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Thesis Abstract  
 
It is well established that type 2 diabetes mellitus (T2DM) in isolation is associated with 

increased cardiovascular morbidity and mortality, even in the absence of coronary artery 

disease. However, despite epidemiological evidence showing increased morbidity and 

mortality when T2DM co-exists in states of acquired or inherited cardiac hypertrophy, such 

as severe aortic stenosis (AS) and hypertrophic cardiomyopathy (HCM) respectively, a more 

detailed assessment of the metabolic, structural, and functional phenotypic alterations 

associated with co-morbid T2DM in these common cardiovascular conditions remains to be 

established. Cardiac magnetic resonance (CMR) and phosphorus magnetic resonance 

spectroscopy (31P-MRS) are powerful tools which can aid the characterisation of the 

myocardial sequelae of these common co-morbidities.  

The aims of this thesis were to use CMR and 31P-MRS to define the impact of co-morbid T2DM 

in severe AS and in HCM respectively, with regard to the alterations in myocardial 

phosphocreatine to ATP ratio (PCr/ATP) as a sensitive indicator of myocardial energetic state, 

perfusion, structure, and function.  

To the best of my knowledge this thesis is the first to report that severe AS or HCM-associated 

abnormalities in myocardial PCr/ATP and in stress indices of myocardial perfusion including 

stress myocardial blood flow and myocardial perfusion reserve are exacerbated by T2DM 

comorbidity. Moreover, in a longitudinal cohort study this thesis is the first to report that 

while aortic valve replacement reverses myocardial abnormalities and limitations in exercise 

capacity in patients with severe AS alone, despite a similar degree of improvement in aortic 

valve gradient, the recovery in myocardial features were nevertheless undermined by T2DM 

comorbidity. In addition, in patients with HCM, the work in this thesis shows that despite 

matching for sarcomeric mutations and left ventricular mass, patients with T2DM comorbidity 

displayed a greater degree of fibrosis burden with higher scar percentage than patients with 

HCM alone.  

This work has also demonstrated that the energetic impairment in T2DM seen with non-

invasive imaging, translates to impairment in myocardial mitochondrial oxidative 

phosphorylation with use of high resolution respirometry technique on myocardial biopsy 
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sample analysis. Additionally, a modified phosphorous spectroscopy technique is presented, 

with improved patient comfort and a higher degree of reproducibility, which might allow for 

the wider application of this technique.  

In summary, the work in this thesis demonstrates the significant impact of T2DM on 

myocardial PCr/ATP, perfusion, and function in states of cardiac hypertrophy and 

demonstrates the potential for advanced MR imaging techniques to allow for improved 

patient risk stratification and a more refined approach to assessing and treating these 

common co-morbidities.  
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1.1 Diabetic Cardiomyopthy 
 

1.11 Background 
 

The concept of a distinct cardiomyopathy independent of coronary artery disease, valvular 

heart disease and hypertension was first proposed by Rubler et al in 19721. This was 

subsequently born out in epidemiological data from the Framingham Heart Study in 1974 

which showed a higher incidence of heart failure in diabetic men (2.4:1) and women (5:1), 

even after adjusting for traditional risk factors such as age, coronary artery disease and 

hypertension2. However, it was not until 2013 that a joint position statement from the 

American Heart Association and the European Society of Cardiology defined diabetic 

cardiomyopathy as ‘a condition of ventricular dysfunction that occurs in the absence of 

coronary artery disease and hypertension in patients with diabetes mellitus’3. Whilst initial 

focus centred on macro myocardial structural abnormalities such as fibrosis, hypertrophy and 

microangiopathy, there is emerging evidence that the diabetic cardiomyopathy phenotype 

involves a complex process of molecular and metabolic derangement4,5. 

