L) 0.15 ± 0.1 0.09 ± 0.0 0.14 ±0.1 0.15 ± 0.1 0.12 

Total cholesterol (mmol/L) 4.4 ± 0.8 4.6 ± 0.8 4.5 ± 0.9 4.4 ± 1.0 0.80 

Triglycerides (mmol/L) 1.0 ± 0.4 0.96 ± 0.2 1.1 ± 0.5 0.93 ± 0.4 0.80 

NT-pro BNP (ng/L) 140 ± 104 245 ± 327 442 ± 603 537 ± 868 0.24 
 

Medications      

Beta blockers 3 (13) 1 (5) 1 (5) 4 (19) 0.44 

ARB/ACE-I 4 (17) 6 (29) 4 (18) 14 (66) 0.004 

Diuretics 0 1 (5) 2 (9) 3 (14) 0.81 

Statins 3 (13) 11 (52) 6 (27) 10 (48) 0.26 
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3.6.2.2 Left ventricular structure and function (LVWT quartiles) 

LV wall thickness increased across the quartiles (9.6 mm in Q1 vs 17.6mm in Q4, p <0.001).  

LV mass index (LVMI; 50 ± 12.5 kg/m2 in Q1 vs 81 ± 13 kg/m2 in Q4, p <0.001) and LV 

end-diastolic volumes (LVEDV; 135 ± 33 ml in Q1 vs 163 ± 28 ml Q4, p = 0.04) also 

showed a step wise increase across the quartiles. LV ejection fraction was normal throughout 

the quartiles and not changed.  

Peak systolic longitudinal strain (LS; normal range -15 to -20 %) whilst normal in Q1 (-15 ± 

0.97 %) was reduced across the increasing wall thickness quartiles (-10 ± 1.8 % in Q4; p 

<0.001). LS also correlated positively with LVMI (R = 0.39, p<0.001). Peak systolic 

circumferential strain (CS) despite reducing numerically across the quartiles (Q1 -18.6 ± 1.8 

% vs Q4 -15.7 ± 2.9%; p = 0.03), overall remained in the normal range (-15 to -20%).234 LV 

diastolic function assessed by early diastolic longitudinal strain rate (normal range 41 to 136 

%/s), and early diastolic circumferential strain rate normal range 22  to 145 %/s)235 showed a 

significant step-wise reduction across the increasing LVWT quartiles as shown in Table 3.2. 

Overall, this shows that in asymptomatic AS with normal LVEF, early diastolic and 

subclinical LV systolic dysfunction occurs early even in the presence of modest hypertrophy 

(12mm in Q2). When controlled for AV gradient, there was significant correlation between 

LVWT and peak systolic longitudinal strain (r = -0.53, p<0.001), peak systolic 

circumferential strain (r = -0.37, p = 0.003) and diastolic circumferential strain (r = -0.29, p = 

0.02), Table 3.3. 
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Table 3.2: Cardiac structure and function in groups based on LVH.  
Values are mean ± SD or frequency (percentages). AV, aortic valve; LV, left ventricle; LA, 
left atrium; RV, right ventricle; LGE, late gadolinium enhancement; ECV, extracellular 
volume; LA, left atrium; RV, right ventricle; MTG, myocardial triglyceride content; 
PCr/ATP, Phosphocreatine/adenosine triphosphate. P values are for 1-way ANOVA for all 
groups († significant), except cardiac metabolism where ordered medians were compared 
using Jonckheere-Terpstra test (* significant). 

Quartiles based on WT Q1(n=23) Q2(n=21) Q3 (n=22) Q4(n=21) P value 

LV wall thickness (mm) 9.6 ± 0.8 12.5 ± 0.5 14.5 ± 0.7 17.6 ± 1.3 <0.001† 
 

AV parameters 
     

AV gradient, mmHg 24 ± 22 42 ± 17 47 ± 16 69 ±25 <0.001† 

Aortic valve area, cm2 2.5 ± 1.5 1.3 ± 0.5 1.0 ± 0.3 0.96 ± 0.3 <0.001† 

Peak velocity, m/sec 2.2 ± 0.98 3.2 ± 0.7 3.3 ± 0.6 3.9 ± 0.8 <0.001† 

LV parameters      

LV end-diastolic volume (ml) 135 ± 33 145 ± 31 157 ± 40 163 ±  28 0.04† 

LV end-systolic volume (ml) 51 ± 16 51 ± 14 59 ± 22 58 ±  17 0.30 

LV stroke volume (ml) 83 ± 18 95 ± 24 98 ± 22 101 ±  21 0.04† 

LV mass index (kg/m2) 50 ± 12.5 63 ± 9.6 73 ±11 81 ± 13 <0.001† 

LV ejection fraction (%) 63 ±  4 65 ±  7 63 ±  7 65 ±  8 0.57 

Longitudinal strain (%) -15 ± 0.97 -12.6 ± 2.9 -12.3 ± 2.6 -10 ± 1.8 <0.001† 

Circumferential strain (%) -18.6 ± 1.8 -17 ± 4.3 -17.4 ± 3.7 -15.7 ± 2.9 0.03† 

Diastolic long strain rate (/s) 26 ±13 28 ± 13 24 ± 8 21 ± 7 0.02† 

Diastolic circ strain rate (/s) 69 ± 17 50 ± 24 48 ± 17 45 ± 19 0.0007† 

LGE present, n (%) 0 5 (24) 9 (40) 17 (81) <0.001† 

ECV (%) 28 ± 4.1 27 ± 2.5 29 ± 7.2 30 ± 7.9 <0.001† 

Native T1 (ms) 1130 ± 28 1119 ± 32 1142 ± 83 1157 ± 56 0.28 
 

Other parameters 
     

LA volume (ml) 60 ± 22 66 ± 19 100 ± 45 74 ± 28 <0.001† 

RV ejection fraction (%) 60 ± 5 62 ± 6 62 ± 6 61 ± 5 0.41 
 

Cardiac metabolism 
     

MTG, % 1.38 ± 0.18 1.60 ± 0.15 1.70 ± 0.24 1.54 ± 0.16 0.29 

PCr/ATP 1.80 ± 0.10 1.43 ± 0.09 1.54 ± 0.08 1.39 ± 0.09 0.02* 
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Figure 3.2: Graphic representation of LV structure and function in relation to LV wall thickness quartiles. Green represents quartile (Q) 1 
with wall thickness 9.6 ± 0.8 mm, Blue represents Q2, wall thickness 12.5 ± 0.5 mm, Orange represents Q3, wall thickness 14.5 ± 0.7 mm, Red 
represents Q4, wall thickness 17.6 ± 1.3 mm. All p values are from 1-way ANOVA comparison of means. P <0.05 is significant. 
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3.6.2.3 Myocardial metabolism (LVWT quartiles) 

Myocardial PCr/ATP was reduced 23% across the LVWT quartiles (ordered medians JT test, 

p = 0.02) suggesting that as WT is increased PCr/ATP is lower. However, the vast majority 

of the reduction in the PCr/ATP (20%) occurred between Q1 and Q2, (Q1 PCr/ATP 1.8 ± 

0.51 vs Q2 1.43 ± 0.39; p = 0.01). In addition, when controlled for AV gradient, Age and 

BMI, the significant relationship between LVWT quartiles and PCr/ATP remained (r = -0.20, 

p = 0.04). 

Myocardial triglyceride content was numerically higher in Q2 (1.60 ± 0.15%) compared to  

Q1 (1.38 ± 0.18%) which again highlights the presence of early metabolic changes 

represented by steatosis with values remaining higher across Q2-4 compared to Q1. The 

numerical reduction in myocardial lipid content between Q3 and Q4 (1.70 ± 0.24% vs 1.54 ± 

0.08%) may be explained by higher prevalence of replacement fibrosis with disease severity. 

The important finding, however, is that steatosis occurs early and is not progressively related 

to WT as indicated by the absence of a stepwise increase in MTG across the quartiles (JT 

ordered medians p=0.29). Refer to Table 3.2 and Figure 3.3. On partial correlation, 

controlling for AVG, Age and BMI, there was a significant association between MTG and 

LVWT (r = -0.27, p = 0.03). 

On multivariate regression analysis with LVWT as dependent variable and LV gradient, 

MTG, Age, BMI and PCr/ATP as independent variables, only LV gradient (b = 0.44, p = 

<0.001), BMI (b = 0.26, p = 0.006) and PCr/ATP (b = -0.20, p = 0.03) were independent 

predictors of LVWT. Thus, myocardial energetics may play an important role in the 

hypertrophic process. 
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Figure 3.3: Graphic representation of cardiac metabolism characteristics in relation to LV 
wall thickness quartiles. Green represents quartile (Q) 1 with wall thickness 9.6 ± 0.8 mm, 
Blue represents Q2, wall thickness 12.5 ± 0.5 mm, Orange represents Q3, and wall thickness 
14.5 ± 0.7 mm, Red represents Q4, wall thickness 17.6 ± 1.3 mm. All p values are from 
Jonckheere-Terpstra test comparison of ordered medians. P <0.05 is significant. 
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3.6.2.4 Myocardial Fibrosis on T1 mapping, extracellular volume (ECV) quantification 

and Late Gadolinium Enhancement (LGE) Imaging 

T1 and ECV: Myocardial native T1 values were not changed across the quartiles (Table 3.2, 

p = 0.29), and remained within normal limits (normal range 1096-1212ms at 3T for our 

centre). In contrast, ECV progressively increased across the quartiles (Q1 28 ± 4.1% vs Q4 

30 ± 7.9%, p<0.001), being abnormally high in Q3 and Q4, as shown in Table 3.2; normal 

ECV range (20.5%– 34.5%).250  

 

LGE: The presence of late gadolinium enhancement was also seen to increase progressively 

across the quartiles, with highest % of cases in Q4 (81% in Q4 vs 0% in Q1, p <0.001). None 

of the patients had any evidence of infarction. Most patients with LGE enhancement had 

basal inferolateral fibrosis. Patients with non-specific LV/RV junction enhancement alone 

were considered to have no significant fibrosis and were reported as negative on LGE 

assessment. These findings are consistent with previous studies which have shown that 

replacement fibrosis appears to occur later and is irreversible. 251 

 

There was significant correlation between wall thickness and myocardial fibrosis on LGE (Rs 

= 0.61, p <0.001). There was also significant group difference  between LVWT and LGE, 

with presence of LGE as grouping variable (p<0.001) . Presence of LGE was negatively 

associated with cardiac energetics, PCr/ATP (p =0.011), Figure 3.4. There was no significant 

relationship seen between steatosis and myocardial fibrosis (diffuse or replacement). 
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Figure 3.4: Upper panel shows the relationship between replacement fibrosis (presence of 
late gadolinium enhancement) and LV wall thickness quartiles. Lower panel shows 
myocardial replacement fibrosis and cardiac energetics (Phosphocreatine/ATP ratio). 
  

Q1 Q2 Q3 Q4
0

25

50

75

100

P
er

ce
nt

ag
e 

of
 Q

ua
rti

le
 w

ih
 L

G
E

 

LVWT quartiles

LGE + LGE -
1.2

1.4

1.6

1.8

✱

p=0.011

P
ho

sp
ho

cr
ea

tin
e/

AT
P

 ra
tio

 a
t r

es
t



Chapter 3: Role of metabolic phenotyping in AS 

 

103 
 

 

Table 3.3: Correlation between LV wall thickness and LV specific functional and 
metabolic parameters when controlled for both AV and LV gradient. Results from partial 
correlation when controlled for AVG and LVG. P<0.05 significant. LV, left ventricle; long, 
longitudinal; circ, circumferential; LGE, late gadolinium enhancement; MTG, myocardial 
triglyceride content; PCr/ATP, Phosphocreatine/Adenosine triphosphate ratio. 

 

Correlation with WT r P value 

 

LV function and fibrosis 

  

Global long. strain (%) -0.53 <0.001* 

Global circ. strain (%) -0.37 0.003* 

Diastolic circ. strain rate (100/s) -0.29 0.02* 

Presence of LGE 0.43 <0.001* 

Cardiac metabolism 
  

MTG (lipid/water ratio) -0.12 0.33 

PCr/ATP -0.29 0.02* 

 
 
3.6.3   AS related pressure overload quartiles  

3.6.3.1 Demographic and clinical characteristics 

Participants in Q1 were relatively younger (mean age 58 ± 16 years) with lower average 

systolic BP (136 ± 18 mmHg) compared to rest of the quartiles (p<0.001). Q2 to Q4 were 

matched in age and BP. All quartiles (Q1 to Q4) were matched in rest of the characteristics 

with no significant difference in blood glucose, free fatty acids, total cholesterol and 

triglyceride levels. Refer to Table 3.4 below
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Table 3.4: Demographics, clinical and biochemical characteristics in group based on peak 
AV gradient: Values are mean ± SD for continuous data and frequency (percentages) for 
categorical data. P values are for 1-way ANOVA for all groups unless specified. † 
Significant. AVG indicates aortic valve gradient; BMI, body mass index; BP, blood pressure; 
HDL, high density lipoprotein; BNP, brain natriuretic peptide; ARB, Angiotensin receptor 
blocker; ACE-I, Angiotensin converting enzyme inhibitors. 

  

Quartiles based on AVG Q1 (n=21) Q2 (n=22) Q3 (n=21) Q4 (n=21) P value 

AV gradient (mmHg) 16 ± 8 36 ± 4 49 ± 6 79 ± 14 <0.001† 

Demographics data      

Age (years) 58 ± 16 68 ± 11 67 ± 17 74 ± 14 0.005† 

Male, n (%) 9 (39) 16 (76) 15 (68) 21(100) <0.001† 

BMI (kg/m2) 26 ± 5 27 ± 4 28 ± 5 26 ± 5 0.74 

Clinical data      

Systolic BP (mmHg) 136 ± 18 135 ± 14 141 ± 20 141 ± 17 0.53 

Diastolic BP (mmHg) 77 ± 11 72 ± 9 72 ± 8 72 ± 8 0.14 

Heart rate (bpm) 65 ±12 64 ±11 63 ± 11 64 ± 9 0.95 

Hypertension, n (%) 6 (23) 8 (36) 5 (24) 9 (43) 0.51 

Atrial Fibrillation, n (%) 2 (1) 1 (4) 3 (14) 2 (10) 0.75 

Biochemical parameters 
(mmol/L) 

     

Blood glucose 5 ± 0.5 5.1 ± 0.9 5.4 ± 0.4 5.5 ± 1.1 0.27 

Free fatty acids 0.59 ± 0.2 0.58 ± 0.2 0.65 ± 0.2 0.74 ± 0.4 0.46 

Betahydroxy-butyrate  0.11 ± 0.0 0.14 ± 0.1 0.11 ± 0.1 0.15 ± 0.1 0.48 

Total Cholesterol 4.7 ± 0.9 4.3 ± 0.8 4.6 ± 0.7 4.3 ± 0.8 0.19 

Triglycerides 1.2 ± 0.5 0.99 ±0.4 1.1 ± 0.3 0.89 ± 0.4 0.19 

NT-pro BNP (ng/L) 199 ± 252 221 ± 216 327 ± 578 608 ± 838 0.17 

Medications      

Beta blocker, n (%) 2 (1) 3 (14) 1 (5) 3 (14) 0.72 

ARB/ACE-I, n (%) 6 (23) 8 (36) 5 (24) 9 (43) 0.51 

Diuretics, n (%) 0 3 (14) 0 3 (14) 0.08 

Statins, n (%) 5 (22) 8 (36) 7 (33) 10 (48) 0.36 
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3.6.3.2 LV structure and function 

This analysis involved 87 participants separated into quartiles based on peak AV gradient, 

measure of degree of pressure overload secondary to AS (Table 3.5 and Figure 3.5). 

With increasing pressure load secondary to AS, there was an increase in LV wall thickness 

(Q1 10.4 ± 2.3 vs 15.8 ± 2.6 mm; p <0.001). As expected, LVMI and LVEF was higher in Q 

2-4 compared to Q1, with the difference across the groups being significant (p = 0.009 and p 

= 0.034, respectively).  

Global systolic longitudinal strain reduced across the increasing pressure gradient quartiles (-

13.8±2.2% in Q1 vs -10.6±2.5% in Q4; p <0.001) along with impairment in diastolic 

function, including early diastolic circumferential strain rate (Q1 66 ± 21 vs Q4 43 ± 19 

100/s; p <0.001) with a step wise reduction across the ordered groups. 

On partial correlation controlling for LV wall thickness, only peak systolic circumferential 

strain had an association with AVG. See Table 3.6. 
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Table 3.5: Cardiac structure and function in groups based on peak AV gradient.  Values 
are mean ± SD or frequency (percentages). AVG indicates aortic valve gradient; LV, left 
ventricle; LA, left atrium; RV, right ventricle; LGE, late gadolinium enhancement; ECV, 
extracellular volume. P values are for 1-way ANOVA for all groups unless specified (<0.05 
significant). † Significant.  

Groups based on AVG Q1 (n=23) Q2 (n=22) Q3 (n=21) Q4 (n=21) P value 

Peak AV gradient, mmHg 16 ± 8 36 ± 3.8 49 ± 6 79 ± 14 <0.001† 
 

AV parameters      

AV gradient, mmHg 10.4 ± 2.3 13.8 ± 3.0 13.6 ± 2.3 15.8 ± 2.6 <0.001† 

Aortic valve area, cm2 2.6 ± 1.3 1.2 ± 0.23 1.0 ± 0.3 0.8 ± 0.2 <0.001† 

Peak velocity, m/sec 1.9 ± 0.5 2.9 ± 0.17 3.4 ± 0.2 4.3 ± 0.5 <0.001† 

LV Parameters      

LV end-diastolic volume (ml) 139 ± 32 155 ± 39 146 ± 34 160 ± 30 0.21 

LV end-systolic volume (ml) 53 ± 17 60 ± 22 49 ± 13 58 ± 18 0.13 

LV stroke volume (ml) 86 ± 17 94 ± 23 98 ± 27 98 ± 20 0.27 

LV mass index (kg/m2) 53 ± 16 70 ± 14 64 ±15 77 ± 14 0.009† 

LV WT (mm) 10.4 ± 2.3 13.8 ± 3.0 13.6 ± 2.3 15.8 ± 2.6 <0.001 

LV ejection fraction (%) 63 ± 5 61 ± 6 66 ± 7 64 ± 7 0.034† 

Longitudinal strain (%) -13.8 ± 2.2 -12.6 ± 2.6 -12.5 ± 2.6 -10.6 ± 2.5 <0.001† 

Circumferential strain (%) -17.4 ± 2.5 -15.7 ± 2.6 -17.3 ± 4.5 -16.8 ± 3.1 0.20 

Diastolic long strain rate (/s) 25 ± 12 29 ± 13 25 ± 8 21 ± 8 0.18 

Diastolic circ strain rate (/s) 69 ± 19 45 ± 18 57 ± 21 46 ± 21 <0.001† 

LGE present, n (%) 3 (13) 7 (32) 5 (24) 15 (71) <0.001† 

ECV (%) 30±5.8 28±7.2 27±4.9 29±5.7 <0.001† 

Native T1 (ms) 1164±54 1125±40 1112±71 1173±16 0.003 

Other parameters      

LA volume (ml) 67 ± 27 74 ± 43 80 ± 33 78 ± 29 0.63 

RV ejection fraction (%) 60 ± 4 61 ± 7 63 ± 6 61 ± 5 0.60 

Cardiac metabolism      

MTG (%) 1.27±0.7 1.53±0.84 1.64±0.64 1.79±1.03 0.034 * 

PCr/ATP 1.65±0.34 1.55±0.52 1.49±0.55 1.47±0.40 0.056 
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Figure 3.5: Graphic representation of LV structure and function in relation to AV pressure gradient quartiles. Green represents quartile (Q) 
1 with peak aortic valve gradient (AVG) 16 ± 8 mmHg, Blue represents Q2, AVG 36 ± 3.8 mmHg, Orange represents Q3, AVG 49 ± 6 mmHg, 
Red represents Q4, AVG 79 ± 14 mmHg. All p values are from 1-way ANOVA comparison of means. P <0.05 is significant. 
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3.6.3.3 Myocardial metabolism  

Myocardial PCr/ATP was numerically reduced across the increasing AV pressure gradient 

quartiles (ordered medians JT test, p=0.056). In contrast, myocardial triglyceride content 

increased significantly (by 40%) across the increasing AVG quartiles (JT ordered medians 

p=0.03, Table 3.5).  However, on partial correlation analysis once controlled for LVWT, 

there was no significant relationship between AVG quartiles and PCr/ATP (r = -0.02, p = 

0.99), but that with MTG content remained borderline significant (r = 0.17, p = 0.07). 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.6: Graphic representation of cardiac metabolism characteristics in relation to AV 
pressure gradient. Green represents quartile (Q) 1 with peak aortic valve gradient (AVG) 16 
± 8 mmHg, Blue represents Q2, AVG 36 ± 3.8 mmHg, Orange represents Q3, AVG 49 ± 6 
mmHg, Red represents Q4, AVG 79 ± 14 mmHg. All p values are from Jonckheere-Terpstra 
test comparison of ordered medians. P <0.05 is significant.  
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3.6.3.4 Myocardial Fibrosis on T1 mapping, extracellular volume (ECV) quantification 

and late Gadolinium Enhancement Imaging 

T1 and ECV: Native T1 and ECV overall remained within normal range within the quartiles. 

But were numerically lower in Q2-3 and then increased in Q4. The difference between the 

quartiles was statistically significant (p<0.001).Table 3.5. 

Late gadolinium imaging: Areas of LGE were identified in overall 34% of patients with 

increasing prevalence across the quartiles, highest in Q4. The predominant pattern of LGE 

was patchy, involving mainly the basal inferior and inferolateral wall.  

On controlling for LVWT, there was no significant relationship between presence of LGE 

and AVG (r = 0.18, p = 0.15).See Table 3.6 below. 

 

Table 3.6: Partial correlation between AV gradient and main LV function and metabolism 
parameters when controlled for LVWT. LV, left ventricle; long, longitudinal; circ, 
circumferential; LGE, late gadolinium enhancement; MTG, myocardial triglyceride content; 
PCr/ATP, Phosphocreatine/Adenosine triphosphate ratio. 
 

AVG Variables (controlled for LVWT) r P value 

LV function and fibrosis 
  

Global long strain (%) -0.08 0.49 

Global circ strain (%) -0.27 0.03 

Diastolic circumferential strain rate (/s) -0.05 0.69 

Presence of LGE 0.18 0.15 

Cardiac metabolism 
  

MTG (lipid/water ratio) 0.17 0.07 

PCr/ATP -0.01 0.99 
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3.6.4 LV pressure gradient quartiles 

As the LV is subject to the combination of afterload from both systemic arterial blood 

pressure and aortic valve obstruction I next sought to investigate the relationship between 

total LV pressure load and metabolic remodelling. For this analysis all 87 participants were 

divided into quartiles based on total LV gradient (i.e. AVG + SBP).  

3.6.4.1 Demographic and clinical characteristics 

Participants in Q1 were relatively younger (mean age 55 ± 13 years) with lower average 

systolic BP (124 ± 10 mmHg) compared to rest of the quartiles (both p<0.001 on group 

ANOVA). Age and systolic BP increased across Q2 to Q4. All quartiles (Q1 to Q4) were 

matched in rest of the characteristics with no significant difference in blood glucose, free 

fatty acids, total cholesterol and triglyceride levels. See Table 3.7. 
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Table 3.7: Demographics, clinical and biochemical characteristics in group based on total 
LV gradient. Values are mean ± SD for continuous data and frequency (percentages) for 
categorical data. P values are for 1-way ANOVA for all groups unless specified. † 
Significant. AS indicates aortic stenosis; BMI, body mass index; BP, blood pressure; HDL, 
high density lipoprotein; BNP, brain natriuretic peptide; ARB, Angiotensin receptor blocker; 
ACE-I, Angiotensin converting enzyme inhibitors. 
 

 

Groups based on LVG Q1 (n=22) Q2 (n=23) Q3 (n=20) Q4 (n=22) P value 

Total LV gradient (mmHg) 
 

142 ± 14 170 ± 6 193 ± 8 223 ± 18 <0.001† 

Demographics data      

Age (years) 55 ± 13 65 ± 17 70 ± 12 77 ± 10 <0.001† 

Male, n (%) 12 (55) 17 (74) 16 (80) 16(73) 0.30 

BMI(kg/m2) 25 ± 4 28 ± 4 26 ± 5 27 ± 5 0.42 
 

Clinical data 
     

Systolic BP (mmHg) 124 ± 10 134 ± 11 143 ± 17 152 ± 18 <0.001† 

Diastolic BP (mmHg) 73 ± 12 74 ± 8 73 ± 9 74 ± 7 0.95 

Heart rate (bpm) 64 ± 13 66 ± 10 60 ± 10 65 ± 9 0.21 

Hypertension, n (%) 5 (23) 8 (35) 6 (30) 9 (41) 0.63 

Atrial Fibrillation, n (%) 2 (9) 1 (4) 2 (10) 3 (14) 0.76 
 

Biochemical parameters 
     

Blood glucose (mmol/L) 5.1 ± 0.6 5.1 ± 0.8 5.2 ± 0.5 5.5 ± 1.0 0.23 

FFA (mmol/L) 0.53 ± 0.2 0.62 ± 0.2 0.78 ± 0.4 0.64 ± 0.2 0.18 

Total cholesterol (mmol/L) 4.5 ± 0.9 4.6 ± 0.7 4.4 ± 0.8 4.6 ± 0.9 0.85 

Triglycerides (mmol/L) 1.1 ± 0.3 1.1 ± 0.4 0.98 ± 0.4 1.03 ± 0.6 0.94 

NT-pro BNP (ng/L) 228 ± 281 313 ± 587 263 ± 432 521 ± 727 0.46 
 

Medications 
     

Beta blockers, n (%) 3 (14) 2 (9) 2 (10) 2 (9) 0.95 

ARB/ACE-I, n (%) 5 (23) 4 (18) 6 (30) 9 (41) 0.63 

Diuretics, n (%) 1 (4) 2 (9) 2 (10) 1 (5) 0.86 

Statins, n (%) 5 (23) 6 (26) 9 (45) 10 (45) 0.25 
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3.6.4.2 LV structure and function 

With increasing total LV pressure overload, there was an increase in LV wall thickness (Q1 

10.1 ± 2.1 vs 15.3 ± 2.5 mm; p <0.001). LVMI also increases with increasing gradient (60 ± 

18 kg/m2, Q1 vs 75 ± 16, Q4; p = 0.03). LVEF remained within normal limits in all the 

quartile groups, Table 3.8. 

Pattern of strain measurement was similar to AVG gradients with global systolic longitudinal 

strain being reduced across the increasing LV gradient quartiles (-14.7 ± 1.4% in Q1 vs -10.6 

± 2.5% in Q4; p <0.001) along with evidence of diastolic dysfunction, mainly early diastolic 

circumferential strain rate (Q1 66 ± 19 vs Q4 46 ± 22 100/s; p <0.02) with a step wise 

reduction across the ordered groups. 

When controlled for LVWT, there was no relationship between strain parameters and total 

LV gradient. See Table 3.9. 
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Table 3.8: Cardiac structure and function in groups based on total LV gradient.  
Values are mean ± SD or frequency (percentages). LVG indicates total left ventricular 
gradient; LV, left ventricle; AVA, aortic valve area; LA, left atrium; RV, right ventricle; LGE, 
late gadolinium enhancement; ECV, extracellular volume. P values are for 1-way ANOVA for 
all groups unless specified (<0.05 significant). † Significant. 
 
Groups based on LVG Q1 (n=22) Q2 (n=23) Q3 (n=20) Q4 (n=22) P value 

Total LV gradient, mmHg 142 ± 14 170 ± 6 193 ± 8 223 ± 18 <0.001† 
 

AV parameters 

     

AVA, cm2 2.5 ± 1.3 1.3 ± 0.7 1.0 ± 0.3 0.9 ± 0.3 <0.001† 

Peak velocity, m/sec 2.1 ± 0.8 2.9 ± 0.4 3.4 ± 0.7 4.0 ± 0.6 <0.001† 
 

LV parameters 
     

LV wall thickness, mm 10.1 ± 2.1 13.9 ± 3.2 14.1 ± 2.3 15.3 ± 2.5 <0.001† 

LV end-diastolic volume (ml) 147 ± 45 144 ± 30 152 ± 26 156 ±  35 0.67 

LV end-systolic volume (ml) 56 ± 24 55 ± 14 55 ± 13 53 ±  18 0.95 

LV stroke volume (ml) 91 ± 23 88 ± 21 98 ± 21 99 ±  22 0.27 

LV mass index 63 ± 22 67 ± 13 69 ±12 75 ± 16 0.16 

LV ejection fraction 62 ±  5 61 ±  5 64 ± 7 67 ± 7 0.032† 

Systolic longitudinal strain (%) -14.7 ± 1.4 -11.7 ± 2.6 -12.7 ± 2.5 -10.6 ± 2.5 <0.001† 

Systolic circumferential strain (%) -17.9 ± 2.4 -15.5 ± 3.1 -17.2 ± 3.3 -16.9 ± 3.6 0.11 

Diastolic long strain rate (/s) 25 ± 11 25 ± 11 29 ±11 21 ± 8 0.13 

Circumferential strain rate (/s) 66 ± 19 51 ± 24 52 ± 16 46 ± 22 0.02† 

LGE present, n (%) 1 (5) 10 (44) 5 (25) 14 (64) <0.001† 

ECV (%) 28 ± 4.2 29 ± 8.3 28 ± 6.9 29 ± 3.3 0.81 

Native T1(ms) 1120 ± 29 1126 ± 47 1120 ± 39 1176 ± 74 0.003 

Other parameters 
     

LA volume (ml) 74 ± 45 68 ± 25 72 ± 26 86 ± 34 0.29 

RV ejection fraction (%) 60 ± 5 60 ± 7 63 ± 6 63 ± 4 0.12 
 

Cardiac metabolism 
     

MTG, % 1.29 ± 0.76 1.49 ± 0.73 1.72 ± 0.66 1.72 ± 1.1 0.08* 

PCr/ATP 1.71 ± 0.34 1.53 ± 0.56 1.40 ± 0.42 1.52 ± 0.45 0.07* 
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Figure 3.7: Graphic representation of main LV structure and function findings in relation to total LV gradient quartiles. Green represents 
quartile (Q) 1 with peak LV gradient (LVG) 142 ± 14 mmHg, Blue represents Q2, LVG 176 ± 6 mmHg, Orange represents Q3, LVG 193 ± 8 
mmHg, Red represents Q4, LVG 223 ± 18 mmHg. All p values are from 1-way ANOVA comparison of means. P <0.05 is significant
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3.6.4.3 Myocardial metabolism 

Myocardial PCr/ATP reduced from Q1-Q3 before plateauing in Q4. The reduction from Q1 

to Q3 was statistically significant (1.71 ± 0.34, Q1 vs 1.40 ± 0.42, Q3; p = 0.03) but the 

change was overall not statistically significant (ordered medians JT test, p=0.08, Table 3.8, 

Figure 3.8).  

Myocardial triglyceride content increased numerically (by 35%) across the increasing AVG 

quartiles (JT ordered medians p=0.08, Table 3.8) with a 47% increase between Q1 and Q2 

(1.29 ± 0.76, Q1 vs 1.49 ± 0.73, Q2).   

When controlled for LVWT variable, LVG correlated significantly to MTG (r = 0.21, p = 

0.03), but not to PCr/ATP (p = 0.70).  This relationship was not significant when controlled 

for both LVWT and AVG. See Table 3.9  
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Figure 3.8: Graphic representation of cardiac metabolism characteristics in relation to LV 
pressure gradient. Green represents quartile (Q) 1 with peak LV gradient (LVG) 142 ± 14 
mmHg, Blue represents Q2, LVG 176 ± 6 mmHg, Orange represents Q3, LVG 193 ± 8 
mmHg, Red represents Q4, LVG 223 ± 18 mmHg. All p values are from ordered medians JT 
test, p <0.05 significant. 
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3.6.4.4 Myocardial Fibrosis on T1 mapping, extracellular volume (ECV) quantification 

and late Gadolinium Imaging 

The relationship between myocardial fibrosis and LV pressure gradient was similar to that 

seen for AV gradient and as described below: 

T1 and ECV: No significant trend was seen in myocardial T1 values and ECV across the 

LVG groups. Native T1 and ECV were low normal in Q1-3 and then increased in Q4 (1176 ± 

74 ms, Q4 vs 1120 ± 29 ms, Q1). All values remained within normal range (Table 3.8). 

Late gadolinium imaging: Percentage of those with LGE i.e. evidence of myocardial 

replacement fibrosis was highest in Q4 (64% Q4 vs 5% Q1). No correlation was seen 

between LVG and presence of LGE (r = 0.06, p = 0.56). 
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Table 3.9: Partial correlation between LV gradient and main LV function and metabolism 
parameters when controlled for LVWT. 

LVG Variables 
(controlled for LVWT) 

r P value 

 
LV function and fibrosis 

  

Global long strain (%) 0.04 0.73 
Global circ strain (%) -0.19 0.13 
Diastolic circ strain rate (100/s) -0.13 0.29 
Presence of LGE 0.07 0.56 

Cardiac metabolism 
  

MTG (lipid/water ratio) 0.24 0.03* 
PCr/ATP 0.05 0.70 
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3.7 Discussion 

The main novel findings from this study are A) Impaired energetics and myocardial steatosis 

occur early in the AS disease process, this has not been studied previously. B) What initiates 

these changes is still unclear but there seems to be a relationship between LV hypertrophy 

and impairment of cardiac energetics. AV/LV gradient is more related to development of 

steatosis. C) In this study, the effect of LV gradient on cardiac physiology or metabolism was 

mainly driven by AV gradient than SBP. 

3.7.1 Effect of LV hypertrophy 

3.7.1.1 LV structure/function and LV hypertrophy 

Whilst all LVH quartiles maintained normal EF, there was strong evidence of subclinical LV 

impairment in both systolic and diastolic strain parameters early in Q2 in LVH groups, which 

worsened with disease severity. LV peak systolic and diastolic strain impairment was driven 

mainly by LV hypertrophy (peak systolic longitudinal strain p <0.001; peak systolic 

circumferential strain p = 0.003; Diastolic circumferential strain rate p = 0.02). Longitudinal 

contraction was impaired in Q2 whilst circumferential systolic strain was affected in Q3 and 

Q4. This is in keeping with previous studies which have demonstrated LVH to cause 

impaired longitudinal function in pressure overload despite normal EF. Circumferential and 

radial strain impairment occurs later and is also related to hypertrophy.236, 237 

3.7.1.2 Cardiac metabolism and LV hypertrophy 

Alterations in cardiac metabolism were seen before the development of significant LVH. In 

this study, abnormal myocardial lipid and energetics were present as early as Q2 in LVH  

group. Myocardial steatosis, measured as myocardial lipid/water ratio on 1H-spectroscopy 

(average normal values from 10 healthy volunteers 1.20 ± 0.30%) was higher in Q2-4 but did 

not have a significant relationship with degree of LVH based on wall thickness.  PCr/ATP, on 

the other hand was reduced in Q2 with only modest hypertrophy (~12mm) and worsened 
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overall as LVH increased, independent of AV gradient (p = 0.02). It is plausible that early 

metabolic changes with reduced energetics causes compensatory increase in cardiac myocyte 

size early in the disease process exacerbating the hypertrophic response to pressure overload. 

Thus, degree of metabolic impairment potentially guides the hypertrophic response and  

could explain the individual heterogeneity in degree of hypertrophy for same pressure 

overload. Another novel finding in this study was the significant relationship between 

impaired cardiac energetics and the presence of myocardial fibrosis (p = 0.01). 

3.7.1.3 Myocardial fibrosis and LV hypertrophy 

Presence of myocardial replacement fibrosis as seen on LGE was related significantly to 

degree of LV hypertrophy (p <0.001) than pressure overload (p = 0.15). This is in keeping 

with previous studies that have shown that LV hypertrophy is associated with myocyte 

apoptosis that result in focal sites of replacement fibrosis which may be important in the 

transition from compensated hypertrophy to heart failure.238 This study has shown for the first 

time that presence of LGE is also accompanied by lower PCr/ATP, which in turn is related to 

LVH. This may explain findings from previous histological studies that have demonstrated an 

association between myocardial fibrosis at the time of valve replacement and both impaired 

recovery of LV systolic function and poor long-term outcomes following valve 

replacement.239 Considering impaired energetics are seen in the group where AVG and LVH 

are only modestly increased, and that PCr/ATP is  significantly lower in those with fibrosis 

on LGE, it is plausible that there may be a causal relationship between these metabolic 

changes that precede myocardial fibrosis and overall prognosis in AS. 

Myocardial steatosis did not have any relationship with presence or absence of myocardial 

fibrosis in the study. 
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3.7.2 Effect of pressure overload (both AVG and LVG)  

3.7.2.1 LV structure and function and pressure overload  

The changes in LV structure and function in this study were mainly secondary to AV 

pressure overload. Despite both AVG and SBP being related to LVH, on regression analysis 

only AVG was independent predictor of LVH ( r = 0.59, p <0.001). Hence the discussion for 

LV structure and function is limited to AV gradient quartiles only. 

Both LV wall thickness and LVMI increased with increasing AV gradient quartiles. LVEF 

remained normal across the AV gradient quartiles, however, there was evidence of 

subclinical LV dysfunction with impaired longitudinal and circumferential systolic strain and 

strain rate with increasing disease severity. The impairment in strain was driven by LVH than 

AVG on regression analysis, which is expected as LV strain impairment in AS is driven by 

geometrical changes secondary to hypertrophy than AV gradient itself. 37, 240 

3.7.2.2 Cardiac metabolism and pressure overload  

Cardiac metabolism was altered in Q2 with abnormal pressure overload (peak AVG 36 ± 18 

mmHg). Myocardial lipid content increased progressively across the pressure overload 

quartiles (both AVG and LVG) with significant difference between the quartile groups. 

Moreover, on correlation analysis, myocardial steatosis was driven by both total pressure 

overload (r = 0.24, p = 0.03) and AV pressure overload alone (r = o.22, p = 0.05), 

independent of LV hypertrophy. Thus, highlighting the importance of blood pressure control 

in AS in preventing cardiac lipotoxicity.241, 242 PCr/ATP ratio reduced significantly across the 

increasing pressure overload quartiles but this reduction did not correlate to the degree of 

pressure overload. 

3.7.2.3 Myocardial fibrosis and pressure overload 

Myocardial fibrosis was present in all pressure overload quartiles and % cases increased 

across the quartiles.  
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3.8 Blood parameters and cardiac metabolism 

Circulating fatty acid levels correlated significantly with both myocardial lipid content and 

PCr/ATP ratio. 

Rest of the analysis is represented in the correlation matrix below. 

 
 

 
 
Figure 3.9: Correlation matrix representing Pearson correlation between main blood 
parameters and structural and metabolic parameters. FA, fatty acids, BNP, Brain 
natriuretic peptide; LVWT, left ventricular wall thickness; AVG, Aortic valve gradient; 
LVG, Left ventricular pressure gradient; MTG, myocardial lipid content; PCr/ATP, 
Phosphocreatine/ATP ratio. 
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3.9 Conclusions 

This study findings suggest that metabolic changes start in mild-moderate stage of AS and 

could potentially drive or accelerate structural remodelling in the disease process. The 

particular metabolic changes described in this study i.e. reduced PCr/ATP and myocardial 

lipid accumulation have previously been studied in moderate - severe AS and believed to 

occur secondary to metabolic reconfiguration with perturbations in FAO. 142,163,164  These 

adaptations improve myocardial oxygen efficiency but are associated with depletion of 

energy reserve the compound, Phosphocreatine (PCr) whilst maintaining ATP levels until 

decompensation ensues.133,164 I have shown that low PCr/ATP levels precede the 

development of significant hypertrophy and potentially exacerbate the hypertrophic response 

and subsequent myocardial fibrosis in AS. This could explain the individual variability in 

response to similar pressure overload conditions. Also, the myocardial steatosis which is 

more related to the degree of pressure overload than hypertrophy can accelerate myocardial 

damage by generating toxic intermediates such as diacylglycerols and ceramides which 

further compromise ATP production and overall cell viability. These findings corroborate 

with previous studies in experimental models of LV pressure overload supporting a causal 

role for cardiac metabolic dysregulation in structural and functional impairment.193, 243,232 

In conclusion from the study findings, LV hypertrophy in pressure overload could potentially 

be driven by premature metabolic dysregulation resulting in impaired energetics, but once 

significant hypertrophy develops, it may be driving further deterioration in myocardial 

structure, function and energy production.  

 

3.10 Rationale for metabolic therapy in AS 

AS poses a significant healthcare burden and still lacks pharmacological therapeutic option, 

despite them being a focus of significant interest for many years. No drug has yet shown to 
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improve cardiac function/cardiovascular outcomes. The understanding of cardiac energy 

metabolism has improved dramatically in recent decades, and the importance of metabolic 

signalling in adaptive and maladaptive responses to pressure overload as well as ATP 

generation is now appreciated. AS has particular promise for metabolic therapy, where down 

regulation of PPARα signalling pathway appears to be an important causal factor in the 

alterations in cardiac substrate metabolism and sequential decreased myocardial efficiency 

and cardiac functional impairment.  The successful translation of therapies upregulating 

PPARα requires deeper understanding of the interplay between cardiac substrate metabolism, 

lipid deposition, energy generation and cardiac function in AS. This has now become 

possible with state-of-the-art MR metabolic imaging techniques: 1H-Spectroscopy for 

myocardial triglyceride content and 31P-Spectroscopy for ATP metabolism. These techniques 

have provided insight into the metabolic phenotype of AS, and may become useful for 

disease monitoring, identifying the most promising drugs and assessing response in AS.  

 

We explore the potential of PPARα agonist, Fenofibrate as a metabolic modulator to augment 

cardiac physiology in AS using MRS techniques further in Chapter 5 and 6. 
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4 Chapter Four 

Effect of cardiac metabolism on exercise capacity in AS 

 
4.1 Abstract 

4.1.1 Introduction 

Aortic stenosis (AS) results in obstruction of blood flow through the aortic valve. The 

ventricular response to chronic pressure overload and other consequences of AS are 

important to understand. Determining how the ventricular remodelling in AS affects 

functional capacity in AS is not always straightforward especially in an elderly population. 