 

 

1.12 Epidemiology 
 

In the context of a global obesity pandemic, the prevalence of type 2 diabetes mellitus (T2DM) 

is increasing at an alarming rate in all age groups, with 5 million UK citizens expected to have 

diabetes by 20256. Contemporary European data shows the incidence of heart failure to be 

as high as 21% in the diabetic population6,7, with an increased relative risk of developing heart 

failure in both individuals with clinically defined diabetes (OR 2.8)  but also those with the so-

called ‘pre-diabetic’ state of abnormal glucose regulation  (OR 1.7)8. The challenges in 

demonstrating a causal link between diabetes and heart failure (HF), however, remain 

formidable. Inferred evidence for a diabetic cardiomyopathy in humans rests on a number of 

structural, functional, and metabolic observations. 

 

 

1.13 Macroscopic Structural and Functional Alterations 
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T2DM represents a serious disruption of fuel homeostasis with ravaging consequences 

throughout the body. Echocardiographic screening shows combined diabetes and heart 

failure to be associated with increased left ventricular wall thickness, mass and reduced left 

ventricular cavity volume, a process of concentric remodelling, with resultant reduction in LV 

systolic performance and increased arterial stiffness9,10. Increasing LV mass and concentricity, 

as defined by LV mass:volume, is associated with increased mortality and incidence of heart 

failure events (HR 1.4, per 10% increment)11,12. The increased hypertrophic response seen in 

T2DM is associated with myocardial fibrosis, a well-recognised independent predictor of 

cardiovascular mortality 13,14.  

 

1.14 Molecular Mechanisms of Diabetic Cardiomyopathy 
 

The primary cardiac metabolic alterations in T2DM include impaired insulin metabolic 

signalling and decreased GLUT-4 recruitment to the myocyte plasma membrane, with 

resultant reduced myocardial glucose uptake, from which numerous alterations in underlying 

myocyte homeostasis occur4,15.  On the microscopic level, histological studies demonstrate 

that diabetes is associated with myocyte hypertrophy, stiffness, perivascular fibrosis, and 

increased quantities of matrix collagen, cellular triglyceride, and cell membrane lipid4,9,16,17.  

Myocyte stiffness is thought to result from decreased GLUT-4 expression and increased intra-

cellular calcium, with impaired insulin signalling also resulting in decreased coronary 

mediated nitric oxide (NO) production which increases titin phosphorylation, an additional 

contributor to myocyte stiffness4,18. 

Hyperglycaemia, insulin resistance and oxidative stress, the central metabolic disturbances 

seen in T2DM, contribute to cardiomyocyte hypertrophy through hypertrophic gene 

expression via β-myosin heavy chain (MYH7), insulin-like growth factor 1 (ILG-1) and B type 

natriuretic peptide (BNP)19. Myocardial fibrosis, increasingly recognised as a significant 

independent risk factor for cardiovascular mortality, is increased in T2DM14,20,21. 

Hyperinsulinemia, hyperglycaemia and renin-angiotensin- aldosterone (RAAS) system 

activation leads to activation of transforming growth factor β-1, inducing interstitial and peri-

vascular fibrosis, collagen cross-linking and basement membrane thickening22,23.  

 

1.15 Normal myocardial high energy phosphate metabolism  
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The heart consumes more energy than any other organ per gram of tissue and must 

continually produce significant quantities of ATP to maintain contractile function24. If not 

replaced the heart would become deficient of ATP in between 2-10 seconds resulting in 

contractile failure25,26. Therefore, just as the heart has a large contractile reserve, a significant 

metabolic reserve exists to meet changes in energy demand 27. The heart can increase its 

pump work three-fold despite a limited capacity for energy storage, changes in energy 

demand thus require a rapid response from mitochondria 27,28. 

 

Cardiac energy metabolism has four principal components  

 

1. Adequate perfusion: An adequate blood supply, with appropriate hyperaemic 

response during exercise allows sufficient delivery of both substrate and oxygen to the 

myocardium29. 

 

2. Substrate utilisation: The heart is a metabolic omnivore, demonstrating flexibility in 

its ability to use a variety of substrates to meet energy demands30. Under normal 

conditions 85% of cardiac ATP is derived from fatty acids (FA), (57% from free fatty 

acids (FFA) and 28% from lipoprotein derived FA’s), in-addition, glucose, ketones, 

glutamate and branch chain amino acids (BCAA) can all be utilised to varying degrees, 

dependent on the physiological conditions 26,31-33.  Substrates are ultimately broken 

down, predominantly via beta oxidation and glycolysis, with the entry of resultant 

intermediary metabolites into the tricarboxylic acid (TCA) cycle (Fig 1).  