Around one-third of asymptomatic AS patients’ develop cardiac symptoms on exertion.244 

Cardiopulmonary exercise testing (CPET) is an objective assessment of patients’ exercise 

tolerance.245 It can not only help identify asymptomatic at-risk individuals with 

hemodynamically compromising AS but also to help assess the efficacy of potential disease–

modifying therapies in AS. The objective assessment of maximal exercise capacity using 

peak oxygen consumption (VO2) measurement in asymptomatic AS patients can help 

understand the relationship between exercise capacity and cardiac physiology and 

metabolism in AS, which has been relatively unexplored previously. In this experiment, I 

sought to identify which CMR parameters of cardiac function and metabolism could predict 

exercise capacity in asymptomatic AS. 

 
4.1.2 Methods 

74 asymptomatic AS patients across the spectrum of the disease {Total 74; Mild-moderate 

AS (n=18), moderate AS (n=38), severe AS (n=18)} were recruited to the study. Comparison 

of exercise and myocardial parameters was made to understand the relationship between 

exercise capacity and LV remodelling in AS. Cardiac volumes, function and aortic valve 
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were assessed using cardiac magnetic resonance (CMR) cine imaging. Myocardial lipid 

content and cardiac energetics were assessed using 1H and 31P MR spectroscopy. Functional 

capacity was measured using six-minute walk test (6MWT) and CPET. Spirometry was 

performed on all participants prior to CPET in order to exclude underlying significant lung 

pathology. 

According to the mean peak VO2, patients with reduced exercise capacity were significantly 

older (p = 0.025) and more frequently females (p = 0.001). There were significant 

correlations between peak VO2 and age (r = −0.314, p = 0.006), LV end-diastolic volume (r = 

0.310, p = 0.006), LV stroke volume (r = 0.30, p = 0.01), and LV mass, both absolute and 

indexed (r = 0.31, all p = 0.002). Parameters of AS severity and LVEF did not correlate with 

peak VO2 (p = ns for all). Among LV deformation parameters, circumferential strain was 

significantly associated with peak VO2 (r = 0.43, p = 0.005, and r = 0.32, p = 0.04, 

respectively). With multivariate analysis, age (β = 0.50; p = 0.03) and body mass index were 

the only independent determinants (r2 = 0.423) of peak VO2. Cardiac MTG and energetics did 

not correlate to exercise capacity. 

4.1.3 Conclusion 

In asymptomatic AS, LV volumes, LV mass and impaired LV myocardial circumferential 

strain relate to reduced exercise capacity. Age and BMI were the only independent 

determinants of exercise capacity. 
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4.2 Introduction 

Management of AS currently relies on symptoms. However, symptom reporting is an 

objective assessment and perhaps not the best for guiding treatment in AS. This has led LV 

ejection fraction.246 An assiduous search for parameters that could help identify patients who 

may benefit from early or alternative therapeutic intervention has begun in recent years. 

There is evidence that LVEF is not an accurate estimator of myocardial contractility in 

patients with AS.247 LV hypertrophy by compensating for the increased wall stress pseudo 

normalises LVEF values creating a false impression of normal LV systolic 

performance. Having studied the paradigm of myocardial structural and metabolic 

remodelling in AS and its deleterious effect on myocardial function which begin at the mild-

moderate stage of the disease process, as shown in Chapter 3,  I wanted to study  how these 

changes impact aerobic capacity in AS.  

The heart has to keep contracting to provide the body with the oxygen and nutrients it needs. 

Under normal physiological conditions, due to the small storage of high energy phosphate in 

cardiac myocytes, normal heart function depends on the tight coupling of intracellular ATP 

production and myocardial contraction 142, and ATP is mainly derived from the catabolism of 

glucose and fatty acids. In healthy adults, the heart obtains about 50%-70% of myocardial 

acetyl CoA derived ATP from fatty acids. When endogenous fatty acid supply is reduced, 

intracellular triacylglycerol hydrolyses the fatty acid back through specific lipases including 

adipose triglyceride lipase (ATGL)248,249  for fatty acid oxidation and subsequent ATP 

generation. The efficient absorption and recycling of fatty acids by the heart is the key to 

ensuring ATP supply and systolic function250 and glycolysis produces less than 10% of total 

ATP in healthy hearts. The main pathway for ATP resynthesis is mitochondrial oxidative 

phosphorylation (>98%), which is driven by the reduction equivalent NADH and FADH2 

produced by fatty acid oxidation, pyruvate oxidation, and Krebs cycle. In a healthy heart, the 
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hydrolysis rate of ATP matches the rate of ATP resynthesis, and the tissue content of ATP is 

very constant, even though the conversion rate of ATP is greatly raised.251 The elevated acute 

load during exercise has a strong effect on myocardial metabolism. In the heart, exercise 

boosts contractility and oxygen consumption, which is 10 times higher than the resting rate 

Although the heart can take advantage of substrates including carbohydrates, lipids, amino 

acids, and ketone bodies, to provide energy, while its substrate preference vary under both 

physiological and pathological stress.196 The changes of substrate utilization and 

mitochondrial adaptation induced by exercise in physiological cardiomyocytes are effective 

guarantees to maintain the normal myocardial cells function. 

Cardiopulmonary exercise testing offers an assessment of individuals’ functional capacity 

through evaluation of gas exchange during exercise and thus an assessment of systems 

involved in both oxygen transport and utilization.252 Cardiopulmonary exercise testing allows 

for measurement of the volume of tissue oxygen uptake, which is a key parameter that offers 

insights into cardiac and pulmonary function, as expressed by Fick’s principle, according to 

which  equates to cardiac output multiplied by the arterio-venous gradient [C(a-v)O2].253, 

254  During ramp-like exercise, VO2 increases exponentially up to a steady state 

corresponding to peak exercise, and will adopt different patterns in patients with different 

cardiac conditions. Moderate to severe AS can interfere with the body’s normal physical 

responses to increased work, and thus affect the peak VO2.254 

From a metabolic perspective, one primary focus is the time and intensity dependent 

contributions of the three major energy pathways.255 First, the phosphagen system, the PCr to 

ATP reaction regulated by creatine kinase (CK), resynthesizes ATP during immediate, high 

intensity work. Second, the short-term lactic acid system, relies on glycogen-dependent 

glycolysis to fuel intermediate, moderate to high intensity activity.256 Third, the long-term 
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aerobic system requires efficient oxidative metabolism to support moderately intense, long-

duration exercise. We know from our earlier knowledge in AS that all these major energy 

pathways undergo remodelling in AS with early reduction of PCr pool and impaired 

PCr/ATP ratio, switch to glucose metabolism with more reliance on glycolysis.  

In parallel to the energy systems, careful consideration of the oxygen demand and time 

course of oxygen uptake are also necessary. In the early course of exercise, an increase in the 

cellular energetic demand occurs, requiring increased oxygen uptake. However, despite 

constant intensity, there is a slight delay (up to several minutes) in oxygen uptake to match 

the steady-state metabolic demands. This phenomenon deemed the “oxygen deficit,” 

represents the mismatch between total oxygen uptake and the steady-state oxygen 

requirement.257 During this time, ATP re-synthesis is supported by both the immediate and 

short-term energy systems (i.e., PCr and glycolysis). In time, the oxygen uptake matches the 

oxygen demand and the steady-state metabolic needs are met primarily by long-term aerobic 

metabolism. Research has shown that exercise-trained individuals have a reduced “oxygen 

deficit” and reach steady-state, aerobic metabolism at a faster rate compared to sedentary 

counterparts.258 The enhanced metabolic capacity of the system is furnished by a combination 

of augmented oxygen delivery and improved biochemical processes. 

The effects of exercise on the heart with AS are not completely understood. Pressure 

overload in AS contributes to the heart’s dysfunctional status. Accelerated glycolysis is a 

hallmark of the pathological hypertrophied myocardium259 and alterations in the PCr/ATP 

ratio have been reported.181 LV hypertrophy is characterized by derangements in cardiac 

energy metabolism including lower PCr/ATP, abnormal creatine kinase kinetics and 

deranged substrate utilization. The PCr/ATP is significantly decreased  at rest in hearts with 

LVH and the severity of this abnormality is proportional to the degree of cardiac hypertrophy 
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and accompanying LV dysfunction.  It is plausible that the capacity to augment ATP delivery 

with stress might be compromised in pressure overload hearts as the energetic shuttle may 

essentially be operating at maximal capacity at rest, with no reserve like other 

cardiomyopathy states such as obesity. 

 Cardiopulmonary exercise testing (CPET) with measurement of gas exchange provides 

quantitative, objective, and more accurate non-invasive evaluation of maximal exercise 

capacity.204 However, very few studies have focused on evaluating exercise capacity in AS 

260 and studying its relationship with myocardial function and metabolism. In the present 

study, I sought to explore the relationship between exercise capacity as assessed by peak 

VO2 with CMR derived indices of LV size/function and metabolism in patients with 

asymptomatic AS. I hypothesise that in those with higher MTG content on 1H-MRS will have 

lower peak VO2 potentially due to perturbations in FAO and inability to augment FAO at 

peak exercise. 

4.3 Methods  

4.3.1 Study population 

Seventy-four participants including mild-moderate AS (n=30; aortic valve area, mean AVA 

1.2±0.23cm2, peak velocity 2.9±0.17m/sec, peak valve gradient 36±4mmHg), moderate AS 

(n=22; AVA 1.0 ± 0.3cm2, peak velocity 3.4±0.2 m/sec, peak valve gradient 49±6 mmHg) 

and severe AS (n=22; AVA 0.8 ± 0.2 cm2, peak velocity 4.3±0.5 m/sec, peak valve gradient 

79±14 mmHg) were prospectively included in the study. All participants met the inclusion 

and exclusion criteria as described in Chapter 2. All participants gave informed consent and 

the local ethics committee approved the protocol. 
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4.3.2 Study assessments 

All participants underwent blood tests (including full blood count, renal and liver function, 

lipid profile, NT-proBNP, glucose and free fatty acids) followed by CMR assessment at 3T 

MRI scanner (Magneton Prisma; Siemens Healthineers) as per the following protocol: 

• 31P-MRS to assess PCr/ATP as a measure of myocardial energetic status at rest. 

• 1H-MRS to quantify myocardial steatosis. 

• Cine imaging to measure LV function, mass and volumes and assess aortic valve. 

• Tagging CMR to assess LV strain. 

• ShMOLLI T1 mapping to assess tissue characterisation. 

• Late gadolinium enhancement to evaluate interstitial fibrosis. 

Participants then underwent 6MWT and CPET as detailed in Chapter 2, sections 2.6 and 2.7. 

CPET bike protocol was designed with three distinct stages: a warm-up stage, an exercise 

stage with progressive increase in workload, and recovery stage. Patients were encouraged to 

exercise until exhaustion and discouraged from talking during the test. All assessments were 

performed in fasted state. 

4.3.3 Statistical analysis 

Patients were divided into two groups according to the mean peak VO2 distribution. The 

results were expressed as mean ± standard deviation or percentages unless otherwise 

specified. The statistical differences between groups were assessed using student t-test or 

Fisher’s exact test as appropriate. The relationship between CMR data and peak VO2 was 

evaluated using linear regression model. Values of p<0.05 were considered significant. All 

statistical analysis were performed with SPSS, version 28 and GraphPad Prism (version 9.0.2 

for Windows; GraphPad Software, San Diego, CA). 
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4.4 Results 

4.4.1 Characteristics of the population 

Among the 74 patients included in the study (age 70 ± 14 years, 72% men), 44 (59%) had 

moderate - severe AS. None of the patients had known peripheral artery disease or 

intermittent claudication during CPET. For the purpose of analysis, patients were divided into 

groups of preserved maximal exercise capacity (MEC) >22ml/kg/min and reduced MEC 

<22ml/kg/min. 

Patients' clinical and demographic characteristics and main CPET data are summarized 

in Table 4.1.  

The CMR characteristics of the studied population are depicted in Table 4.2. 
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Table 4.1: Demographic, clinical and cardiopulmonary exercise test (CPET) data 
Data are presented as mean ± SD or n (%). MEC, maximal exercise capacity; SBP, systolic 
blood pressure; DBP, diastolic blood pressure; HR, heart rate; ACE-I, Angiotensin 
converting enzyme inhibitors; ARB, Angiotensin receptor blockers; Hb, Haemoglobin; TC, 
Total cholesterol; TG, triglycerides; Peak VO2, peak oxygen capacity; VE/VCO2; Minute 
ventilation/carbon dioxide production; VT, Ventilatory threshold; RER, Respiratory 
exchange ratio; 6MWT, six minute walk test; BNP, Brain natriuretic peptide; Hb, 
haemoglobin 

Characteristics Total 
n=74 

Preserved MEC, n=36 
(VO2 >22 ml/min/kg) 

Reduced MEC, n=38 
(VO2 <22 ml/min/kg) 

P value 

Age (years) 70±14 69±14 73±11 0.025 
Female, n (%) 21 (28) 4 (11) 17 (45) 0.001 

BMI (Kg/m2) 27±5 25±4 31±4 <0.001 

HR (bpm) 64±11 63±10 64±11 0.76 
SBP (mmHg) 140±18 137±18 146±17 0.05 
DBP (mmHg) 72±9 72±9 71±7 0.4 
Co-morbidities   

    

Atrial fibrillation 8 (11) 1 (3) 7 (18) 
 

Hypertension 26 (35) 13 (36) 13(34) 
 

Medications     
ACE-i/ARB 26 (35) 13 (36) 13(34) 

 

Beta blockers 9 (12) 2 (6) 7 (18) 
 

Statins 29 (39) 11 (31) 18 (47) 
 

Diuretics 6 (8) 3 (8) 3 (8) 
 

Bloods (°mmol/L) 
    

NT-proBNP (ng/ml) 354±570 191±121 498±750 0.03 
FFA° 0.65±0.3 0.62±0.32 0.69±0.24 0.35 
Beta-hydroxybutyrate° 0.13±0.07 0.13±0.70 0.14±0.06 0.68 
Glucose° 5.2±0.8 5.5±1.0 5.0±0.7 0.03  
Hb (mg/dl) 138 ±13 137±12 140±13 0.25 
Total Cholesterol° 4.5±0.8 4.5±0.89 4.6±0.69 0.84 
Triglycerides° 1.04±0.4 1.11±0.52 0.99±0.34 0.31 
CPET data 

    

Peak VO2 (ml/min/kg) 21.6±5.8 24.3±4.8 16.2±3.5 <0.001 
VE/VCO2 slope 38±5 39±5 37±4 0.12 
VT (kg/ml/min) 26±7 30±5 18±3 <0.001 
RER 1.3±0.14 1.32 ± 0.12 1.21±0.14 <0.001 
Test duration (mins) 16±4 17±4 13±3 0.003 
Max. workload (watts) 111±40 123±38 86±33 <0.001 
Peak HR (bpm) 139±22 144±22 134±21 0.06 
Peak SBP (mmHg) 174±22 170±23 180±17 0.09 
6MWT distance (m) 417±93 436±72 390±114  0.17 
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Table 4.2: CMR parameters  
Data are expressed as mean ± SD. LV, left ventricle; EDV, end diastolic volume; ESV, end 
systolic volume;LVM, left ventricular mass; WT, wall thickness; LGE, late gadolinium 
enhancement; EF, ejection fraction; long, longitudinal; circ, circumferential;SR, strain rate; 
MTG, myocardial triglyceride content; PCr/ATP, phosphocreatine/adenosine triphosphate 
ratio; AS, aortic stenosis; AV, aortic valve; AVA, aortic valve area 
 

 Characteristics Overall 
(n=74) 

Preserved MEC n=36 
(VO2 >22 ml/min/kg) 

Reduced MEC n=38 
(VO2<22 ml/min/kg) 

P value 

LV structure 
    

LVEDV (ml) 151 ± 35 160 ± 29 141 ± 37 0.02 
LVESV (ml) 55 ± 18 59 ± 14 51 ± 20 0.06 
Indexed LVM (kg/m2) 70 ± 15 74 ± 13 65 ± 16 0.02 
Absolute LVM (kg) 134 ± 41 143 ± 33 125 ± 46 0.04 
LVWT (mm) 13 ± 3 14 ± 3 14 ± 3 0.73 
Presence of LGE (%) 28 (38) 18 (50) 10 (26) 0.54 
Native T1 (ms) 1140 ± 59 1129 ± 61 1150 ± 55 0.17 
LV function 

    

Stroke volume (ml) 95 ± 23 101 ± 19 88 ± 24 0.009 
LVEF (%) 64 ± 7 63 ± 5 64 ± 8 0.54 
Global long strain (%) -12 ± 3 -11.9 ± 2.3 -12.2 ± 3 0.64 
Global circ strain (% -16.6 ± 3 -17.2 ± 2.6 -15.9 ± 3.9 0.10 
Diastolic circ SR (1/s) 50 ± 20 52  ± 21 46  ± 19 0.18 
Cardiac metabolism 

    

MTG (lipid/water ratio) 1.62 ± 0.86 1.49 ± 0.8 1.74 ± 0.9 0.23 
PCr/ATP 1.50 ± 0.47 1.48 ± 0.4 1.53 ± 0.5 0.72 
AS severity 

    

Peak AV gradient (mmHg) 50 ± 22 51 ± 22 49 ± 21 0.73 
AVA (cm2) 1.1 ± 0.3 1.1 ± 0.3 1 ± 0.3 0.90 
Peak velocity (m/sec) 3.4 ± 0.7 3.5 ± 0.7 3.3 ± 0.7 0.23 
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4.4.2 Functional capacity in AS 

4.4.2.1 Relationship with LV structure and function 

Mean peak VO2 was 21.6 ± 5.8 mL/kg/min (range 10–36 mL/kg/min, Figure 4.1) for the 

whole cohort. Six patients (8%) could not exercise to maximal volitional effort and had an 

RER of <1.1. Of note, none of them developed abnormal/clinically significant symptoms 

during the test. Patients with reduced maximal exercise capacity, MEC (peak VO2 < mean) 

were significantly older, more frequently females and had higher BMI (Table 4.1). Reduced 

MEC group had lower LV end-diastolic and end-systolic volumes, LV stroke volume and LV 

mass, both absolute and indexed (Table 4.2). There were no other significant differences 

between the two groups regarding clinical, demographic, and conventional CMR data. 

 
There was a significant correlation between absolute peak VO2 and age (r = −0.31, p = 

0.006), LV end-diastolic volume; LVEDV (r = 0.32, p = 0.006), LV end-systolic volume; 

LVESV (r = 0.29, p = 0.01), LV stroke volume; LVSV (r = 0.29, p = 0.01), absolute LV mass 

(r = 0.27, p = 0.02) and LV mass index (r = 0.31, p = 0.002, Table 4.3). In contrast, there was 

no significant correlation between peak VO2 and resting LVEF. 

Among LV myocardial deformation parameters, only global systolic circumferential strain 

(GCS) was significantly associated with peak VO2 (r = 0.30, p 0.01), Table 4.3. When 

divided into groups based  on mean peak VO2, patients with reduced MEC had  numerically 

reduced GCS (−17.2 ± 2.6% vs. −15.9 ± 3.9%) as well as circumferential diastolic strain rate 

(52 ± 21/sec vs 46 ± 19/sec) when compared to those with preserved MEC, but the difference 

between the groups was not significant (all p = ns, Table 4.2). 

Among all LV structure and function parameters derived by CMR, the strongest univariate 

determinant of peak VO2 were LV volumes and global circumferential strain (GCS, 

Table 4.3). 
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However, on multivariate regression after mean centering for LVEDV in the model including 

age, BMI, LVEDV, LVSV, LVMI and GCS, the main determinants of peak VO2 (r2 = 0.38) 

were only age (B 0.06, SE 0.29, p 0.002) and  BMI (B 0.29, SE 0.09, P <0.001)  

 

Table 4.3: Relationship between peak VO2, age, BMI and CMR parameters. 

LV, left ventricle; EDV, end diastolic volume; ESV, end systolic volume; SV, stroke volume; 
MI, mass index; EF, ejection fraction; long, longitudibal; circ, circumferential; MTG, 
myocardial triglyceride content; PCr/ATP, phosphocreatine/adenosine triphosphate ratio; 
AS, aortic stenosis; AV, aortic valve; AVA, aortic valve area; long, longitudinal; circ, 
circumferential. 
 

Variables r P value 

Age (years) -0.31 0.006 
BMI (kg/m2)  -0.40 <0.001 

LV structure and function 
  

LVEDV (ml) 0.32 0.006 
LVESV (ml) 0.29 0.01 
LVSV (ml) 0.29 0.01 
LVMI (kg/m2) 0.31 0.002 
LVEF (%) -0.14 0.24 
Global long strain (%) -0.12 0.34 
Global circ strain (%) 0.30 0.01 
Diastolic circ SR (1/s)  0.24 0.05 

Cardiac metabolism 
  

MTG (lipid/water ratio) -0.10 0.42 
PCr/ATP  0.00 0.99 

AS severity 
  

Peak AV gradient (mmHg) -0.08 0.49 
AVA (cm2) 0.04 0.74 
Vmax (m/sec) 0.03 0.80 
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4.4.2.2 Relationship with Aortic valve parameters 

There was no significant relationship between valve parameters and peak oxygen capacity in 

this cohort (Refer to Table 4.2 and 4.3) 

4.4.2.3 Relationship between cardiac metabolism and exercise capacity 

Two main cardiac metabolic parameters – MTG and PCr/ATP, were compared with 

parameters of exercise capacity.  