 

3. Oxidative phosphorylation: The production of energy via the mitochondrial 

respiratory-chain complexes I through IV, which transfer electrons from NADH to 

oxygen, thereby creating a proton electrochemical gradient across the inner 

mitochondrial membrane as well as NAD and water. This gradient drives ATP synthase, 

which produces ATP by phosphorylating ADP (adenosine diphosphate)26.  

 

4. ATP transfer and utilisation: Energy transfer occurs via the creatine kinase (CK) energy 

shuttle. Mitochondrial creatine kinase catalyses the transfer of the high energy 

phosphate bond in ATP to creatine to form phosphocreatine (PCr). This molecule is 

smaller and less polar, diffusing out of the mitochondria into the cytoplasm. At the 
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site of energy usage, the sarcomere, ATP is reformed in the reverse reaction. Creatine, 

which is not produced in the heart, is taken up by the creatine transporter34. 

 

 

Figure 1.1: Schematic representation of myocardial fatty acid (A) and glucose (B) 
metabolism. Adapted from Lopaschuk, G. et al. Myocardial fatty acid metabolism in health 
and disease. Physiological Reviews. 2010 Jan : A: FA, fatty acid; TG, triglyceride; VLDL, very 
low-density lipoproteins; FFA, free fatty acid; FAT, FA translocase; FABP, FA binding protein; 
CPT (I and II) and carnitine palmitoyltransferase B: GLUT, glucose transporter and PDH, 
pyruvate dehydrogenase 

 

 

Various signalling pathways co-ordinate energy metabolism and contractile function, with 

both insulin and contraction induced signalling acutely affecting the quantitative utilisation of 

FA’s and glucose15,25.  Additionally, an important function of the CK energy shuttle is to act as 

an energy buffer, when energy demand exceeds supply, phosphocreatine levels fall 

maintaining ATP levels at a constant 26,35. 

 

  

A B 
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1.16 Myocardial Energy Depletion in Type 2 Diabetes 
 

Impaired myocardial energy metabolism is a well-established feature of both type 1 and 2 

diabetes 6,36-39.  Although incompletely understood, myocardial energy depletion in subjects 

with T2DM is thought to relate to three principal disturbances in metabolic function. Firstly, 

glucose, lactate and ketone metabolism are thought to be reduced with an overreliance on 

FA metabolism and a loss of the heart’s usual metabolic flexibility (Fig 2) 40-42. Secondly 

hyperglycaemia and insulin resistance increase mitochondrial oxidative stress, increased NAD 

and FAD flux results in hyperpolarisation of the inner mitochondrial membrane and inhibition 

of the electron transport chain (ETC) at complex II and III and excess reactive oxygen species 

(ROS) production 43,44. Thirdly increased FA uptake via attenuated AMPK activation and 

increased CD36 expression, wasteful cycling of FFA through intramyocardial lipolysis and 

esterification with accumulation of toxic lipid intermediates such as ceramides and 

diacylglycerols, results in lipotoxicity, a further aggravation of the energetic impairment 45-47.  

 

 
Figure 1.2: Cardiac metabolic perturbations in type 2 diabetes (T2D). Adapted from 
Lopaschuk, G. et al. Myocardial fatty acid metabolism in health and disease. Physiological 
Reviews. 2010 Jan 
Fatty acid (FA) metabolism is increased in T2D, mediated through increased free FA 
concentrations and increased activity of FA transporters (FA translocase FAT/CD36 and FA 
binding protein (FABP)). Long chain FA co-enzyme A (LCFA CoA) accumulates and increases 

mitochondrial -oxidation flux through CPT-I (carnitine palmitoyltransferase-I). This 