As described in Chapter 3, this research had shown that metabolic changes occur early in AS 

and I wanted to understand if these changes had any effect on exercise capacity before the 

development of symptoms or irreversible structural remodelling. 

Overall, whilst the exercise capacity correlated to LV volumes, no significant relationship 

was seen with resting MTG or cardiac energetics (PCr/ATP). When divided into groups 

based on mean MEC, MTG content was much higher in those with reduced MEC compared 

to preserved MEC (MTG content 1.74 ± 0.9% in reduced MEC vs 1.49 ± 0.8 % in preserved 

MEC) but the difference was not significant. However, on removing one extreme outlier from 

the MTG data, the medians JT across VO2 quartiles shows that those with lower MTG have 

better VO2 (p 0.058). There was no significant difference between cardiac energetics in the 

two groups (1.53 ± 0.5 in reduced MEC vs 1.48± 0.4 in preserved MEC). 

 

4.5 Discussion 

 
The major findings of the present study are (i) MEC varies widely in asymptomatic patients 

with moderate to severe AS and is often lower than expected average. 45% of the study 

population had peak VO2 lower than the cut-off (peak VO2 <20ml/min/Kg) for favourable 

outcomes from heart failure studies,261 (ii) classical parameters of AS severity do not 

influence MEC, (iii) MEC is modestly related to the degree of LV end-diastolic volume and 

LV stroke volume, (iv) LVEF does not affect MEC in AS patients with apparently preserved 
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LV systolic function, and (vi) Global longitudinal strain was impaired significantly 

throughout the cohort, but only LV circumferential strain correlated to MEC; a cut-off value 

of −16% could be used to predict reduced MEC in asymptomatic patient with moderate to 

severe AS. 

4.5.1 LV structure and exercise capacity in AS 

Several small studies have shown that exercise capacity is frequently altered in patients with 

AS. In a study by Clyne et al   asymptomatic patients with AS had a reduced exercise 

tolerance when compared with controls.262 Moreover, Rajani et al showed that peak indexed 

LV stroke volumes and peak VO2 values were lower in patients who developed symptoms 

during the test. In the present study, peak VO2 varied widely from normal to markedly 

reduced values (mean: 16.2 ± 3.5 mL/kg/min).263 Peak VO2 values were significantly lower 

in older patients and in females with asymptomatic AS in this study, in agreement with data 

obtained in the general population.202, 245 It is worth emphasizing that the present study 

included only patients without history of self-reported exertional dyspnoea, angina, or 

syncope, and no symptom development during the CPET test. Yet, 45% of the included 

patients had a suboptimal exercise capacity. 

4.5.2 LV function and exercise capacity in AS  

Peak VO2 is related to peak exercise cardiac output through the Fick equation. Cardiac output 

is related to heart rate and stroke volume, both at rest and during exercise. In the study cohort, 

resting LV stroke volume was associated with peak VO2, patients with lower MEC had 

smaller LV stroke volume, suggesting that an LV with a low stroke volume at rest does not 

have sufficient resources to adapt to exercise. Hence, patients with lower LV stroke volumes 

at rest tend to have reduced MEC. We did not measure LVSV at stress in this study. 
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Despite the LV wall thickness being similar in both the groups, high absolute LV mass was 

associated with reduced peak VO2 on multivariate analysis. This suggests that potential loss 

of LV filling volume related to ventricular remodelling can be deleterious on MEC in AS. 

Interestingly, from all conventional parameters of LV systolic function shown in Table 4.3, 

only LV stroke volume showed a significant relationship with peak VO2, while LVEF was 

neither associated with lower MEC, nor different between groups. The lack of association 

between LVEF and peak VO2 suggests that LVEF is a not a good estimator of exercise 

performance in patients with concentric remodelling and increased LV haemodynamic 

afterload. In the current guidelines, LVEF is the only LV function parameter used to 

recommend AVR in asymptomatic patients with severe AS. . In AS, the presence of LV 

hypertrophy, through a simple geometrical effect, can generate a confusing impression of 

‘normal’ LV systolic performance, despite a progressive decline in cardiac output. 

 In contrast to global LVEF, LV longitudinal systolic function is impaired earlier in 

conditions with high afterload, as in AS indicated by impaired longitudinal deformation. 

Though the LV longitudinal strain was depressed overall (average -12 %),234  in all AS 

participants in this study, it did not show a relationship with peak VO2. Only the decrease in 

circumferential strain (cut off -16%), 234,235related to differences in peak VO2 in this study. It 

is not clear why the study did not detect a relationship of peak VO2 with longitudinal strain as 

shown in previous studies45 but only with circumferential strain. These study patients were in 

an advanced stage of the disease where the myocardial dysfunction is likely to be  progressed 

from subendocardial to transmural fibres, therefore affecting both longitudinal and 

circumferential function.  
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4.5.3 Cardiac metabolism and exercise capacity 

In this study, there was no direct association between cardiac metabolic parameters and peak 

VO2. It is well known that in a normal heart, an increase in myocardial workload is 

accompanied by increases in the catabolism of multiple substrates, in particular, fatty acids 

and lactate. During steady state sub-maximal exercise, when lactate production (influx) 

equals lactate removal (outflux), the lactate concentration in the lactate pool stays constant 

and the rate of oxygen consumption is the measure of the whole body energy expenditure 

regardless of the magnitude of lactate production and removal or the absolute blood lactate 

concentration. At exercise intensities above steady state, a rise in the concentration could be 

attributed to an increase in the rate of lactate production or result from a decrease in the rate 

of lactate removal.264  

 

 PCr is an energy buffer that supports the transient failure of other metabolic pathways to 

support ATP. The equilibrium constant of the CK reaction is around 20 and the slightest drop 

in ATP allows the reaction to proceed to ATP. Thus, the ATP concentration stays nearly 

constant until almost all the PCr is utilized. The PCr levels follow an exponential time course 

after changes in work rate before approaching a steady state condition at moderate exercise 

intensities. However, for exercise intensities above lactate threshold, the anaerobic glycolytic 

energy supply becomes significant and the association between PCr and O2 rate has not yet 

been systematically reported. During recovery, the level of PCr must be recovered mostly 

through oxidative metabolism in a normal heart, the pH must be re-established and ADP 

removed.  

 

 The majority of these patients were able to exercise to maximal volitional effort with 

increase in lactate production as measured on capillary blood lactate. Average values for 
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lactate were higher in the preserved MEC group (4.7 ± 1.7 mmol/L vs 2.9 ± 1.2 mmol/L in 

the reduced MEC group). We know that oxidative metabolism is reduced in. hypertrophied 

AS hearts, hence it is plausible from this data that those with preserved MEC must have been 

able to increase rates of anaerobic glycolysis ( as indicated by higher lactate values in this 

cohort) to replenish PCr pools. 

 

It is also known that PPARα-mediated control of cardiac metabolic gene expression is 

activated in response to exercise training.64 During exercise, hormone-activated lipolysis in 

adipose tissue increases circulating FFA, which enhances FFA uptake and utilization.265 

However, heightened levels of circulating FFAs are only partially responsible for increasing 

fatty acid oxidation because higher cardiac workloads appear sufficient to increase fat 

oxidation in the heart. Cardiac TAG (triacylglycerol) utilization rates also increase 

considerably with exercise and appear to be further stimulated by lactate availability, 

suggesting that lactate may stimulate TAG turnover. Furthermore, after exercise adaptation, 

genes responsible for fatty acid transport and catabolism are elevated, which may help 

optimize fat utilization in the heart.255  

Thus, in the preserved MEC group, whether the lactate production stimulated TAG turnover 

and augmented FAO with improved energetics is not known as this was not investigated . 

Overall, a complex interplay of metabolic interactions resulting from alterations in PPARα 

signalling and fat metabolism in AS are likely to affect overall exercise performance, but any 

such effect may not have been detected in this study due to (i) limited assessment of 

metabolism measuring only two parameters, and (ii) small sample size for studying such 

effect. Further assessment with metabolomics before and after exercise in future studies may 

elicit a relationship between cardiac metabolic changes and exercise performance in AS. 
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Metabolomics analysis measuring rates of glycolysis, pyruvate oxidation and lactate 

production pre and at peak exercise would provide useful information. The two CMR 

metabolic parameters measured at rest in this study did not show a relationship with exercise 

capacity. However, perhaps future studies could explore measuring stress PCr/ATP and MTG 

in this cohort to see if they are able to augment energy production in the myocardium at peak 

exercise. 

4.6 Conclusions 

Degenerative AS usually affects elderly population, where increased age, female sex and high 

BMI reduce overall exercise performance. In addition, in asymptomatic patients with 

moderate to severe AS and preserved LVEF, lower LV volumes and higher absolute LV mass 

reduce myocardial efficiency during increase workload and predispose to heart failure. 

Global longitudinal strain is impaired early in AS and relates to subclinical LV dysfunction 

and reduced exercise capacity as shown in previous studies. But this study suggests that in 

advanced stages of the disease, perhaps global circumferential strain relates better with 

reduced exercise capacity. Future studies with larger cohort of mild, moderate and severe AS 

are required to establish cut-off for both longitudinal and circumferential strain that may 

affect exercise capacity.   

 
4.7 Limitations 

The sample size of the present study is relatively small but all patients included had a CPET. 

Peak VO2 may be affected by pulmonary diseases, neuromuscular, or musculoskeletal 

disease, anaemia or any other pathology that decreases the oxygen transport capacity of 

blood. However, none of the patients included in the present study had symptoms or any of 

the above-mentioned pathologies and all underwent spirometry prior to CPET to exclude 

occult respiratory disease. Exercise-induced myocardial ischaemia may be a limiting factor of 
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MEC. However, none of our patients had a history of coronary artery disease, or presented 

angina or significant ST changes suggestive of active myocardial ischaemia during exercise
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5 Chapter Five 

A prospective double blinded randomised controlled trial of 

metabolic modulation therapy in Aortic stenosis 

 
5.1  Abstract 

5.1.1 Background 

Aortic stenosis (AS) is associated with metabolic changes that cause a progressive 

impairment of cardiac metabolism and high-energy phosphate production. As a consequence 

of the impaired cardiac metabolism, other processes are activated in the hypertrophied heart 

that further exacerbate the progression to HF. Myocardial lipid accumulation and reduced 

production of high-energy phosphates has important implications for both systolic and 

diastolic heart function in AS. Metabolic agents, mainly PPARa agonist, have the potential to 

optimise cardiac substrate metabolism. This approach may be effective in improving 

subclinical dysfunction and functional capacity in AS.  

5.1.2 Methods 

In this prospective, randomized, double-blind, placebo-controlled trial, patients with 

moderate-to-severe asymptomatic AS (n=72) were recruited and randomly assigned to 

Fenofibrate 200 mg daily or matched placebo for 6 months (mean treatment duration 180 ± 7 

days).  Of the total 72, 59 received Fenofibrate and 13 received Placebo. All subjects 

underwent cardiac magnetic resonance and exercise testing at 0 and 6 months, with  follow-

up data available in 47 patients. The primary end point was change in myocardial triglyceride 

content (MTG) from baseline to 6 months determined by proton magnetic resonance 

spectroscopy (1H-MRS). Secondary outcome measures included change in cardiac energetics 
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(PCr/ATP) determined by phosphorus magnetic resonance spectroscopy (31P-MRS), left 

ventricular strain determined by myocardial tagging and exercise capacity i.e. peak VO2 

assessment via cardiopulmonary exercise testing. (See Methods chapter for details on these 

assessments). 

5.1.3 Results 

There was a statistically significant reduction in myocardial triglyceride content (the primary 

end point) in the Fenofibrate group (-0.40 ± 0.97; 95% CI -0.74, -0.06; p 0.022). MTG 

content also reduced in the placebo group (mean change -0.46 ± 0.69, 95% CI -1.11, 0.17, p 

0.13), but the reduction was not statistically significant. Whilst in the treatment group there is 

evidence to support that this reduction in MTG was a consequence of significant activation of 

in vivo fatty acid oxidation with substantial change in blood beta hydroxy butyrate levels 

(0.08 ± 0.21; 95% CI -0.003, 0.17; p 0.028), the cause of reduction in placebo group is 

unclear. Fenofibrate treatment group also showed significant reduction in total cholesterol (-

0.61 ± 1.2; 95%CI -1.2, 0.02; p 0.04) and non-HDL cholesterol (-0.6 ± 0.64; 95% CI -0.85, -

0.35; p <0.0001) as expected compared to placebo, where there was no significant change. 

Cardiac energetics (PCr/ATP) showed modest, but statistically significant improvement in 

the Fenofibrate treatment group (0.14 ± 0.48; CI: - 0.03, 0.30; p = 0.05) vs Placebo group 

(0.11 ± 0.75; CI -0.42, 0.65; p 0.64). Parameters of AS severity worsened in both arms with 

time. Measures of LV function including global circumferential and longitudinal strain did 

not show any change with treatment in either of the groups. 

5.1.4 Discussion  

Fenofibrate works as a metabolic modulator upregulating fatty acid metabolism in pressure 

overload AS hearts. However, such modulation does not modify cardiac physiology or halt 

disease progression in moderate-severe AS. 
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 Introduction 

Pressure overloaded hypertrophy is inherently associated with impaired myocardial 

metabolism with uncoupling of glycolysis and glucose metabolism, and shift away from free 

fatty acid use resulting in a depressed energetic state. Hypertrophied myocardium is 

metabolically vulnerable. It is yet not fully known if such metabolic derangements plays a 

causative role in myocardial decompensation in hypertrophied hearts or is a result of 

extensive structural remodelling. Lower rates of FAO are associated with cardiomyopathies 

and HF.58, 81 I have shown in this research that the metabolic changes occur early in patients 

with AS preceding structural changes (Chapter 3) and are related to subclinical dysfunction. 

Furthermore, in AS patients with established structural remodelling i.e. marked hypertrophy 

and myocardial fibrosis, there is an associated increased mortality and morbidity especially 

when undergoing aortic valve surgery.266 Thus, it would be plausible to hypothesise that 

altering metabolism favourably towards FAO in AS may potentially prepare the myocardium 

well to deal with the structural changes that ensue with chronic pressure overload. To that 

effect, metabolic therapies have been proposed as a targeted therapy for improving the 

tolerance of the myocardium which may delay or prevent progression of disease together 

with improving outcomes post valve replacement. 

The central role of peroxisome proliferator-activated receptors (PPARs) in heart metabolism, 

particularly fatty acid oxidation (FAO) and mitochondrial bioenergetics, makes them a 

promising therapeutic target for the treatment of cardiac diseases including cardiac 

hypertrophy and HF.267 Due to high expression and the beneficial role of PPARα and 

PPARβ/δ in the heart, numerous studies have been conducted to study the efficiency of 

PPARα and PPARβ/δ agonists on various animal models with HF. Fenofibrate is a dual 

activator of PPARα and PPARγ, with 10-fold selectivity for PPARα.268 Oral intake of 
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fenofibrate (100 mg/kg body weight) significantly attenuated end-diastolic and end-systolic 

LV dimensions and cardiac fibrosis in aldosterone-induced hypertrophy model independently 

of an effect of the drug on blood pressure.269 Similar effects were observed in porcine and 

canine tachycardia-induced cardiomyopathy models.270 Fenofibrate attenuated hypertrophy, 

inhibited the inflammatory response, improved the survival of Dahl salt-sensitive rats and 

decreased fibrosis in the rat model with the pressure overload-induced HF.113  Likewise, 

fenofibrate prevented the development of cardiac hypertrophy in spontaneously hypertensive 

rats by decreasing LV mass index, cardiomyocyte trans diameter, cardiomyocyte area, 

collagen volume fraction and perivascular circumferential area.271 Additionally, fenofibrate 

has shown to attenuate isoproterenol-induced acute myocardial ischemic injury.268Apoptosis 

plays a key role in the pathophysiology of diabetic cardiomyopathy, and fenofibrate showed a 

cardio protective role against diabetic cardiomyopathy by virtue of its ability to prevent 

cardiac fibrosis and inhibit myocardial apoptotic signals.167 These studies indisputably 

suggest the cardio protective pleiotropic actions of fenofibrate, besides its lipid lowering 

effects.  

Another important thought when considering pharmacological therapy is the timing of such a 

therapy in diseases like AS. Metabolic modulation is most likely to be beneficial at a stage 

when the changes are still reversible and before the development of gross structural changes.  

To ascertain this, however, remains a challenge and no study till date has looked at the timing 

of metabolic remodelling or the relationship between metabolic and structural remodelling in 

AS.I have for the first time shown in this research that metabolic derangement occurs as early 

as mild-moderate stage of AS but this study has not been designed to predict the reversible or 

irreversible nature of these changes in the presence of a constant pressure overload state. Of 

note and to the best of my knowledge, all interventional studies in AS, be it drug or surgical 

intervention have looked at more severe spectrum of the disease.  There have been no studies 
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to date investigating metabolic modulation using PPARα agonists in asymptomatic moderate-

severe AS. Consequently, Ox-FAST is the first prospective, randomised, double-blind, 

placebo-controlled trial assessing the effects of Fenofibrate treatment on cardiac lipid 

metabolism and physiology. 

5.2  Methods 

A prospective, single centre, double-blind, randomised, placebo-controlled study of 

Fenofibrate (200mg once daily if eGFR >60ml/min and 67mg once daily in those with eGFR 

<60ml/min) was conducted in patients with asymptomatic moderate-severe AS. The study 

was approved by the South London Research Ethics Committee (18/LO/1981) but was 

exempt from the Medicines and Healthcare products Regulatory Agency as this was a 

mechanistic study to study metabolic modulator effect of Fenofibrate in moderate-severe AS. 

The study was registered with ClinicalTrials.gov (NCT05256758), and patients were enrolled 

between May 2018 and October 2021 from the John Radcliffe hospital in Oxford, Royal 

Berkshire hospital in Reading and Great western hospital in Swindon. Informed consent was 

obtained from each participant and all research was performed in accordance with the 

Declaration of Helsinki and the UK Human Tissue Act 2004 within a research governance 

framework.   

5.2.1 Study drug dose, duration and randomisation 

During the baseline visit (Visit 2), eligible patients were randomly assigned to either 200 mg 

of Fenofibrate (67mg dose for those with eGFR<60ml/min) or matching Placebo per day for 

a period of 180 days.  

This dose of Fenofibrate 200 mg once daily was chosen as it is effective in reducing levels of 

triglycerides, total cholesterol, and LDL-C and increasing levels of HDL-C in patients with 

dyslipidaemias. Its efficacy and tolerability in the treatment of hypertriglyceridemia and 

combined hyperlipidaemia have been demonstrated in numerous clinical trials.272, 273 As a 
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PPARα agonist, it has been shown to regulate cellular lipid metabolism and have protective 

cardiovascular effects.274 These modes of action support the scientific rationale of using 

fenofibrate in this study and 200mg once daily is the recommended initial adult dose. In 

elderly patients without renal impairment, the normal adult dose is recommended. In renal 

dysfunction, the dose of Fenofibrate may need to be reduced.  

Study duration of 6 months (180 ± 7 days) was considered sufficient based on evidence from 

previous studies. Previous human275  and animal studies165, 167 have shown that the effect of 

Fenofibrate on cellular lipid metabolism becomes evident within six to fourteen weeks after 

treatment. In the pilot study by Mahmod et al, eight months post AVR, both myocardial 

steatosis and strain were found to be significantly reduced.163 Based on this evidence, a study 

duration of 6 months as expected to exert expected physiological effect. 

Randomisation occurred in a 4:1 fashion and the drug randomisation was carried out using 

flagged label method. Nottingham University hospital (NUH) pharmacy supplied both the 

active drug and placebo bottles, with annex 13 (EU guidelines to Good Manufacturing 

Practice) compliant labels containing a sequential pack number according to randomisation 

list, to the site pharmacy. The small tear off section on the bottle stating whether the product 

is active or placebo was removed at the point of dispensing by the site pharmacy and attached 

to an accountability log as proof of which product the patient has been administered. The 

local pharmacy was also made aware of patient’s eGFR thus enabling them to dispense the 

correct dose of the active drug. Hence, with the exception of the site pharmacy, all patients, 

investigators and everyone else involved in study conduct/analysis in this double-blind study 

remained blinded with regard to the randomised treatment cohort until all patients had 

completed the study and database had been locked. 
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5.2.2 Study visit schedule 

After screening patients’ records of potentially eligible participants, those interested were 

invited for visit 1, which included consent, baseline assessments and randomisation (See 

chapter 2 Methods, section 2.3). Participants took study medication in total for 180 ± 7days 

once a day. Participants were then invited for safety and compliance visit (visit 2, 90 ± 7 

days), which was done face-to-face pre-covid (until March 2020) and through telephone 

(March 2020 onwards), before their end of study assessment (Visit 3, 180 ± 7 days). To 

ensure safety, an additional phone call or contact through email (Visit 4, 7-10 days after Visit 

3) was conducted to ensure uncomplicated withdrawal from the study drug. Figure 5.1 

provides an overview of the visit schedule and timeline for Ox-FAST. 