activates the transcription factor peroxisome proliferator-activated receptor  (PPAR) and 
increases the esterification into triglycerides (TG). Despite increased plasma glucose 
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concentrations, there is a decrease in the activity of glucose transporters (GLUT).  Glucose 
metabolism is inhibited at the level of hexokinase (HK) by LCFA CoA accumulation. An 
increase in acetyl CoA generation activates pyruvate dehydrogenase kinase (PDK) enzymes, 
and inhibits pyruvate dehydrogenase phosphatase (PDP) enzymes, resulting in an 
inactivation of the pyruvate dehydrogenase complex (PDC); a key step in glucose oxidation. 
As a result, energy is shifted away from glucose metabolism and towards FA metabolism in 
T2D. Thick and thin lines represent increased and decreased flux, respectively. Red line 
indicates inhibition. Blue arrows indicate an increase in activity/abundance and red arrows 
indicate a decrease in activity/abundance.  
 

 

1.17  Additional Maladaptive Features of The Diabetic Heart 
 

Several important additional contributory factors should be considered in the mechanism of 

the diabetic cardiomyopathy phenotype. 

Hyperglycaemia and insulin resistance are thought to lead to the increased accumulation of 

advanced glycation end products (AGE), resulting in myocardial structural alterations through 

non-enzymatic glycation, oxidation of lipids and proteins, connective tissue cross-linking and 

fibrosis 48.  

A maladaptive proinflammatory innate immune response is seen in individuals with diabetes, 

where activation of proinflammatory cytokines contribute to oxidative stress, remodelling 

and fibrosis4. In animal models, high circulating FFA levels and impaired insulin metabolic 

signalling activate the NLRP3 inflammasome, a potential novel marker of diabetic 

cardiomyopathy 49.  Additionally, it is thought that interaction of AGE’s with their surface 

receptor on cardiomyocytes may be linked to the proinflammatory response seen in T2DM48.  

Cytosolic Ca2+ levels regulate cellular metabolism, contraction, and cell signalling 50. Impaired 

mitochondrial Ca2+ handling in T2DM increases cardiac action potential duration and prolongs 

diastolic relaxation time 18,51.  

 Activation of both the sympathetic nervous system (SNS) and RAAS, fundamental therapeutic 

targets of heart failure treatment, are seen in response to states of hyperglycaemia and 

insulin resistance23,52. The autonomic neuropathy seen in T2DM, whereby sustained 

hyperglycaemia impairs parasympathetic activity, leading to imbalanced SNS activation, 

enhances β-1 adrenergic receptor signalling, promoting cardiac hypertrophy, interstitial 

fibrosis, and cardiomyocyte apoptosis52. 

T2DM is associated with an array of microvascular complications and the coronary micro-

circulation is no exception 17. Impaired coronary flow reserve is seen in T2DM, which is a 
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strong independent risk factor for cardiovascular mortality 53. Structural microcirculatory 

abnormalities in T2DM include luminal obstruction, inflammation, vascular re-modelling and 

peri-vascular fibrosis 22. Functionally, NO mediated vasodilation is impaired early in T2DM, 

initially vascular function may be preserved through normal or enhanced activity of 

endothelial derived hyper-polarising factor, in the later stages however both vasodilators are 

impaired with significant impairment of micro-vascular function 54. The persistently elevated 

plasma endothelin-1 and reduced NO activity inherent to coronary microvascular dysfunction 

may also be additional contributory factors to the development of cardiac fibrosis and 

diastolic dysfunction 55.  

 

 

1.18 Ectopic and Visceral Adiposity  
 

Accumulating evidence suggests that the increased cardiovascular risk associated with 

diabetes and obesity is not exclusively the result of increased adiposity but is also affected by 

the distribution of the excess fat45,56-60. Visceral adipose tissue may have more of an adverse 

influence on cardiovascular health as it is metabolically more active than subcutaneous 

adipose tissue and secretes a different profile of adipokines associated with inflammation, 

insulin resistance and diabetes61-63. Epicardial adipose tissue (EAT) is a visceral fat depot which 

through paracrine and/or autocrine signalling pathways may play a significant role in diabetic 

heart disease, given the absence of anatomical barriers with the myocardium64,65. Supporting 

this, human EAT secreted adipokines were shown to promote cardiomyocyte contractile 

dysfunction and fibrosis of the atrial myocardium in animal models66. Furthermore, it was also 

confirmed in a small study that diabetes is associated with a different secretory profile of EAT, 

and low-grade inflammation in patients with T2DM67.  

 

 

1.2 Measuring Myocardial Energy Metabolism  
 

Myocardial ATP levels are kept relatively constant over a range of cardiac loads, buffered by 

the transfer of energy from PCr with the equilibrium constant of the CK reaction favouring 

the synthesis of ATP over PCr by a factor of approximately 10035,68. Hence when energy 

production is impaired in disease, ATP levels remain constant at the expense of PCr, therefore 
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the ratio of PCr/ATP can be used as a sensitive index of the energetic state of the myocardium 

26,69. In the healthy myocardium PCr is present in concentrations above twice that of ATP, 

ensuring PCr/ATP is maintained >2 consistently 26,69.  

Due to the labile phosphoryl bond, direct measurement of PCr/ATP in myocardial biopsies ex-

vivo is extremely challenging, in-direct measures of mitochondrial oxidative capacity at 

different complexes within the electron transport chain (ETC) can be inferred from myocardial 

biopsy samples using high resolution respirometry techniques 70. These techniques will be 

discussed in more detail in chapter 6.  

31 phosphorous magnetic resonance spectroscopy (31P-MRS) is the only technique that allows 

for a validated, non-invasive measurement of high energy phosphate metabolism in-vivo  71,72. 

Studies using 31P-MRS have shown reductions in PCr/ATP to be a feature of diabetic 

cardiomyopathy 36,39, inherited cardiomyopathies 73,74, valvular heart disease 75 and systolic 

heart failure 26.  

 

1.3 Cardiac Hypertrophy  
 

In order to maintain peripheral organ perfusion in the presence of increased pre-load or 

afterload individual myocytes undergo enlargement. Hypertrophy increases contractility, 

through the addition of sarcomere units in parallel with increased left ventricular (LV )wall 

thickness decreasing wall stress and maintaining cardiac efficiency 76. Cardiac hypertrophy is 

accompanied by an array of changes in gene expression, metabolism and cardiomyocyte 

survival. Cardiac hypertrophy may be physiological or pathological, physiological hypertrophy 

is classically eccentric in nature, with proportional increases in both LV wall thickness and 

cavity size, pathological hypertrophy in contrast is usually defined by concentric re-modelling, 

in which wall thickness occurs at the expense of LV cavity volume76. Both develop as a  

response to cardiac stress but display significantly different underlying molecular 

mechanisms, phenotype and prognosis77. Whether physiological or pathological hypertrophy 

develops, depends on the nature rather than the duration of the stimuli 78. 

 

 

1.31 Physiological Cardiac Hypertrophy 
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In response to athletic training, mild (10-20%), eccentric increases in LV mass occur, 

accompanied by cardiomyocyte growth in both length and width. This leads to preserved or 

increased contractile function without the presence of interstitial or replacement fibrosis, of 

note physiological hypertrophy is typically fully reversible after withdrawal of the initiating 

stimuli76.  

For cardiac hypertrophy to be fully adaptive it must be accompanied by various additional 

compensatory mechanisms, including cell survival signalling, increased energy production, 

angiogenesis proportional to LV wall growth, antioxidant systems, mitochondrial quality and 

control76,78.  

 

 

Insulin and insulin like growth factor 1 

 

Insulin and insulin like growth factor 1 (IGF-1) regulate cell growth, proliferation, 

differentiation, apoptosis, contractility and metabolism79. IGF-1 is predominantly synthesised 

and secreted in the liver but also in additional organs including the heart, physiological 

hypertrophy in athletes has been shown to be associated with increased cardiac IGF-1 levels 

80. 

IGF-1 is also linked to the RAS-RAF-MEK-MAPK signalling axis, leading to synthesis of 

serine/threonine kinase-1 (AKT-1)81. AKT-1, a crucial player in inducing physiological and 

preventing pathological hypertrophy, inhibits fork head box protein 3 (FOX03), which reduces 

catabolism and promotes cardiomyocyte growth81,82.  