 

 

Figure 5.1: Visit Timeline Ox-FAST. Schematic overview of study design: After screening 
and determination of their eligibility, participants will be invited for randomisation and 
baseline assessments (Visit 1; Day 1). A safety/ compliance assessment will be conducted 
after 90 days (± 7) of treatment (Visit 2; Day 90 ±7). Following treatment for 180 days, 
baselines assessments were repeated (Visit 3; Day 180 ± 7). A final follow-up was carried out 
via telephone/email (Visit 4; Day 187 ± 7).  
 
5.2.3 Study population 

Patients were considered eligible if they had moderate-severe AS with no symptoms and left 

ventricular ejection fraction (LVEF) ≥ 50%. Patients with concomitant other cardiac 

pathology including known coronary artery disease, cardiomyopathy or other significant 

valve disease were excluded. Other conditions that could affect cardiac fatty acid and 
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carbohydrate metabolism like Diabetes mellitus and high BMI (≥ 40 Kg/m2) were also 

excluded. A comprehensive list of inclusion and exclusion criteria is presented below in 

Figure 5.2.  

 

 

Figure 5.2: Detailed inclusion and exclusion criteria for Ox-FAST; AVR, Aortic valve 

replacement; TAVI, Trans catheter aortic valve intervention; EF, ejection fraction; BMI, 

body mass index; eGFR, estimated glomerular filtration rate. 

 
5.2.4 Study end points 

The primary end-point was change in myocardial triglyceride/lipid content (MTG) as 

measured by proton MR spectroscopy, 1H-MRS after 6 months (180 ± 7 days) of Fenofibrate 

or Placebo. 

Secondary end-points were change in LV strain, an indicator of LV subclinical function, as 

measured by CMR tagging CIM TAG 2D version 9.1 (Auckland Medical Research, 

Auckland, New Zealand) and change in cardiac energetics, measured as 

phosphocreatine/ATP ratio on phosphorus MR spectroscopy (31P-MRS). These end-point 
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results are discussed in this chapter. We also looked at changes in exercise capacity, 

measured as peak VO2 on cardiopulmonary exercise testing. CPET results are discussed in 

chapter 6. 

 

Figure 5.3 Pictorial representation of the end-points. 

5.2.5 Data acquisition and analysis 

5.2.5.1 Blood/Laboratory tests 

A variety of biomarkers of safety and efficacy (Table 5.1) were measured in venous blood 

samples from patients fasting for at least 6 hours (refer to chapter 2, section 2.3). 
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Table 5.1: Safety and efficacy bloods and laboratory tests Ox-FAST. 

Haematology (blood sample) 
• Full blood count 

Clinical Chemistry (fasting blood samples) 
• Liver function tests (Albumin, ALP, ALT, bilirubin) 
• Renal function profile (Sodium, potassium, urea, creatinine) 
• Creatinine Phosphokinase (CK) – only where clinically indicated 

Lipid Profile (fasting blood samples) 
• Total cholesterol 
• HDL cholesterol 
• Calculated LDL cholesterol 
• Triglycerides 
• Free fatty acids 

Pregnancy test in women of child bearing potential (WOCP) 
• Urine sample for pregnancy test 

 

Fasting venous bloods for efficacy and safety analyses were sent and analysed at the local 

laboratory (Oxford university hospital NHS trust). 

5.2.5.2 Cardiac Magnetic Resonance imaging 

CMR imaging was performed using 3-Tesla MRI scanner (Magnetom PRISMA, Siemens 

Healthineers, Erlangen, Germany). Figure 5.4 shows the CMR sequences used to acquire 

data. Cardiac indices, valve parameters, late gadolinium imaging and T1-mapping analysis 

were performed in an anonymised fashion offline in accordance with SCMR guidelines,276 

using cvi42version 5.10.1 (Circle Cardiovascular Imaging Inc, Calgary, Alberta, Canada) by 

an independent operator who was blinded to patient treatment status. Tagged images were 

analysed using CIM TAG 2D version 9.1 (Auckland Medical Research, Auckland, New 

Zealand). Spectroscopy analysis and quantification for both 1H-MRS and 31P-MRS were done 

using specially written modules in Matlab and AMARES fitting algorithm.  Image analysis is 

explained in detail in Chapter 2, section 2.8. Figure 5.4 below shows a schematic overview 

of CMR sequences used. 
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Figure 5.4: Overview of CMR Sequences Ox-FAST. Cardiovascular magnetic resonance 
(CMR) sequences used for the Ox-FAST trial. All sequences were performed on scanners by 
the same vendor and identical field strength (3 Tesla). 1H-MRS=proton magnetic resonance 
spectroscopy; 31P MRS=phosphorus magnetic resonance spectroscopy; ECV=extracellular 
volume. 
 

5.2.5.3 Cardiopulmonary exercise testing and six-minute walk test 

This part of the study is discussed in detail in the next chapter (Chapter 6). 

5.2.5.4 Statistical Analysis 

Due to lack of significant data describing the impact of PPARα agonists on measures of 

cardiac metabolism in patients with AS, the power calculations were based on previous data 

on asymptomatic AS163 with MTG of 0.75 ± 0.36% vs 0.45 ± 0.17% in normal controls. In 

this study, my primary focus was to detect physiological effect i.e. change in MTG before 

and after Fenofibrate in the treatment group. Thus, the power calculations were aimed at 

detecting expected changes from baseline in the treatment group alone, and the comparison 

between treatment group and placebo is not included in the calculation. The purpose of 
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including the placebo group was a) to have a control group in terms of disease progression b) 

to further blind the study team during the data analysis process. Hence, there were higher 

number of patients in the treatment group compared to placebo. To detect a mean difference 

in MTG of 0.15% in the treatment group (i.e. half the difference to normal when compared to 

the previous study) with a SD of 0.36, power of 80% and a p <0.05, a minimum sample size 

of 38 was required. Allowing for 23% dropouts as calculated from previous projects with 

similar study population, the total number of subjects anticipated for recruitment in the 

treatment group was 49. The placebo group had 13 patients (dropouts included) in total. 

Thus, taking the total number to be recruited to 62 (n=49 for treatment group and n=13 for 

placebo). Of the 62 patients, only 48 were expected to have both baseline and follow-up tests.  

Due to the unforeseen impact of global COVID-19 pandemic and subsequent effects on 

healthcare systems as well as restrictions implemented, 12 participants recruited from 

December 2019 - January 2020 were unable to complete their end-of treatment visit, and 

thus, had to be excluded. Recruitment target was, henceforth, revised based on power 

calculations. To achieve 48 complete datasets, the revised recruitment target of 67 

participants (13 to the placebo group and 54 in the treatment group) was calculated. This was 

calculated taking into consideration the 17% dropout rate in pre-covid recruitment to the 

study. 

All analysis was performed on complete datasets of patients using descriptive statistics or 

analysis of variance (ANOVA). All summaries were produced for both cohorts (treatment 

and placebo) using all available data. For primary and secondary end-points analysis, the 

analysis was done separately in the Placebo and treatment group. Baseline and 6-month 

follow-up data in each completed dataset was analysed using paired t-test. All analysis was 

performed on SPSS, version 28 and GraphPad Prism (version 9.0.2 for Windows; GraphPad 
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Software, San Diego, CA). Pearson and Spearman correlation analysis was also used where 

applicable. 

 

5.3  Results 

A total of 72 participants were enrolled into the study and randomised to treatment 

5.3.1 Study population 

Overall, 47 (85%) participants successfully completed the study, see Consort chart for the 

study below. 
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Figure 5.5 : CONSORT flow chart of the randomised controlled trial
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The mean duration of exposure to treatment was 176.4 ± 7.8 days for the Fenofibrate group 

with treatment compliance of 98.6 ± 2.21 %. The mean duration of treatment in the placebo 

group was 173 ± 11.6 days and overall treatment compliance of 99.6 ± 0.44%. 82% of 

patients were male, all patients were White (100%) and their mean age was 70 ± 14 years.  

All subject characteristics were similar in both groups including age, BMI, blood pressure 

and heart rate. Bloods including free fatty acids, butyrate levels, glucose and cholesterol 

levels were also similar in both groups (p = ns). Mean NT- proBNP was higher in the placebo 

group but the difference between the two groups was not significant. Table 5.2 summarises 

selected general baseline characteristics and Table 5.3 CMR characteristics at baseline. 
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Table 5.2: Baseline characteristics Ox-FAST: Characteristics at baseline for all patients 
randomised to treatment. BMI, body mass index; SBP, systolic blood pressure; DBP, 
diastolic blood pressure; HR, heart rate; ACE-i, angiotensin converting enzyme inhibitor; 
ARB, angiotensin receptor blocker. 
 
 
Characteristics Fenofibrate  (n= 59) Placebo (n=13) P-value 

Age, mean ± SD, years 70 ± 14 72 ± 17 0.67 
Sex, % 

  
0.95 

Male 71.7 72.7 
 

Female 28.3 27.3 
 

Race, n (%) 
   

White 59 (100) 13 (100) 
 

BMI (Kg/m2), mean ± SD 27.3 ± 4.7 25.7 ± 4.3 0.29 
SBP (mmHg), mean ± SD 138 ± 17 145 ± 21 0.22 
DBP(mmHg), mean ± SD 72 ± 9 75 ± 6 0.29 
HR (bpm), mean ± SD 63 ± 11 64 ± 9 0.76 

Bloods (mean ± SD) 
   

NT-proBNP (pg/ml) 239 (383, 114) 431 (373, 122) 0.40 
Glucose (mmol/L) 5.27 ± 0.68 5.56 ± 1.33 0.34 
Free fatty acids (mmol/L) 0.66 ± 0.28 0.64 ± 0.31 0.89 
Butyrate levels (mmol/L) 0.14 ± 0.07 0.10 ± 0.02 0.17 
Total cholesterol(mmol/L) 4.54 ± 0.83 4.23 ± 0.72 0.28 
Triglycerides (mmol/L) 1.02 ± 0.40 0.97 ± 0.34 0.73 
Comorbidities & medications (%) 

   

Atrial Fibrillation 13.2 9.1 0.88 
Hypertension 34 36.4 0.71 

ACE-i/ARB 34 36.4 0.88 

Beta blockers 13.2 0 0.21 

Statins 34 63.6 0.07 
Diuretics 9.4 0 0.29 
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Table 5.3: Baseline CMR characteristics Ox-FAST. All values expressed as mean ± SD. 
AV, aortic valve; LV, left ventricle; EDV, end-diastolic volume; ESV, end-systolic volume; 
SV, stroke volume; EF, ejection fraction; ECV, extra-cellular volume; LGE, late gadolinium 
enhancement; RV, right ventricle; LA, left atrium. 
 Fenofibrate  Placebo P value 

Randomised patients, n (%) 59 (100) 13 (100)  

Valve parameters (mean ± SD)    

Aortic valve area (cm2) 1.01 ± 0.26 0.93 ± 0.14 0.37 

Peak aortic velocity (m/sec) 3.4 ± 0.6 4.1 ± 0.74 0.001 

Peak AV gradient (mmHg) 50 ± 18.5 70 ± 24.7 0.004 

Primary endpoint (mean ± SD)    

MTG (lipid/water %) 1.58 ± 0.85 2.09 ± 1.04 0.17 

Secondary endpoints (mean ± SD)    

PCr/ATP ratio 1.51 ± 0.51 1.58 ± 0.39 0.66 

Peak systolic strain (%)     

Longitudinal -11.9 ± 2.8 -12.2 ± 2.3 0.75 

Circumferential -16.2 ± 3.3 -19.4 ± 2.6 0.006 

Peak diastolic strain rate (%/sec)     

Longitudinal 24.5 ± 10.7 23.2 ± 7.2 0.73 

Circumferential 46.4 ± 18.8 62.2 ± 23 0.02 

LV parameters (mean ± SD)    

LVEDV (ml) 153.6 ± 34.8 153.1 ± 33.6 0.97 

LVESV (ml) 56.3 ± 8.3 51.5 ± 17.9 0.43 

SV (ml) 95.9 ± 22.9 101.5 ± 19.4 0.46 

LVEF (%) 63.4 ± 6.6 67 ± 6.5 0.11 

LV mass index (g/m2) 69.1 ± 14.8 71.9 ± 18.4 0.59 

Average native T1 (ms) 1140 ± 57.3 1137 ± 67.7 0.86 

ECV (%) 28.4 ± 6.3 26.1 ± 2.2 0.30 

Presence of LGE (%) 28.2 36.3 0.12 

Other parameters (mean ± SD)    

RVEF (%) 61.3 ± 5.5 61.8 ± 5.9 0.80 

LA volume (mls) 81 ± 38.4 71 ± 18.3 0.44 



Chapter 5: A prospective double blinded randomised controlled trial of metabolic modulation in AS 
 
 

 161 

5.3.2 Primary Outcome 

5.3.2.1 Myocardial triglyceride content (1H-MRS) 

In this study, I observed a significant reduction in the myocardial triglyceride content (MTG) 

in the Fenofibrate group. The mean difference was -0.40 (SE 0.17, 95% CI: -0.74, -0.06; p = 

0.0224) following 180 days of treatment with Fenofibrate. However, the mean drop was 

comparable to that in the placebo group where the mean difference was -0.41 (SE 0.26, 95% 

CI: -1.10, 0.18; p = 0.1255).  When I further evaluated the ΔMTG in both groups with a t-

test, results remained similar with the mean difference being significant in the treatment 

group only (mean difference -0.43, SE 0.18, 95% CI:-0.79, -0.08; p = 0.018) – likely due to 

the smaller numbers in the placebo group. Figure 5.6 below compares the change in MTG in 

the two groups 
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Figure 5.6: Changes in MTG levels from baseline to 6 months treatment with Fenofibrate 
and placebo. Results from paired t-test showing change in individual values in both groups. 
Lipid/water ratio, % is representative of myocardial triglyceride content. 
 
Of note, the study was not powered to detect a difference between the two groups but to only 

study the effect of Fenofibrate on MTG content.  

5.3.3 Secondary outcomes 

5.3.3.1 Cardiac energetics (PCr/ATP on 31P-MRS) 

There was no considerable change in cardiac energetics as indicated by PCr/ATP ratio 

derived using 31-PMRS, in either of the groups. However the small increase in the treatment 

group was statistically significant. The mean difference in the Fenofibrate group was 0.12 

(SE 0.08, 95% CI: - 0.05, 0.29; p = 0.04) and in the placebo group the mean difference was 

0.11 (SE 0.24, 95% CI: - 0.42, 0.65; p = 0.64). On further analysis of the ΔPCr/ATP in both 

groups, the results were unchanged with no considerable change in PCr/ATP. 
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Figure 5.7 shows the mean change in PCr/ATP in the two groups and Figure 5.8 shows the 

ΔPCr/ATP in both the groups] 

 

 

Figure 5.7: Change in PCr/ATP Ox-FAST: Change in Phosphocreatine/ATP ratio from 
baseline to 6 months treatment with Fenofibrate and Placebo. Results from paired t-test 
showing mean values with 95% confidence interval s in both groups. PCr/ATP, 
Phosphocreatine/adenosine triphosphate ratio. 

  

Figure 5.8: Delta PCr/ATP OxFAST: Scatter plot with bars with mean and 95% 

confidence intervals of delta PCr/ATP ratio for individual patients in respective cohorts. 

 
5.3.3.2 Left ventricular structure and function 

As outlined above, the study was powered to detect change in the fibrate group only. 
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5.3.3.2.1  LV systolic strain parameters 

This study did not show any significant improvement in LV strain parameters. Comparison 

was made from baseline to 6 months’ treatment values in both groups separately. There was 

no statistically significant improvement in peak systolic longitudinal strain (0.26, 95% CI: -

1.22, 0.70, p = 0.58) or circumferential strain (0.15, 95% CI: -1.38, 1.08, p = 0.81) in the 

fibrate group. Similarly in the placebo group, no statistically significant change was observed 

in these parameters. However, in the placebo group there was a trend towards deterioration in 

peak systolic circumferential strain over 6 months duration (See Figure 5.9 and Table 5.4 

below). 

(A) 
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(B) 
 

 

 

Figure 5.9 (A) and (B) represent the mean with 95% CI values of LV strain parameters as 

measured by MR tagging from baseline to 6 months in both groups. 
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Table 5.4 summarises the change in CMR parameters of LV structure and function from baseline to 6 month in both groups. Results from 
paired t-test of both groups showing mean values at baseline of all parameters ± standard deviation (SD), followed by mean difference between 
baseline and post- treatment values in each group. * represent statistically significant values. Long; longitudinal; circ, circumferential; SR, 
strain rate; LV, left ventricle; LA, left atrium; RV, right ventricle. 
 
Parameter  N recruited N analysed Mean±SD  

(baseline) 
Mean±SD  
(post treatment) 

Mean difference  
(95% CI) 

P value 

Peak systolic long strain (%) 
      

Fenofibrate 59 28 -12.2 ± 2.4 -11.9 ± 2.92 0.26 (-1.22, 0.70) 0.58 

Placebo 13 10 -11.9 ± 1.9 -12.2 ± 2.9 0.32 (-1.97,1.35) 0.68 

Peak systolic circ strain (%) 
      

Fenofibrate 59 28 -16.1 ± 2.82 -16.3 ± 3.12  0.15 (-1.38, 1.08) 0.80 
Placebo 13 10 -19.4 ± 2.61 -17.7 ± 2.00 -1.71 (-0.23, 3.65) 0.07 
Peak diastolic long SR (/s) 

      

Fenofibrate 59 22 23.8 ± 10.8 33.8 ± 11.2 9.6 (1.13, 18.1) 0.028* 
Placebo 13 6 24.6 ± 7.5 25.8 ± 7.9 1.17 (13.7, -11.3) 0.67 
LV end-diastolic volume (ml) 

      

Fenofibrate 59 36 161 ± 35 157 ± 40 -3.4 (-9.4, 2.5) 0.25 
Placebo 13 11 153 ± 34 153 ± 46 -0.09 (-14.4, 14.2) 0.99 
LV Stroke volume (ml)  

      

Fenofibrate 59 36 98.5 ± 22 88.9 ± 22 -9.5 (-15, -4) 0.001* 
Placebo 13 11 101.5 ± 19.3 83.9 ± 16.7 -17.6 (-24.9, -10.3) 0.0003* 

LV ejection fraction (%) 
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Fenofibrate 59 36 62.3 ± 6.6 57.4 ± 5.1 -4.9 (-6.9, -2.9) <0.001* 
Placebo 13 11 67 ± 6.5 59.3 ± 4.3 -7.7 (-11.9, -3.5) 0.002* 
LV mass index (Kg/m2) 

      

Fenofibrate 59 36 71.6 ± 15.2 72.6 ± 18.3 0.86 (-2.6, 4.34) 0.62 
Placebo 13 11 71.9 ± 18.4 74.4 ± 26.1 2.5 (-8.6, 13.6) 0.63 
LV wall thickness (mm) 

      

Fenofibrate 59 36 14.5 ± 2.9 14.8 ± 2.9 0.23 (-0.36, 0.82) 0.44 
Placebo 13 11 14.8 ± 2.8 14.8 ± 3.8 -0.06 (-1.48, 1.35) 0.92 
LA volume (ml) 

      

Fenofibrate 59 36 86.8 ± 41.2 104.6 ± 49.7 17.8 (28.5, 7.12) 0.002* 
Placebo 13 11 71.3 ± 18.4 90.1 ± 30.5 18.8 (34.8, 2.77) 0.026* 
RV ejection fraction (%) 

      

Fenofibrate 59 36 61.6 ± 5.4 61.4 ± 5.3 -0.28 (-2.4, 1.81) 0.78 
Placebo 13 11 61.8 ± 5.9 60.8  ±  7.4 -1.0 (-4.7, 2.75) 0.56 
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5.3.3.2.2 LV volumes and systolic function 

All patients, both in fibrate and placebo groups, had normal LV ejection fraction (LVEF) at 

baseline. There was deterioration in LVEF compared to baseline in both the groups over 6 

months’ period. Despite the values remaining above the normal range (>55%), the drop in EF 

was statistically significant in both groups (Table 5.4 and Figure 5.10) 

 
 
 

 
 
Figure 5.10: Bar graph of paired t-test for LVEF in each group showing mean values with 

95% confidence intervals. LV, left ventricle. 

 
In keeping with reduced LVEF, there was significant reduction in LV stroke volume (-9.5, 

95% CI:-15, -4; p = 0.001) in the fibrate group as well as the placebo group (-17.6, 95% CI: -

24.9, -10.3; p = 0.0003). This deterioration in SV was much worse in the placebo group. See 

Figure 5.11. 
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Figure 5.11: Bar graph of paired t-test for LV stroke volume (ml) in each group showing 

mean values with 95% confidence intervals. LV, left ventricle. 