 

Nitric Oxide  

 

Exercise has been shown to activate β-3 adrenergic receptors in endothelial cells, leading to 

an increased NO production. NO activates protein kinase G, suppressing pathological and 

attenuating physiological cardiac hypertrophy83,84. As discussed, disturbances in nitric oxide 

synthases (NOS) impair maintenance of myocardial calcium homeostasis, distensibility and 

protection from abnormal stress stimuli85. 

Cyclic guanosine monophosphate (cGMP) is a secondary messenger molecule that transduces 

NO and natriuretic peptide coupled signalling, stimulating phosphorylation by protein kinase 

G. Enhancing cGMP synthesis, or blocking its degradation by phosphodiesterase type 5A 



 24 

(PDE5A) therefore protects against a pathological hypertrophic response in cardiovascular 

disease processes86. 

 

MTOR Signalling 

 

MTOR is a serine protein kinase that functions as part of two distinct complexes (MTORc1+2) 

to co-ordinate growth factor signalling and amino acid bioavailability with cell metabolism 

and growth, this is done by controlling protein synthesis and degradation87. Despite increasing 

protein synthesis and mitochondrial quality control, through MTOR signalling, being essential 

adaptive mechanisms for the heart during acute pressure overload88, sustained activity is 

detrimental, in part due to suppression of autophagy and reduced protein quality control 

mechanisms88,89.  Pharmacological suppression of MTORc1 attenuates angiotensin-II induced 

and pressure over-load related pathological hypertrophy90, additionally, the MTOR inhibitors 

used in humans to prevent organ transplant rejection, have been shown to modify cardiac 

hypertrophy91.  

 

 

Natriuretic Peptides 

 

Expression of genes encoding atrial natriuretic peptide (ANP) and brain natriuretic peptide 

(BNP) are induced in response to pathological stimuli, with the key stimulant for release being 

myocardial stretch, classically ANP and BNP exert natriuretic, diuretic and hypotensive action 

and offer anti-hypertensive and anti-hypertrophic protective effects92,93.  

 

 

Angiogenesis  

 

Capillary density is an important factor contributing to the development of both physiological 

and pathological hypertrophy94. Vascular endothelial growth factor (VEGF) is a critical 

angiogenic molecule involved in the adequate maintenance of myocardial capillary density95. 

The importance of VEGF in normal cardiac function can be seen by the increased incidence of 

cardiomyopathy in anti-VEGF agents used in cancer treatment96, with decreased circulating 

VEGF levels shown to correlate with poor recovery from peripartum cardiomyopathy97.  
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Hypoxia inducible factor 1- α (HIF1- α) is a major transcription factor that controls oxygen 

homeostasis by regulation of angiogenesis, vascular remodelling and glucose metabolism98. 

Exercise training leads to upregulation of MTOR and stimulation of HIF1- α responsive 

angiogenic factors, including VEGF, which in-turn lead to a well-co-ordinated cardiomyocyte 

growth and angiogenic response99,100. 

 

 

 Micro RNA’s 

 

Micro-RNA’s (mi-R) are a class of small, non-encoding RNA’s that modulate gene expression 

at the post-transcriptional level101, miR-22 is a cardiac and skeletal muscle enriched mi-RNA 

which is up-regulated during myocyte differentiation and physiological hypertrophy102. 

Mouse models demonstrate that over-expression of miR-22  induces hypertrophy, 

conversely, loss of miR-22 leads to increased susceptibility to development of a dilated 

cardiomyopathy phenotype102.  

 

 

Neuregulin-1 

 

Neuregulin 1-4 are members of the epidermal growth factor, of which neuregulin-1 is most 

abundant in the heart103. Signalling via neuregulin-1 and its receptors, the tyrosine protein 

kinase ERBB2 family, has a crucial role in the adaptation to physiological and pathological 

hypertrophic stimuli103,104. In the situation of endurance training, neuregulin-1 is increased, 

inducing cardiomyocyte differentiation and proliferation, which protects the heart from 

ischaemic injury105-107. In mouse models, post-natal over-expression of ERBB2 induces cardiac 

hyperplasia with increased cardiomyocyte hypertrophy and proliferation, akin to the HCM 

phenotype108.  