 

In terms of LV structural remodelling, assessment of degree of hypertrophy was done by 

measuring wall thickness and mass index. There was no considerable change in LV mass 

index in either of the groups (0.86, 95% CI: -2.6, 4.34, p = 0.62 in fibrate vs 2.5, 95% CI: -

8.6, 13.6, p = 0.63 in placebo), but numerically the mass index was higher at post treatment, 

more so in the placebo group. No significant change in LV wall thickness was observed. See 

Figure 5.12. 
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(A) 

 

 
 
(B) 

 
 
 
Figure 5.12: Bar graph of paired t-test for (A) LV mass index (Kg/m2) and (B) LV wall 

thickness (mm) in each group showing mean values with 95% confidence intervals. LV, left 

ventricle. 
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5.3.3.2.3 Diastolic parameters 

In this study, we also looked at the parameters of diastolic function, namely strain rate and 

LA volume. When peak diastolic longitudinal strain rate values pre and post- treatment with 

Fenofibrate were studied, there was a significant improvement (9.6, 95% CI: 1.13, 18.1; p = 

0.028). There was improvement of peak diastolic longitudinal strain rate in the placebo group 

as well, but the change was not statistically significant (Table 5.4). LA volume, conversely, 

significantly increased in the Fenofibrate group after 6 months’ treatment (17.8, 95% CI: 

28.5, 7.12; p = 0.002) and this increase was similar to that in the placebo group (18.8, 95% 

CI: 34.8, 2.77; p = 0.03). Figure 5.13 (A) and (B) show the results for peak diastolic 

longitudinal strain rate and LA volume respectively in both the groups. 

(A) 
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(B)  

 

 
 
Figure 5.13: Bar graph of paired t-test for (A) peak diastolic longitudinal strain rate (%/s) 

and (B) LA volume (ml) in each group showing mean values with 95% confidence 

intervals. LA, left atrium.  

 
 
5.3.3.2.4  Native T1 mapping, Extracellular volume (ECV) estimation and late 

gadolinium enhancement (LGE) 

There were no significant change in the native T1 values, extracellular volume, myocardial 

matrix and cellular volume in either of the groups.  See Table 5.5 for details. 35% (19/53) 

patients in fibrate group and 64% (7/11) patients in the placebo groups had evidence of late 

gadolinium enhancement at baseline. The absolute numbers of patients with evidence of 

replacement fibrosis increased in the treatment group in the 6 months’ duration to 24/35 

patients compared to placebo, where the number of patients with LGE enhancement remained 

the same (7/9). 
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Figure 5.14 shows count of patients with late gadolinium enhancement (LGE) in both 

the groups pre and post 6 months’ treatment.
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Table 5.5: Summary of the paired t-test results for the change in native T1 values, extra- cellular volume fraction, myocardial matrix and 

cellular volume concentrations pre and post treatment in both fibrate and placebo groups. Vol, volume 

 

Parameter  N recruited N analysed Mean ± SD 
(baseline) 

Mean  ± SD 
(post treatment) 

Mean difference 
(95% CI) 

P value 

Native T1 (ms) 
      

Fenofibrate 59 33 1149 ± 65  1151 ±  68 -1.9 (-22.6, 18.72) 0.85 

Placebo 13 10 1137 ± 68 1139  ± 74 2.0 (-24.1, 28.14) 0.87 

Extracellular volume (%) 
      

Fenofibrate 59 33 28.9 ± 6.4  28.9  ±  5.3 -0.0 (-0.032, 0.032) 0.99 

Placebo 13 10 26.1 ± 2.2  27  ± 2.5  0.82 (-0.66, 2.3) 0.24 

Myocardial matrix vol (ml) 
      

Fenofibrate 59 33 19.4 ± 4.4 20.2 ±  4.6 0.83 (-0.35, 2.0) 0.16 

Placebo 13 10 22.9 ± 5.2 20.7 ± 5.1 -2.2 (-8, 3.6) 0.40 

Myocardial cellular vol (ml) 
      

Fenofibrate 59 33 54.5 ± 9.3 55.1 ±  8.7 0.62 (-2.4, 3.6) 0.62 

Placebo 13 10 53 ± 14.4 49.7 ± 15.1 -3.2 (-20.2, 13.9) 0.67 
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5.3.3.3 Blood markers analysis 

 
Fasting venous blood samples were analysed for different blood parameters (as listed in 

Table 5.6).  

There was a significant increase in the serum beta-hydroxybutyrate levels in the fibrate group 

post treatment 0.08 (95% CI: -0.002, 0.17; p = 0.028) with no significant change in the serum 

free fatty acid levels 0.00 (95% CI: -0.10, 0.10; p = 0.98). No notable change was seen in 

beta- hydroxybutyrate levels in the placebo group. See Table 5.6 for details. 

As expected, serum total cholesterol dropped considerably in the Fenofibrate group -0.61 

(95% CI: -1.2, -0.02; p = 0.04). Non-HDL levels also followed the same trend in the fibrate 

group reducing by -0.60 (95% CI: -0.85, -0.35; p = <0.0001). No significant change was seen 

in the cholesterol levels in the placebo group. 

NT-pro BNP levels worsened in both fibrate and placebo groups over the duration of the 

study with the change being statistically significant in the fibrate group (MD 87.6; 95% CI: 

41.8, 133.3; p = 0.006). 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
(A) 
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(B) 

 

 

Figure 5.15: Summary of the main changes in free fatty acids and lipid profile in the (A) 

Fenofibrate and (B) Placebo group. 
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Table 5.6: Summary of the paired t-test results for blood markers post 6 months treatment with Fenofibrate and placebo. HDL, high density 

lipoprotein; BNP, Brain natriuretic peptide. 

Parameter N 
recruited 

N 
analysed 

Mean ± SD  
(baseline) 

Mean ± SD  
(post treatment) 

Mean difference 
(95% CI) 

P value 

Free fatty acids (mmol/L) 
      

Fenofibrate 59 27 0.66 ± 0.33 0.66 ± 0.36 0.00 (-0.10, 0.10) 0.98 
Placebo 13 9 0.69 ± 0.34 0.69 ± 0.29 -0.00 (-0.48, 0.48) 0.99 
Beta-hydroxybutyrate levels (mmol/L) 

      

Fenofibrate 59 26 0.13 ± 0.07 0.22 ± 0.21 0.08 (-0.002, 0.17) 0.028* 
Placebo 13 9 0.10 ± 0.02 0.10 ± 0.01 0.0 (-0.046, 0.046)) 0.50 
Serum cholesterol (mmol/L) 

      

Fenofibrate 59 26 4.6 ± 0.82 4.0 ± 0.76 -0.61 (-1.2, -0.02) 0.04* 
Placebo 13 9 4.2 ± 0.76 4.1 ± 0.68 -0.08 (-0.85, 0.67) 0.79 
Serum triglycerides (mmol/L) 

      

Fenofibrate 59 26 0.95 ± 0.34 0.84 ± 0.39 -0.11 (-0.39, 0.16) 0.40 
Placebo 13 9 0.96 ± 0.37 1.06 ± 0.47 0.09 (-0.46, 0.67) 0.69 
Non-HDL cholesterol (mmol/L) 

      

Fenofibrate 59 27 3.3 ± 0.85 2.7 ± 0.80 -0.6 (-0.85, -0.35) <0.0001* 
Placebo 13 10 2.88 ± 0.71 2.91 ± 0.55 0.03 (-0.12, 0.18) 0.67 
HDL cholesterol (mmol/L)       

 
    

Fenofibrate 59 27 1.42 ± 0.29 1.40 ± 0.27 -0.02 (-0.08, 0.036) 0.4427 
Placebo 13 10 1.28 ± 0.33 1.30 ± 0.43 0.02 (-0.09, 0.13) 0.70 
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NT-pro BNP (pmol/L) 
Fenofibrate 59 27 289.5 ± 382.7 377.1 ± 447.4 87.6 (41.8, 133.3) 0.006* 
Placebo 13 9 201 ± 207 268 ± 253 67.6 (-6.9, 142.2) 0.07 
Glucose (mmol/L) 

      

Fenofibrate 59 26 5.0 ± 0.63 4.7 ± 0.69 -0.30 (-0.66, 0.05) 0.09 
Placebo 13 8 5.7 ± 1.43 5.1 ± 1.37 -0.55 (-1.4, 0.34) 0.19 
Haemoglobin levels (mg/dl) 

      

Fenofibrate 59 29 140 ± 12.7 136 ± 13.3 -4.1 (-6.8, -1.36) 0.005* 
Placebo 13 9 136 ± 13.5 135.3 ± 15.3 -1.36 (-5.6, 2.9) 0.49 
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5.4  Discussion  

This is the first randomised controlled study investigating the effects of PPARα agonist, 

Fenofibrate on cardiac fatty acid metabolism (myocardial lipid content) and energetics 

(PCr/ATP). Additionally, the exploratory outcomes including CMR markers of cardiac 

structure and function as well as blood markers discussed in this chapter strengthen our 

mechanistic understanding of treatment effects with Fenofibrate on cardiac physiology in 

moderate-severe AS. 

Use of Fenofibrate considerably reduced the myocardial triglyceride content (p<0.05) in 6 

months’ duration. There was a modest improvement in cardiac energetics in both the 

fenofibrate and placebo groups, but this was statistically significant in the fenofibrate group 

only (p=0.05, one-tailed). There was no significant change in measures of LV subclinical 

dysfunction (peak systolic longitudinal and circumferential strain) in either the fibrate or 

placebo groups. However, there was some improvement in measures of diastolic function 

(peak longitudinal strain rate) in the fibrate group. 

Blood markers showed a significant increase in the beta-hydroxybutyrate levels (p<0.05) 

with no change in free fatty acid levels in the fibrate group. Conceivably, there was also a 

notable change in the blood cholesterol levels in the fibrate group. 

5.4.1.1 Changes in myocardial triglyceride content  

Myocardial lipid accumulation is observed in tissues with high turnover/metabolism of FFAs, 

such as the heart, when utilization of FFAs is impaired in the face of continued FFA import 

or production. While long-chain FFAs are the major source of energy in the normal adult 

mammalian heart, pressure overload in AS is associated with a switch in energy substrate 

utilization from FFAs to glucose,129 and decreased FFA oxidation is associated with 

triglyceride accumulation.168 Transcriptionally, long-chain fatty acid oxidation is regulated by 
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PPARα, a nuclear receptor that binds to peroxisome proliferator response element (PPRE) to 

up-regulate the transcription and translation of genes for all the enzymes involved in the β-

oxidation of fatty acids.277 Importantly, these metabolic changes appear to precede structural 

alterations and hence, might be better suited to risk stratify and guide treatment in AS. Thus, 

metabolic modulation with PPARα is a promising target for metabolic precision therapy in 

AS. 

However, it is worth mentioning that the placebo group also showed a considerable drop in 

myocardial triglyceride content, though the change was not significant.  

There is clear evidence from the blood markers that there was increased FAO in vivo as 

indicated by increased beta-hydroxy butyrate levels but no change in circulating FA levels. I 

appreciate that these results were from venous blood samples and represent increased FAO in 

the liver. However, taking this and reduced MTG on MRS together, it is plausible that similar 

increased FAO occurred in the myocardium as well.as a result of action of Fenofibrate 

(explained in the section 5.4.4.2 below). The mechanism underlying the reduction in MTG 

content in the placebo group remains unclear. 

5.4.1.2 Change in blood markers 

The changes in blood markers in the fibrate group in this study have shown that the reduction 

in MTG content occurred through increased fatty acid oxidation rates as evidenced by the 

increase in beta-hydroxybutyrate levels in the blood (Figure 5.16). There was no change in 

peripheral (fasting venous) free fatty acid levels implying there was no increased uptake of 

FA. Increased beta-hydroxybutyrate levels post fibrate indicate increased FAO in the liver 

with more production of  acetyl Co-A and subsequent beta-hydroxybutyrate. Figure 5.17).  

No such change in beta-hydroxybutyrate levels were seen in the placebo group despite a drop 

in MTG.   
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(A) 
 

 
 
(B) 
 

 
  

  
 

Figure 5.16: Change in free fatty acid and beta-hydroxybutyrate levels in the (A) Fibrate 

group (B) Placebo group as assessed by paired t-test from baseline to 6 months. 
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Figure 5.17:  A brief schematic of the ketone body production and oxidation in the liver 

and heart. Ketone bodies are mainly produced in the liver with fatty acid oxidation. After 

being transported through the circulatory system, β-OHB can be oxidized in extrahepatic 

organs, such as the heart. In the heart, β-OHB can generate acetyl-CoA that can enter the 

TCA cycle.278 β-OHB: β-hydroxybutyrate, HMGCS2: 3-hydroxy-3-methylglutaryl-CoA 

synthase 2, HMG-CoA: 3-hydroxy-3-methylglutary-CoA, HMGCL: 3-hydroxy-3-

methylglutaryl-CoA lyase, BDH1: β-hydroxybutyrate dehydrogenase 1, SCOT: Succinyl-

CoA: 3-oxoacid-CoA transferase, ACAT: Acetyl-CoA acetyltransferase, TCA cycle: 

Tricarboxylic acid cycle. 
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Of note, there was no corresponding change in circulating free fatty acid levels in the fibrate 

group. Thus, this suggests that the reduction in MTG the fibrate group was secondary to 

upregulation of fatty acid oxidation rates without altering the free fatty acid supply. 

5.4.1.3 Change in cardiac energetics (PCr/ATP) 

There was only a modest increase in PCr/ATP in the Fibrate group (p = 0.05). However, as 

we are measuring a ratio i.e. PCr/ATP, the results are influenced by two variables, PCr and 

ATP. It is well known that PCr pools decrease early in non-failing pressure overload whilst 

the heart is still able to maintain the ATP production.182, 184 

As the disease progresses and the heart transitions from compensated stage towards failure, 

the ATP production may start getting affected.135 Myocardial ATP levels have shown to fall 

in HF and longitudinal studies in animals have shown that the ATP loss is slow and 

progressive.279 Hence, it’s plausible that there is perhaps reduction in both PCr and ATP 

levels in the transition phase before the development of overt HF. As the disease advances, 

the fall in ATP can result in pseudo-normalization of PCr-to-ATP ratios from being reduced, 

thus making even a small improvement post treatment much more impactful.  

5.4.1.4 Change in left ventricular function and structure 

There was no significant effect on cardiac physiology despite the changes in cardiac 

metabolism, described above, in the fibrate group. No change was seen in the placebo group 

either. 

Whilst there was evidence of subclinical dysfunction with impaired peak systolic longitudinal 

and borderline normal circumferential strain (normal range -15 to -20%) at baseline. There 

was no significant improvement in either of these parameters in the fibrate group post-

treatment. It is, however, noteworthy that the peak systolic circumferential strain fell 

considerably in the placebo group during the study (Figure 5.18). Hence, it is plausible that 

Fenofibrate potentially prevented such deterioration in the fibrate group. There was also a 
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modest improvement in peak diastolic longitudinal strain rate in the fibrate group (p = 0.028). 

Overall, there was a deterioration in LV ejection fraction, despite the values remaining in the 

normal range, as the disease progressed over the 6 months duration in both the groups. 

(A) 

 
 
 
 
 
 
 
 
 
 
 
 
(B) 
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(D)   
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 

Figure 5.18: Summary of the changes in left ventricular (A) circumferential strain, (B) 

longitudinal strain and (C) ejection fraction  (D) Diastolic longitudinal strain rate in both 

the groups. 

 
Myocardial hypertrophy, high LV mass index and myocardial fibrosis in pressure overload 

AS state are known to predict future events and indicate high risk population.14, 44 In this 

study, I investigated measures of LV structure and function via CMR. Fenofibrate did not 

result in reduced hypertrophy or reverse remodelling of the myocardium. 

5.5 Limitations and future directions 

The main limitation of the study is that the placebo groups was not powered to detect a 

difference between the placebo and fibrate group but was only there to allow blinding during 

randomisation. The study was not powered to make comparison between Fibrate and Placebo 

groups  which would have required much larger number of subjects and funds. Due to 

funding limitation of BHF CRTF, the options were to either underpower both arms for direct 

1:1 comparison or power one arm adequately. Also, this study was  a proof-of-concept study 

to determine if cardiac metabolism was modifiable using PPARa agonist, Fenofibrate. 
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Hence, we powered the Fibrate arm adequately to detect change from baseline to 6 months’ 

treatment. 

The study was affected by the global COVID-19 pandemic and subsequent national 

lockdowns which led to loss of follow-ups. As a result, in the fibrate group we ended up with 

only 34 complete datasets instead of 48. Whilst this did not affect the primary outcome, the 

other outcomes might have been affected by the smaller sample size. 

The study treatment was provided for 6 months (180 ± 7 days) and in a single dose 200mg 

OD (in those with eGFR >90ml/min) and 67 mg OD (in those with eGFR 60-90ml/min). One 

does wonder whether a longer treatment duration might have provided different results, and 

perhaps a chance for the metabolic changes seen in this study to exert effect on cardiac 

physiology. 

Due to limitations to funding, I did not assess creatine kinase flux in this study, which may 

have been a better marker for cardiac ATP delivery than PCr/ATP. 

Finally, another possible limitation could be the selection of AS cohort. In this study, I 

recruited participants with the more severe spectrum of the disease where the advanced 

pressure overload perhaps masks the beneficial impact of myocardial metabolic changes. And 

whether such metabolic modulation in mild-moderate disease may be more beneficial. 

Also, it would be quite interesting to follow-up the participants in this trial to see if treatment 

with Fenofibrate affected their outcomes or LV remodelling post valve replacement. 

Serum metabolomics results would have improved our understanding of the study results and 

perhaps explain why the drop in MTG in fibrate group did not have a physiological effect.  

The most plausible explanation is that Fenofibrate did modulate cardiac metabolism, as 

evidenced by serum FFA and butyrate levels, but the study was underpowered to detect 

physiological effect. However, other possibility could be that though Fenofibrate was able to 
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modulate cardiac metabolism but not to an extent to influence physiology, secondary to a sub 

therapeutic dose or duration of drug. 

Change in MTG in the placebo group cannot be fully elucidated. 

 

5.6 Conclusions 

This study is the first proof-of-concept imaging trial of metabolic therapy in AS. It has shown 

that it is feasible to reduce myocardial lipid content with a PPARα agonist, Fenofibrate in 

moderate-severe progressive AS. Such a modulation does improve myocardial energetics as 

well as diastolic function . However, there was no improvement in systolic strain parameters 

or regression of LVH. 

This study has also highlighted the role of cardiac magnetic resonance imaging, in particular 

magnetic resonance spectroscopy280 in assessing changes in myocardial metabolism in 

pressure-overload LVH, which are important for understanding the pathophysiologic 

processes, identifying those most at risk of decompensation and for developing new 

therapeutic targets. 

Future mechanistic trials investigating the effect of metabolic therapy in early stages of AS 

would be useful. The results from this study could be taken as a blueprint in generating 

further, large scale evidence.
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6 Chapter Six 

The effect of metabolic modulation on cardio-respiratory fitness 

and exercise capacity in AS 

 
6.1 Abstract 

6.1.1 Background 

Hypertrophied AS hearts exhibit myocardial steatosis and energetic impairment, but the 

pathophysiological impact of such metabolic alterations is not fully understood.  I, 

hypothesised, that the metabolic modulator, Fenofibrate would ameliorate myocardial 

steatosis and energy deficit and thereby improve cardiac function and exercise capacity in 

moderate-severe AS.  

6.1.2 Methods 

Seventy-two patients with asymptomatic moderate-severe AS were randomised to 

Fenofibrate (n = 59) or Placebo (n = 13). Myocardial lipid content and PCr/ATP ratio, LV 

strain parameters, myocardial fibrosis, peak VO2 and six-minute walking distance were 

assessed at baseline and study end (180± 7 days). 

6.1.3 Results 

Despite reducing myocardial steatosis and modestly improving energetics, Fenofibrate did 

not have any significant effect on peak VO2 (MD 0.09, 95% CI: -1.09, 1.27; p = 0.87) or 

6MWT (MD -7.2, 95% CI: 7.9, -22.2; p = 0.33) or markers of diastolic function and LV 

strain. Peak VO2 related significantly to LV systolic strain and diastolic strain rate in the 

Fibrate group. 
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6.1.4 Conclusions 

In asymptomatic moderate-severe AS stage, Fenofibrate a modulator of substrate metabolism 

did not influence aerobic capacity despite reducing myocardial lipid content and improving 

cardiac energetics. 

6.2   Introduction 

Pressure overload hypertrophy leads to LV remodelling, encompassing increases in LV mass 

and end-diastolic volumes as well as changes in functional parameters. Physiological 

abnormalities of the LV with impaired relaxation, decreased diastolic filling and increased 

myocardial stiffening is well-known in moderate-severe AS.281 Patients with moderate-severe 

AS are also known to have impaired longitudinal and circumferential strain with evidence of 

diastolic dysfunction despite a normal ejection fraction.247, 282 These changes in strain and 

diastolic function appear either to be more sensitive for detection of abnormal LV function in 

patients with AS or to precede systolic dysfunction or both.240, 283, 284  

The effects of myocardial steatosis on cardiac structure and function has been investigated in 

both animal and human models showing contributing to significant decline in cardiac 

function.152, 162, 285 Accumulation of myocardial triglycerides is one of the causal factors 

associated with ventricular stiffening and impairments in strain and diastolic function.286 

Peroxisome proliferator-activated receptor (PPAR)α is the main transcriptional factor 

controlling lipid homeostasis in the heart, and its down regulation is linked to perturbations in 

FAO and myocardial lipid accumulation.64,65 Fenofibrate, a PPARα agonist has the potential 

to alter this imbalance of FAO and may help modulate myocardial fatty acid metabolism and 

subsequently reduce myocardial steatosis.165 This could potentially have a beneficial effect on 

cardiac physiology and may further improve functional capacity in patients with moderate-

severe AS. 
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Functional capacity is commonly quantified using peak oxygen consumption (VO2), which is 

a product of cardiac output (heart rate x stroke volume) multiplied by arterial venous oxygen 

difference. Thus, the complex interplay of cardiac, pulmonary, peripheral muscle and cellular 

function determines the overall ability to exercise. Various factors contribute to functional 

capacity including age, sex, body mass index, and comorbid medical conditions, which are 

known to be associated with a decrement in exercise capacity, as reflected by a decrease in 

maximal workload achieved or peak VO2 on cardio-pulmonary exercise testing (CPET).287, 

288, 198 Abnormalities of LV diastolic dysfunction, however, are shown to be associated with 

exercise capacity, independent of age, sex and body mass index.289, 290, 291 Increased left atrial 

(LA) volume has been suggested to reflect longstanding. pressure overload and thus a 

valuable parameter reflecting both the duration and severity of the diastolic dysfunction in 

cardiac conditions.260 Impaired longitudinal strain is associated with abnormal exercise 

response and increased risk of cardiac events in asymptomatic patients with severe AS.48 

Both diastolic and subclinical systolic dysfunction can be measured using CMR imaging. LV 

peak systolic longitudinal strain, LV peak systolic circumferential strain and LV late diastolic 

longitudinal strain rate can be measured using CMR tagging, which is the gold standard for 

measurement of myocardial strain.218 

The aim of the present study was therefore to evaluate the effect of reducing myocardial lipid 

content on parameters of exercise capacity in moderate-severe AS and whether any change in 

exercise capacity was related to the CMR parameters of systolic and diastolic function. 

6.3  Methods 

In this prospective, randomized, double-blind, placebo-controlled study, patients with 

moderate-to-severe asymptomatic AS (n=72) were randomly assigned to Fenofibrate 200 mg 

daily (n = 59) or matched placebo (n = 13) for 6 months (mean treatment duration 180 ± 7 

days). All subjects underwent cardio-pulmonary exercise testing using ergometer bike at 0 
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and 6 months, with follow-up data in 43 participants. The secondary outcome was change in 

peak oxygen consumption (VO2) measured using CPET and six-minute walk distance on 

6MWT. 

Details of the randomisation process and study population have already been described in 

Chapter 5, section 5.3.1 

6.3.1 Data acquisition  

6.3.1.1 Cardio-pulmonary exercise test (CPET) 

Patients were seated on a stationary exercise bike (Ergoline GmbH, Bitz, Germany) for 

resting spirometry and a cardiopulmonary exercise test (CPET)  using breath-by-breath 

respiratory gas analysis (Metalyzer 3B, Cortex Biophysik, Leipzig, Germany). A standardised 

incremental exercise protocol was used, and patients encouraged to exercise until a RER of 

≥1.1 was reached. Peripheral oxygen saturation (SpO2), capillary lactate and subjective 

exertion (Borg Scale) were assessed every 3-4 minutes and peak VO2 measured at maximal 

exhaustion. 

6.3.1.2 Six-minute walk test 

Participants performed a six-minute walk test (6-MWT) at their own pace along a 20-meter 

corridor. Total distance covered, rating of perceived exertion as well as SpO2 were recorded 

prior to and after the test (see Chapter 2) 

6.3.2  Data analysis 

6.3.2.1 CPET and spirometry  

Breath-by-breath respiratory gas analysis to calculate peak VO2 and other indices as well as 

spirometry analysis of FEV1 and FVC was conducted on a workstation after every individual 

exercise test (see Chapter 2).  
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6.3.2.2 Statistical analysis 

Statistical analysis was performed on complete datasets using descriptive statistics or analysis 

of variance (ANOVA) or Pearson correlation. The secondary end-point analysis was done 

separately in the placebo and treatment group. Baseline and 6-month follow-up data in each 

completed dataset was  

analysed using paired t-test. All analysis was performed using SPSS, version 28 and 

GraphPad Prism (version 9.0.2 for Windows; GraphPad Software, San Diego, CA). All data 

is presented as mean ± SD (standard deviation) unless stated otherwise. Determination of 

statistical significance between pre and post treatment tests was assessed by paired t-test. 

Values of p < 0.05 were considered as statistically significant.  

6.4  Results 

A total of 72 participants were enrolled in the study and randomised to receive either 

Fenofibrate or Placebo treatment. 

6.4.1 Study population 

Overall, 47 (65%) participants successfully completed the study, of which 11 were on 

placebo and 36 were assigned to Fenofibrate. The mean duration of exposure to treatment 

was 176.4 ± 7.8 days for the Fenofibrate group with treatment compliance of 98.6 ± 2.21 %. 

The mean duration of treatment in the placebo group was 173 ± 11.6 days and overall 

treatment compliance of 99.6 ± 0.44%. 82% of patients were male, all patients were White 

(100%) and their mean age was 70 ± 14 years. All subject characteristics were similar in both 

groups including age, BMI, blood pressure and heart rate.  

Chapter 5, Table 5.2 summarises the baseline characteristics of the cohorts. Reproduced 

again below: 
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Table 5.2: Baseline characteristics Ox-FAST: Characteristics at baseline for all patients randomised to treatment. BMI, body mass index; 

SBP, systolic blood pressure; DBP, diastolic blood pressure; HR, heart rate; ACE-i, angiotensin converting enzyme inhibitor; ARB, angiotensin 

receptor blocker. 

 
Characteristic Fenofibrate  (n= 59) Placebo (n=13) P-value 

Age, mean ± SD, years 70 ± 14 72 ± 17 ns 

Male, % 71.7 72.7  

Female, % 28.3 27.3  

BMI (Kg/m2), mean ± SD 27.3 ± 4.7 25.7 ± 4.3 ns 

SBP (mmHg), mean ± SD 138 ± 17 145 ± 21 ns 

DBP(mmHg), mean ± SD 72 ± 9 75 ± 6 ns 

HR (bpm), mean ± SD 63 ± 11 64 ± 9 ns       

Bloods, mean ± SD    

NT-proBNP (pg/ml) 342 ± 491 (38.5, 2611.6) 529 ± 1046 (10.3, 3272.9) ns 

Glucose (mmol/L) 5.27 ± 0.68 5.56 ± 1.33 ns               

Free fatty acids (mmol/L) 0.66 ± 0.28 0.64 ± 0.31 ns         

Beta-hydroxybutyrate levels (mmol/L) 0.14 ± 0.07 0.10 ± 0.02 ns 

Total cholesterol(mmol/L) 4.54 ± 0.83 4.23 ± 0.72 ns 

Triglycerides (mmol/L) 1.02 ± 0.40 0.97 ± 0.34 ns 

Comorbidities and medications    

Atrial Fibrillation, % 13.2 9.1  
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Hypertension, % 34 36.4  

ACE-i/ARB, % 34 36.4  

Beta blockers, % 13.2 0  

Statins, % 34 63.6  

Diuretics, % 9.4 0  
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6.4.2  Cardiopulmonary exercise testing parameters 

Mean peak VO2 in the fibrate group post 6 months’ treatment was 22.1 ± 5.8 ml/kg/min, 

which was lower than that in the placebo group (24.1 ± 8.1ml/kg/min, p<0.001). After 6 

months of study duration and treatment, 53% (18/34) participants in the Fibrate group and 

55% (6/11) had peak VO2 < 85% predicted value, compared to 74% (25/34) and 45% (5/11) 

at baseline respectively. 

Mean VE/VCO2 slope was overall elevated (Table 4.1, chapter 4), >35 ml/kg/min – 

prognostic cut-off from heart failure studies292 but was similar in both groups post treatment 

(40.2 ± 4.9 ml/min in Fibrate vs 40.5 ± 6.1 ml/min in Placebo). VO2 at ventilatory threshold 

(VT) was higher in the Placebo group vs Fibrate post treatment (31 ± 7.2 kg/ml/min in 

Placebo vs 26.8 ± 6.2 kg/ml/min in Fibrate group). 

On multivariate regression analysis of both the post treatment groups, age, BMI, gender, 

LVMI and LVSV were predictors of peak VO2. However, on univariate analysis only age, 

BMI and female sex were independent predictors of peak VO2. These were like that in 

baseline results as detailed in Chapter 4. 

Rest of the analysis was focussed on the change in CPET parameters and its relationship with 

other parameters. See Figure 6.1 below. 
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(A) 
 

 

 
 
 
 
 
 
 
 
 
 
 (B)  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 (C) 
 
 
 

 

 

 

 

Figure 6.1: Mean values for the main CPET parameters in the two groups both pre and 
post treatment and paired t-test results for these parameters i.e. (A) peak VO2, (B) VE/VCO2 
and (C) VT. Peak VO2, maximal oxygen capacity; VE/VCO2, minute ventilation/carbon 
dioxide production; VT, ventilatory threshold 
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Pre and post treatment: There was no significant change from baseline to 6 months in peak 

VO2 (mean difference 0.09, 95% CI: -1.09, 1.27; p = 0.88) or ventilatory threshold, VT 

(mean difference 0.58, 95% CI: -0.46, 1.61; p = 0.27) in the fibrate group. The minute 

ventilation/carbon dioxide production (VE/VCO2) slope however worsened significantly in 

the Fenofibrate group post 6 months treatment (mean difference 2.2, 95% CI: 0.34, 3.96; p = 

0.02). In the Placebo group, no significant improvement or deterioration was seen in any of 

these parameters. Two participants in the fibrate group were not able to reach the required 

RER in the post treatment tests, rest all were able to exercise to maximal volitional effort 

(RER 1.27 ± 0.11) in the Fibrate group as well as in the Placebo group (RER 1.29 ± 0.12). 

 

6.4.3 Spirometry results  

Spirometry assessment did not show any significant change in the Fibrate group. However, in 

the Placebo group there was slight improvement in the forced vital capacity, FVC from 

baseline to 6 months (mean difference 0.92, 95% CI: 0.61, 1.21; p = 0.0001). No 

improvement was seen in FEV1 in the placebo group 

Table 6.1 presents a summary of the CPET and spirometry results.
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Table 6.1: Summary of the paired t-test results for spirometry, CPET and 6MWT parameters in both the fibrate and placebo groups. FEV1, 

forced expiratory volume; FVC, forced vital capacity; CPET, cardiopulmonary exercise test; VO2, maximal oxygen consumption; VT, ventilatory 

threshold; VE/VCO2, minute ventilation/carbon dioxide production; RER, respiratory quotient; 6MWT, six minute walk test. 

Parameter  N  
recruited 

N  
analysed 

Mean ± SD (baseline) Mean difference  
 (95% CI) 

P value 

Spirometry, FEV1 
     

Fenofibrate 59 33 2.5 ± 0.97 0.37 (-0.15, 0.88) 0.15 

Placebo 13 10 3.8 ± 1.3 -0.46 (-1.15, 0.24) 0.15 

Spirometry, FVC 
     

Fenofibrate 59 33 4.1 ± 0.48 -1.16 (-7.8, 5.5) 0.27 

Placebo 13 10 3.43 ± 0.96 0.92 (0.61, 1.21) 0.0001* 

CPET parameters 
     

Peak VO2 (ml/min/Kg) 
     

Fenofibrate 59 33 21.9 ± 5 0.09 (-1.09, 1.27) 0.87 

Placebo 13 10 22.1 ± 6.9 2.0 (-0.37, 4.41) 0.09 

VT (ml/kg/min) 
     

Fenofibrate 59 33 26.3 ± 5.8 0.58 (-0.46, 1.61) 0.27 

Placebo 13 10 28.5 ± 7.4 2.5 (-0.12, 5.12) 0.06 

VE/VCO2 slope 
     

Fenofibrate 59 33 38 ± 5.4 2.2 (0.34, 3.96) 0.02* 

Placebo 13 10 40.4 ± 4.7 0.10 (-3.2, 3.41) 0.95 
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RER 
     

Fenofibrate 59 33 1.27 ± 0.11 0.002 (-0.03, 0.03) 0.90 

Placebo 13 10 1.29 ± 0.12 -0.03 (-0.11, 0.04) 0.35 

Maximum workload (W)      

Fenofibrate 59 33 117 ± 34 -1.63 (-10.8, 7.6) 0.72 

Placebo 13 10 118.7 ± 46.7 -2.4 (-12.3, 7.4) 0.59 

Capillary lactate (mmol/L)      

Fenofibrate 59 33 3.6 ± 1.4 -0.30 (1.43, 0.25) 0.24 

Placebo 13 10 4.3 ± 2.0 -0.37 (-1.06, 0.32) 0.25  

6MWT distance (m) 
     

Fenofibrate 59 33 435 ± 103 -7.2 (7.9, -22.2) 0.33 

Placebo 13 10 409 ± 111 7.5 (-29, 44) 0.64 



Chapter 6: Effect of metabolic modulation on exercise capacity in AS 
 

 

 200 

 
6.4.4 Six-minute walk test 

Patients in the Fibrate group had higher baseline distance walked on 6MWT (435 ± 103 

metres) compared to placebo (409 ± 111 metres). Post 6 months treatment, there was no 

significant change in the 6MWT distance for either of the groups.  Numerically, those in 

fibrate group had slightly lower post treatment values (mean difference -7.5) than at baseline 

but the actual distance covered remained overall higher in the Fibrate group when compared 

to Placebo (430 ± 73 m vs 417 ± 86 m). See Figure 6.2. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.2: Graphic representation of pre and post treatment values of 6MWT distance in 

both the Fenofibrate and Placebo groups (6MWT, six-minute walk test, ns = not significant). 
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6.4.5 Exercise parameters and CMR measures of LV structure and function 

6.4.5.1 LV systolic and diastolic strain 

There was no significant correlation between delta change in LV peak systolic longitudinal 

and circumferential strain and delta change in measures of peak VO2, VT or VE/VCO2 in 

either the Placebo or Fibrate groups. Similar results were seen when delta change in 

longitudinal diastolic strain rate was compared to the delta of CPET parameters. (Table 6.2) 

However, on examining the post treatment values in the Fibrate group, peak VO2 were 

moderately associated with both peak systolic longitudinal strain rate (r = -0.39, 95% CI:-

0.68, -0.0068; p = 0.047) and peak systolic circumferential strain (r = -0.44, b = -0.92, 95% 

CI: -1.73, -0.13; p = 0.03). No significant correlation was seen between peak VO2 and 

longitudinal diastolic strain rate (r = -0.36, p = 0.16). VT and VE/VCO2 did not correlate to 

any measured strain parameters. 

In the placebo group, no significant relationship was seen between any of the CPET and 

strain parameters.
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Table 6.2: Relationship between peak VO2, maximal oxygen capacity and left ventricular strain parameter results post 6 months treatment 
for both Fenofibrate and Placebo groups. (P < 0.05 is considered significant). LV, left ventricle; long, longitudinal; circ, circumferential. 

 
Variables N recruited N analysed Pearson r P value 
LV strain parameters 

    

Peak systolic long strain (%) 
    

Fenofibrate 59 26 -0.44 0.023* 
Placebo  13 10 0.47 0.17 
Peak systolic circ strain (%) 

    

Fenofibrate 59 26 -0.39 0.047* 
Placebo  13 10 0.22 0.57 
Diastolic long strain rate (100/s) 

    

Fenofibrate 59 26 -0.36 0.16 
Placebo 13 10 0.15 0.78 
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6.4.5.2 LV structure and function 

Changes in the measures of LV structure and function, mainly LV end-diastolic volume 

(ΔLVEDV), LV stroke volume (ΔLVSV), LV mass index (ΔLVMI), LV wall thickness 

(ΔLVWT), and ejection fraction (ΔLVEF) were compared to changes in main CPET 

parameters i.e., peak VO2 (ΔVO2), ventilatory threshold (ΔVT) and minute ventilation/ 

carbon dioxide production slope (ΔVE/VCO2) pre and post treatment in the Fibrate group. 

LVEDV, LVSV and LVMI were chosen for analysis as these parameters had shown 

significant correlation with CPET parameters in the baseline data as explained in Chapter 4. 

In the Fibrate group, there was unexpectedly a significant negative correlation seen between 

ΔLVSV and ΔVO2 which may represent adaptive LV remodelling in well-compensated AS. 

However, no significant correlation was seen with other LV parameters. Details in Table 6.3 

below: 
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Table 6.3: Pearson correlation results between delta change in main LV parameters and 
peak VO2 in the Fibrate group. ΔVO2, peak oxygen capacity (ml/Kg/min); LV, Left ventricular; 
ΔLVEDV, delta LV end-diastolic volume (mls); ΔLVSV, LV stroke volume; (mls) ΔLVMI, LV 
mass index (Kg/m2); ΔLVWT, LV wall thickness (mm); ΔLVEF, LV ejection fraction (%). P < 
0.05 considered significant. 
 

Parameter N recruited N analysed Pearson r 95% CI P value 

ΔVO2 59 33 
   

ΔLVEDV 59 33 -0.29 -0.64, 0.17 0.21 

ΔLVSV 59 33 -0.49  -0.77, -0.06 0.03* 

ΔLVMI 59 33 0.18 -0.29, 0.58 0.45 

ΔLVWT 59 33 -0.37 -0.69, 0.09 0.11 

ΔLVEF 59 33 -0.40 -0.71, 0.05 0.77 
 

Comparable results were seen in the placebo group with only the LVSV correlating with 

CPET measurements. See Figure 6.3 below: 

\  
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 (A)  Fibrate group  

 
(B) Placebo group 

 
Figure 6.3: Correlation results for comparison between delta change in main LV 

parameters and peak VO2 in both the Fibrate and Placebo groups. ΔVO2, peak oxygen 

capacity(ml/Kg/min); LV, Left ventricular; ΔLVEDV, delta LV end-diastolic volume (ml); 

ΔLVSV, LV stroke volume (ml); ΔLVMI, LV mass index (Kg/m2); ΔLVWT, LV wall thickness 

(mm); ΔLVEF, LV ejection fraction (%) 
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On comparison of the post-treatment values alone for LV parameters and exercise capacity in 

the Fibrate group, no significant correlation was seen between any of the parameters. See 

Table 6.4. 
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Table 6.4: Results of correlation analysis between post treatment values of peak VO2 and chosen LV parameters in the Fibrate group. Peak 

VO2, maximal oxygen capacity (ml/Kg/min); LVSV, LV stroke volume (mls); LVEDV, LV end-diastolic volume (mls); LVMI, LV mass index 

(Kg/m2); LVWT, LV wall thickness (mm); LVEF, LV ejection fraction (%).  

 

 Peak VO2 

vs.  

LVSV 

Peak VO2 

vs. 

LVEDV 

Peak VO2 

vs. 

LVMI 

Peak VO2 

vs. 

LVWT 

Peak VO2 

vs. 

LVEF 

N analysed 33 33 33 33 33 

Pearson r 0.22 0.22 -0.02 -0.18 -0.10 

95% confidence interval -0.13, 0.52 -0.13, 0.52 -0.36, 0.33 -0.49, 0.16 -0.43, 0.25 

R squared 0.049 0.047 0.0004 0.03 0.01 

P value 0.21 0.22 0.91 0.30 0.55 
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6.4.5.3 LA volume  

Patients in both Fibrate and placebo groups had abnormal LA volumes at baseline (86.8 ± 

41.2 mls in Fibrate vs 71.3 ± 18.4 mls in Placebo) which worsened over the study duration 

irrespective of whether they received Fibrate or Placebo (mean change Fibrate 17.8mls, p 

=0.002 vs mean change Placebo 18.8, p = 0.02) as detailed in chapter 5. 

LA volumes at baseline as well as post treatment did not predict peak VO2. Similarly, Δ LA 

volumes did not predict Δ peak VO2 in Fibrate (r = -0.29, p = 0.21) or Placebo groups (r = 

0.54, p = 0.13). 

6.4.5.4 Valve parameters 

No significant relationship was seen between peak VO2 and change in aortic valve area (r = 

0.18, p = 0.44 in fibrate vs r = 0.29, p = 0.40 in placebo) or aortic valve gradient (r = 0.29, p 

= 0.22 in fibrate vs r = 0.21, p = 0.56 in placebo) post 6 months’ treatment in the Fibrate or 

Placebo groups. 

6.4.5.5 Myocardial fibrosis  

Native T1 values and extra-cellular volume were compared pre and post treatment in both the 

Fibrate and Placebo groups separately. No significant correlation was found between 

myocardial fibrosis and exercise parameters obtained from both 6MWT and CPET. These 

findings are consistent with previous such studies. 293
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Table 6.5: Correlation between delta change in main CPET parameters and markers of 

myocardial fibrosis, specifically Native T1 values (ms) and Extracellular volume fraction 

(%) in (A) Fenofibrate, and (B) Placebo group. ΔVO2, peak oxygen capacity (ml/Kg/min); 

ΔVT, VO2 at ventilatory threshold (ml/Kg/min); Δ VE/VCO2, minute ventilation/carbon 

dioxide production slope; 6MWT, six-minute walk test distance (metres). 