 

1.32 Pathological Cardiac Hypertrophy 
 

Pathological left ventricular hypertrophy (LVH) is common to a  variety of cardiac disease 

processes, including, chronic hypertension, aortic stenosis (AS), storage diseases, sarcomeric 

gene mutations such as hypertrophic cardiomyopathy (HCM), obesity and diabetes109. Initially 
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a compensatory response, in contrast to physiological hypertrophy, pathological LVH swiftly 

becomes maladaptive and may eventually lead to contractile dysfunction and heart failure 

syndrome76. 

 Pathological hypertrophy can be seen to be a distinct entity from physiological re-modelling, 

with a return to a state of foetal metabolic programming110, with increased expression of the 

genes ANP, BNP, MYHC- β and skeletal muscle- α actin111, and accompanying interstitial and 

peri-vascular fibrosis, increased levels of type-1 collagen and myofibroblast activation78,112. 

These genetic and structural changes may be seen in response to a number of underlying 

stress stimuli and maladaptive signalling pathways. 

 

 Pressure Overload 

 

Whilst many signalling molecules are implicated in the development of pathological 

hypertrophy in the pressure loaded ventricle, a key pathway which has shown promise as a 

therapeutic target in animal models, is calmodulin dependent kinase II (CaMKII)113. CaMKII is 

a unique mediator of beat-to-beat cardiac function, activated and de-activated with the rise 

and fall of Ca2+ allowing for a dynamic response to varying metabolic needs. Under states of 

pathological stress, with increased ROS,  CaMKII activation is prolonged and induces 

hypertrophic and inflammatory transcriptional pathways and promotes apoptosis114. The 

hypertrophic response is mediated as CaMKII induces the nuclear exit of class-II histone 

deacetylase-4115, class-II histones (4,5,9) act as repressors of hypertrophy, whereas class-I 

histones (1,2,3) are pro-hypertrophic115,116. 

 

Sympathetic Nervous System Activation 

 

Catecholamines are neuroendocrine hormones, modulating cytosolic Ca2+ levels through 

protein kinase A76. Prolonged, imbalanced activation of the sympathetic nervous system, as 

seen in hypertension, myocardial infarction, and heart failure, leads to chronic stimulation of 

β adrenergic receptors, promoting pathological hypertrophy and receptor desensitisation, 

mediated by GPCR kinase117-119. 

 

 

Genetic Mutations and Epigenetic Modifications 
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Pathogenic mutations causing HCM have been identified in genes encoding numerous 

sarcomere proteins, including ACT1, MYBPC3, MYH7, MYC2,3, TNNI2,3 and TPM1120. In-

addition, epigenetic modifications regulate pathological hypertrophy by modulating genome 

architecture, stability, and gene expression78,120. Specifically, a genome wide study identified 

a role for Histone-3 and miR-217 mediated gene re-programming in pathological 

hypertrophy121,122. 

 

 

1.33 Metabolic Remodelling in Cardiac Hypertrophy  
 

It is proposed that impaired adaptation of energy metabolism during the hypertrophic 

response exacerbates pathological hypertrophy and increases cardiomyocyte death26,76, and 

that under stress certain metabolic responses become maladaptive. 

The hypertrophied heart is characterised by a switch to foetal type metabolic programming, 

with increased glucose and reduced FA metabolism31. Cardiac specific deletion of the gene 

encoding CD36 reduces FA uptake and utilisation, this reduced substrate flexibility may 

exacerbate pressure overload induced dysfunction123. Therefore, during pathological 

hypertrophy, cardiomyocytes are thought to re-model, with increased glycolysis, ketone and 

BCCA utilisation with reduced energy derived from FA’s76,110,124. 