(A) Fenofibrate 
 

Parameter N Fenofibrate Pearson r P value 

ΔVO2  33 
  

Δ Native T1 (ms) 
 

0.16 0.55 

ΔECV (%) 
 

-0.17 0.56 

ΔVT 33 ΔVT vs 
 

Δ Native T1 (ms) 
 

0.47 0.06 

ΔECV (%) 
 

0.11 0.73 

ΔVE/VCO2 33 
  

Δ Native T1 (ms) 
 

0.26 0.31 

ΔECV (%) 
 

0.24 0.41 

6MWT distance 33   
Δ Native T1 (ms) 

 
0.35 0.13 

ΔECV (%) 
 

0.16 0.55 

 

(B)  Placebo 
 

Parameter N Placebo Pearson r P value 

ΔVO2  11 
  

Δ Native T1 (ms) 
 

-0.37 0.32 

ΔECV (%) 
 

0.39 0.29 

ΔVT 11 
  

Δ Native T1 (ms) 
 

-0.60 0.09 

ΔECV (%) 
 

0.39 0.29 

ΔVE/VCO2 11 
  

Δ Native T1 (ms) 
 

-0.43 0.24 

ΔECV (%) 
 

0.09 0.81 

6MWT distance 11   
Δ Native T1 (ms) 

 
-0.78 0.93 

ΔECV (%) 
 

-0.05 0.07 
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6.4.6 Exercise parameters and CMR parameters of cardiac metabolism  

The reduction in myocardial triglyceride content (MTG) did not have any influence on 

maximal oxygen capacity, Peak VO2 during exercise in both the Fibrate (r = 0.37, p = 0.08) 

and Placebo group (r = -0.39, p = 0.38). 

Similarly, change in PCr/ATP ratio did not show any correlation to peak VO2 (r = -0.10, p = 

0.65 Fibrate vs r = -0.54, p = 0.13 Placebo) in any of the groups. 

6.4.7 Main predictors of peak VO2  

Despite the correlation between LV systolic strain parameters and peak VO2 values, only 

Age, BMI and LVMI remain the main predictors of peak VO2 at baseline on multivariate 

regression analysis. BMI and LVMI consistently predicted peak VO2 post 6 months treatment 

(See Table 6.6) 

 
Table 6.6: Main predictors of peak VO2 in the study. LVMI: Indexed left ventricular mass 

(Results from multivariate linear regression, p <0.05 significant). 

Predictors of Peak VO2 r Unstandardised B P value 
Baseline 

   

Age -0.39 -0.16 0.006* 
BMI -0.50 -0.58 <0.001* 
LVMI (kg/m2) 0.34 0.11 0.02* 
Post treatment (either Fibrate or Placebo)   

 
  

Age -0.22 -0.1 0.23 
BMI -0.60 -0.86 <0.001* 
LVMI (kg/m2) 0.43 0.11 0.02* 

 

6.5 Discussion 

To my knowledge, this is the first interventional study exploring the effect of changes in 

cardiac metabolism and physiology on exercise capacity in AS. In addition, this study again 

establishes the feasibility, reproducibility and safety of CPET in this AS population. The 

major findings from this comparison between pre and post treatment values in both groups 
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and delta change in parameters indicate : (i) Peak VO2 did not improve or significantly 

deteriorate in either the Fibrate or Placebo groups; (ii) There was no relationship between the 

change in cardiac metabolism and the exercise parameters (iii) Peak VO2/ exercise capacity 

in AS was only related to LV strain parameters and LV stroke volume, both of which again 

did not significantly improve or deteriorate in either the Fibrate or Placebo groups. This is 

discussed in detail in the sections below. 

This study, importantly, reiterates findings from previous studies in asymptomatic moderate-

severe AS that despite being asymptomatic a major proportion of these patients have a peak 

VO2 <85% predicted with an abnormal VE/VCO2 slope (>32), which are both predictors of 

outcome.204, 294 Impaired strain parameters on CMR relate to lower peak VO2 values.295 Thus, 

LV strain assessment and CPET together have the ability to detect a high proportion of false 

asymptomatic patients that is not predicted by resting or exercise echocardiography alone, an 

investigation routinely used for surveillance of these patients. CPET also has a potential role 

in surgical selection of asymptomatic AS patients. 

 

6.5.1 Effect of LV peak systolic strain parameters and stroke volume on peak VO2 

Circumferential strain: In this study, we saw a significant correlation between peak systolic 

circumferential strain and peak VO2; reduced circumferential strain was related to lower peak 

VO2 in line with pre-treatment analysis as detailed in Chapter 4.  This relationship was 

significant in the Fibrate group only. Placebo group was not powered to detect change in 

cardiac physiology or exercise capacity and was only there for blinding purposes in this 

study. 

The reduction in circumferential strain and its significant relationship with peak VO2 seen in 

this study could be explained by its impact on LV stroke volume and ejection fraction. It has 

been shown previously that circumferential shortening has a relatively greater contribution to 
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stroke volume (i.e., two-thirds) and ejection fraction than longitudinal shortening, 

independent of wall thickness.296 

Stroke volume is a known predictor of peak VO2 on CPET.204 

Peak VO2 = HR (max) X SV (max) X (CaO2-CVO2)  

where HR is maximum heart rate, SV is maximum stroke volume and CaO2-CVO2  is net 

oxygen extraction. 

Despite normal LVEF, significant relationship was seen between change in peak VO2 and 

change in stroke volume in both pre and post treatment groups as explained in Chapter 4 and 

section 6.4.5.2 above. 

Longitudinal strain: Impaired longitudinal and circumferential strain are seen in progressive 

moderate-severe AS297 and longitudinal strain is known to be independently associated with 

exercise capacity.48 Impaired longitudinal strain was present in both the groups pre and post 

treatment but correlated to reduced peak VO2 on exercise to the post treatment values in the 

fibrate group only. The delta change in longitudinal strain and peak VO2 did not correlate in 

our study. A possible explanation could be that the longitudinal strain values were low to start 

with in our study groups (-11.9 ± 2.8 in the fibrate group vs  -12.2 ± 2.3% in the placebo 

group) with no significant change (Fibrate mean change 0.26 vs Placebo mean change 0.32) 

post treatment as detailed in chapter 5. The study was perhaps underpowered to detect any 

relationship with that small degree of change in values. 

6.5.2 LV diastolic function and Peak VO2 

Peak diastolic longitudinal strain rate, LA volume, and myocardial fibrosis are known CMR 

estimates of diastolic dysfunction.298 

Diastolic dysfunction is known to precede systolic impairment and progression to heart 

failure in AS and is also an important predictor of prognosis.49 All these parameters of 

diastolic dysfunction were evident in this study cohort at baseline and at the end of 6 months 
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study duration as detailed in Chapter 3 and 5. However, no significant relationship of these 

diastolic parameters including strain rate, LA volume and myocardial fibrosis was seen with 

parameters of exercise capacity. Myocardial fibrosis and its relationship with exercise 

capacity in this cohort has been studied before and similarly found no association. Change in 

diastolic parameters was not the main end-point of the study and only an exploratory one, for 

which the study was perhaps underpowered. 

6.5.3 Main predictors of Peak VO2 

Age, BMI and LVMI were the main predictors of peak VO2 in the study. Age and BMI are 

non-modifiable, and LVMI did not show any significant improvement in either of the groups. 

Consequently, there was no change in peak VO2 

 

6.6   Limitations 

The main limitation of the study was that it was not adequately powered to detect any change 

in exercise capacity pre and post treatment in the Fibrate group or for comparison between 

Fibrate and placebo groups.  Also, the CMR data collected  was at rest so we were unable to 

correlate CPET parameters with stress CMR parameters (at similar level of exercise as 

CPET). 

This would have undoubtedly provided more accurate information on changes in cardiac 

physiology and metabolism in these patients on exercise and whether the ability to increase 

cardiac output differed in the two treatment groups (Fibrate vs placebo). 

6.7  Conclusions  

In summary, there was no significant improvement or change in exercise capacity in either 

the Fibrate or Placebo group. In the Fibrate group, despite a significant alteration in cardiac 

metabolism with reduced steatosis and modest improvement in energetics, this effect did not 

translate to any favourable change in cardiac physiology and consequently exercise capacity.  
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This study also highlights that the selected moderate-severe AS population in this trial was at 

an advanced stage of the disease with evidence of significant diastolic and subclinical systolic 

dysfunction. Even though 94% of patients were able to achieve maximal volitional effort 

(RER >1.15), overall majority of the population had lower average peak VO2 and VE/VCO2 

values despite the absence of symptoms and normal spirometry. Perhaps this was due to 

attenuation of the cardiac output response during exercise secondary to abnormal LV 

haemodynamics. 

Despite its limitations, this study does make an important argument that altering cardiac 

metabolism in face of constantly increasing pressure overload at such 

advanced stage of disease is unlikely to have a significant beneficial effect on cardiac 

function or exercise capacity. In this study, patients did not complete any quality of life or 

symptom improvement questionnaire so it is difficult to comment if there was any subjective 

improvement in patients’ symptoms in any of the groups. 
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7 Chapter Seven 

 General conclusions and Future directions 

 
7.1 General Conclusions 

This thesis was dedicated to understanding the role of metabolic remodelling in AS and its 

impact on overall disease progression, cardiac function and exercise capacity in these 

patients.  

Here, I investigated changes in cardiac metabolism, in particular myocardial steatosis and 

energetic deficit, across the spectrum of  AS to precisely understand the timing of such 

changes in AS, whether they have a cause or effect relationship with the structural and 

functional changes seen in AS using gold standard, cutting edge techniques (1H-MRS, 31P-

MRS and myocardial tagging).  

Once I had established that these metabolic changes do occur at early stage of AS and worsen 

as disease progresses, I further explored with a randomised placebo-controlled double blind 

study design whether it was possible to alter cardiac metabolism in the heart with a PPARα 

agonist in moderate-severe AS stage when these metabolic changes are well-established and 

how such modulation would affect cardiac physiology and functional capacity in AS. 

1. In Chapter 1, I discussed the pathophysiology and disease progression in AS 

highlighting that the disease process in AS affects both the valve and the myocardium. 

Much research has previously explored the valve mechanisms and potential targets to 

alter the disease process with no significant results. Myocardial response to pressure 

overload in AS has been a subject of interest in recent years and a potential target for 

disease modulation. Many studies have discussed myocardial structural and functional 

changes, and most of the metabolic data to date is from animal models of aortic 



Chapter 7: General Conclusions and Future directions 
 

 

216 
 

banding rather than real world insulin resistant chronic AS population. Pressure 

overload in AS encompasses both structural and metabolic remodelling, and increases 

the risk of decompensation into heart failure. In the healthy human heart, fat and 

glucose are responsible for the majority of ATP production, approximately 60-90% 

coming from fat and 40-10% from glucose, although these ratios change depending 

upon the prevailing mix of metabolic substrates in the blood stream, in addition to 

changes in conditions of the heart such as stress or ischaemia. A major component of 

metabolic derangement in AS is abnormal cardiac substrate use, with downregulation 

of fatty acid oxidation, increased reliance on glucose metabolism and subsequent 

myocardial lipid accumulation. Altered cardiac substrate utilisation and consequent 

myocardial steatosis and reduced energy efficiency has been implicated in the 

transition from compensated hypertrophy to heart failure in AS. These changes can be 

assessed using cardiac magnetic resonance spectroscopy (MRS). Proton (1H) MRS 

allows the assessment of myocardial triglyceride content and creatine concentration, 

while phosphorus (31P) MRS allows non-invasive in vivo quantification of the 

phosphocreatine to adenosine-triphosphate ratio (PCr/ATP), a measure of cardiac 

energy status which is reduced in patients with severe AS.  

This substantial metabolic reconfiguration in AS is partly driven by nuclear receptor 

and transcriptional co-regulator signalling circuits orchestrating fuel selection and 

mitochondrial oxidative capacity, of which peroxisome proliferator-activated receptor 

α (PPARα), a fatty-acid ligand binding master transcription factor promoting FAO, 

plays a critical role along with interacting regulators of oxidative metabolism like 

PPARγ coactivator-1α (PGC-1α). PPARα not only plays a key role in the 

transcriptional control of substrate switching but artificial ligands for PPARα, such as 

fenofibrate, also protect against endothelin-induced cardiac hypertrophy and failure, 
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and cardiac function is seen to be  severely damaged in PPARα null mice during 

pressure overload.  

Thus, a therapeutic approach that alters myocardial substrate selection may target both 

the cardiac metabolic and structural effects of pressure overload, and is likely to be 

effective in treating cardiac dysfunction in AS. PPAR agonists are one such group of 

drugs especially, PPARa, which play a central role in FAO signalling system and also 

control lipid homeostasis. The ability of PPARa receptors to respond to distinct 

metabolic cues provides a potential mechanism to maintain a balance between FA 

breakdown and storage and their downregulation in pressure overload hypertrophy 

state has shown to have deleterious effects. Fibrates (PPARa agonists), thus, are a 

promising therapeutic option with their ability to upregulate FAO in cardiac myocytes 

and reduce lipotoxicity in pressure overload hypertrophy. MRS has the ability to 

provide fundamental insights into cardiac metabolism as well as monitor response to 

therapeutic intervention, thus, dramatically advancing our understanding of the 

pathophysiology and metabolic nature of AS. 

2. In Chapter 2, the combined methods for the thesis are summarised. Magnetic 

resonance spectroscopy (MRS) is the only non-invasive, non-radiation exposure 

technique for the. investigation of cardiac metabolism in vivo. Myocardial 

triglycerides (MTG) can be assessed using cardiac 1H-MRS, which utilises the 

abundant hydrogen (1H) protons. Various previous clinical studies have assessed the 

presence of myocardial steatosis using 1H-MRS and examined its functional 

associations in obesity, type 2 diabetes mellitus (T2DM), and in normal individuals 

when subjected to prolonged exercise and diet restrictions. In severe AS, our group 

had demonstrated pronounced steatosis (two-fold higher when compared to controls) 

in both symptomatic and asymptomatic patients. 31P-MRS allows the in vivo 
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quantification of phosphorus (31P)-containing metabolites involved in energy 

metabolism, such as PCr and ATP. Pressure-overload LVH increases the energetic 

cost of mechanical work and when this is at the severe end of the spectrum the 

resulting mismatch in myocardial energy supply and demand may contribute to the 

development of HF. The PCr/ATP ratio, an index of cardiac bio-energetic state, is 

reduced in animal models of myocardial hypertrophy, in human LVH, and in HF. It 

correlates not only with the degree of cardiac hypertrophy and accompanying LV 

dysfunction, but has also been shown to be a superior predictor of mortality. CMR is a 

well-established technique to assess cardiac function, morphology, valve anatomy and 

function in patients with AS. It is a well validated tool for measurement of 

multidirectional strain using myocardial tagging sequence. Late gadolinium 

enhancement (LGE) and T1 mapping techniques are able to assess myocardial fibrosis 

that occurs as a result of structural remodelling in AS and could offer prognostically 

important information. Cardiopulmonary exercise testing (CPET) provides assessment 

of the integrative exercise responses involving the pulmonary, cardiovascular and 

skeletal muscle systems, which are not adequately reflected through the measurement 

of individual organ system function. CPET is being used increasingly in a wide 

spectrum of clinical applications for evaluation of undiagnosed exercise intolerance 

and for objective determination of functional capacity and impairment. In this 

research, the main objective of performing CPET was to characterize the 

physiological effects of Fenofibrate in AS well as study the relationship between 

cardiac metabolic and CPET parameters across the spectrum of AS. Blood samples 

were taken for safety as well as to investigate whether fatty acid oxidation was 

upregulated in the Fenofibrate group.  
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3. In Chapter 3, metabolic remodelling across the spectrum of AS is investigated 

hypothesising that it occurs early in the disease process preceding structural changes. 

This would potentially explain the wide individual heterogeneity when it comes to 

degree of hypertrophy and progression to myocardial fibrosis and heart failure in AS. 

Why some with same degree of stenosis develop greater hypertrophy and decline 

sooner compared to others. To investigate this, 74 asymptomatic AS patients with 

varying degree of stenosis and 13 healthy volunteers were assessed using CMR 

imaging methods. Participants were divided into quartile groups based on their LV 

wall thickness, a measure of structural remodelling, as measured on CMR and peak 

aortic valve gradient, marker of pressure overload, as measured on echocardiography. 

Comparison of various metabolic and structural parameters were made to understand 

the relationship between metabolic and structural remodelling in AS. This concluded 

that a gradient of myocardial energetic deficit and steatosis exists across the spectrum 

of hypertrophied AS hearts, notably I showed in this study that this happens prior to 

the development of irreversible structural changes and is related to subclinical LV 

dysfunction. Thus, targeting myocardial metabolism may be a sensible strategy to risk 

stratify as well as potentially prevent and treat systolic failure in AS. 

4. In Chapter 4, I sought to investigate if the metabolic remodelling which occurs early 

in the disease process affects functional capacity in AS well as study the relationship 

between structural changes and functional capacity in AS. Another aim was to 

identify CMR parameters of cardiac function and metabolism that may predict 

exercise capacity in AS. For this, 74 asymptomatic AS patients with varying degree of 

stenosis and 13 healthy volunteers who underwent CMR assessment (Chapter 3) were 

further evaluated with six-minute walk test (6MWT) and cardio-pulmonary exercise 

test (CPET). This concluded that reduced exercise capacity in asymptomatic AS was 
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not related to changes in cardiac metabolism. Impaired LV strain, LV stroke volume 

and mass index were the only predictors of peak VO2 when controlled for age and 

BMI. 

5. Chapter 5 improved our understanding of the perturbations in cardiac metabolism and 

the timing and nature of such changes in AS. I set to experiment if the cardiac 

metabolism can be modulated with a PPARα agonist, Fenofibrate in AS and what 

effect, if any, would such modulation have on cardiac physiology. Fenofibrate was 

selected for the study as PPARα has a vital role in controlling lipid metabolism and 

homeostasis in the heart. Also, its downregulation and resulting dysregulated FAO in 

AS has been well-studied previously. Thus, making it a promising therapeutic target. 

For this, I enrolled 72 moderate-severe AS patients into a prospective, randomised, 

double-blind, placebo controlled trial. The placebo group was assigned for blinding 

purposes only. After 6 months of treatment with Fenofibrate, there was a significant 

reduction in myocardial steatosis and modest favourable change in energetics with 

blood marker evidence of fatty acid upregulation. However, such metabolic 

modulation did not modify cardiac physiology or halt disease progression in 

moderate-severe AS.  

6.  In Chapter 6, it was hypothesised that favourable alteration of cardiac metabolism 

mainly reduction in myocardial lipid content with PPARα agonist, Fenofibrate and 

possible upregulation of FAO may improve overall exercise performance in 

moderate-severe AS patients. Even though no significant change in cardiac 

physiology was seen in Chapter 5, it was plausible that if there was an improvement 

in the ability of the myocardium to generate energy, this may translate to less 

attenuation of cardiac output on exercise and better overall aerobic capacity. In 

addition, I wanted to re-evaluate the relationship between CMR parameters of LV 
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structure and function with exercise capacity in asymptomatic moderate-severe AS 

patients post 6 months’ treatment with Fenofibrate. It would also highlight the 

feasibility and safety of CPET in advanced asymptomatic AS. This was an extension 

of the prospective, randomised, double-blind, placebo controlled trial. Cardio-

respiratory fitness of the participants who completed the 6 months’ treatment was 

measured using CPET and 6MWT. Whilst majority of these patients had a low 

average peak VO2 (<85% predicted), this did not improve or significantly deteriorate 

in either the Fibrate or Placebo groups. No significant effect of change in cardiac 

metabolism on the exercise parameters was seen.  Peak VO2 in this cohort of AS only 

related to LV strain parameters and LV stroke volume, both of which again did not 

significantly improve or deteriorate in either the Fibrate or Placebo groups. 

To conclude, this research has provided novel insights into the presence and impact of 

metabolic remodelling in AS, which has been a matter of great interest in this area in recent 

years. Metabolic modulation has lately been anticipated as a potential cure or option to 

modify disease processes in number of cardiac conditions including pressure overload 

hypertrophy such as in AS. In this first proof-of-concept study, it has been shown that cardiac 

metabolism can be modulated in AS with metabolic modulator therapy, specifically PPARα 

agonist, Fenofibrate. More importantly, this study argues that such metabolic modulation at 

moderate-severe stage with established diastolic and subclinical systolic dysfunction is 

unlikely to refashion the myocardial response in a way to alter the disease process 

significantly. The impact of a constantly increasing pressure overload in moderate-severe AS 

perhaps overpowers any significant gain from changes in cardiac metabolism. 

7.2 Future directions 

This research has laid foundation as a pilot study for future studies of metabolic therapy in 

pressure overload disorders. Future studies, perhaps targeting the disease process early may 
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elicit more favourable results in AS. Secondly, the long term effect of metabolic modulation 

on surgical outcomes or mortality in these patients could be studied to establish if 

upregulating FAO in AS offered any prognostic benefit. This study, due to lack of 

metabolomics data , could not establish the effect of increasing fatty acid metabolism with 

PPARα agonist on use of alternative substrates and intermediate metabolism. This may be 

another future avenue for research to help elucidate more precise relationship between 

metabolic changes and hypertrophy.
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