Deficiency of oestrogen related receptor alpha (ERR α) is thought to be a polymorphism that 

may promote transition to heart failure in the hypertrophied heart. Under normal conditions, 

ERR α interacts to activate mitochondrial energy metabolism by increasing expression of 

genes encoding proteins involved in the TCA cycle and OxPhos125. 

 

 

 

 

 
 

1.4 Aortic Stenosis  
 

1.41 Background and Clinical Context 
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Aortic stenosis (AS) is the most frequent degenerative valvular heart disease in the Western 

world with a prevalence of 5% in people aged >65, with ageing demographics in most 

populations, the burden of AS on global health systems is likely to continue to increase126.  

A gradient at rest between the LV and aorta occurs once the aortic valve area (AVA) is less 

than 1.5cm2 and AS is considered severe once the AVA falls to below 0.6cm2/m2 127 . Even in 

the absence of symptoms or LV systolic dysfunction, once AS progresses to severe it is 

associated with increased mortality, with rates of sudden cardiac death (SCD) approaching 

1% per annum128,129. Once symptoms develop clinical deterioration may be rapid, with SCD 

rates 4% at 1-month and 12% at 6-months 128,130,131.  Although both transcatheter (TAVR) and 

surgical aortic valve replacement (SAVR) are highly effective treatments for severe AS, 30-day 

post procedural mortality rates following aortic valve replacement (AVR) approach 1% in 

contemporary data129, therefore the identification of additional prognostic markers, either to 

allow disease modulation or improved risk stratification, forms much of current research into 

the AS phenotype.  

 

 

1.42 Cardiac Magnetic Resonance Imaging in Aortic Stenosis  
 

Cardiac magnetic resonance (CMR) imaging is the reference standard assessment of LV 

volumes and mass132, allowing for full characterisation of LV remodelling133. Development of 

a pattern of concentric remodelling, normalising shear wall stress in severe AS, has been 

shown to be associated with adverse outcomes regardless of clinical management134. 

However the LV displays a heterogenous response to increasing AS severity, with several 

patterns of LV hypertrophy and adaptation135, indeed asymmetric patterns of wall thickening 

are at least as common as concentric re-modelling and have shown to be independent 

predictors of AVR and death135,136. Additionally, insights from CMR suggest that pattern and 

degree of LVH do not correlate well with the severity of valve stenosis in AS135. Sexual 

dimorphisms in AS remodelling have been shown with women tending towards increased 

concentricity and lower indexed LV mass137,138. 

 

CMR is the only non-invasive method for assessment of LV fibrosis and whilst health economic 

barriers remain, an emerging body of evidence suggests that use of CMR assessment and 

quantification of fibrosis in AS patients may soon be more widely incorporated into clinical 
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guidelines and risk stratification139,140. Presence of LV mid-wall late gadolinium enhancement 

(LGE), has been shown to confer an 8-fold increased risk of all-cause mortality141, and 

combined CMR and myocardial biopsy data suggests that a gradient of fibrosis from the 

endocardium to epicardium exists in AS142. However, the degree to which this fibrosis is a 

response to reduced capillary density and ischemia (replacement fibrosis) or pressure 

overload induced fibroblast activation (reactive fibrosis) has yet to be fully ascertained142-144. 

CMR T1 mapping techniques and extra cellular volume (ECV) quantification, in combination 

with LGE imaging, may allow for a more comprehensive assessment of the multi-pattern 

fibrosis seen in AS142.  

 

1.43 Development and Progression of Aortic Stenosis 
 

Long considered a passive degenerative phenomenon, related to ‘wear and tear’ of the valve, 

histopathological evidence suggests AS is an active and complex process, involving chronic 

inflammation, lipoprotein deposition, RAAS activation and osteoblastic transformation of 

valvular interstitial cells145-148.  

The normal aortic valve is composed of three leaflets, these usually thin, mobile and flexible 

structures become thickened, fibrosed and calcified upon the development of AS. Whereby 

reduced valve leaflet mobility leads to progressive valvular obstruction146,149. AS 

pathophysiology can be broadly divided into two phases. 

 

Early Initiation Phase 

 

In this early initiation phase, which shares commonality with atherosclerosis, valvular lipid 

deposition, injury and inflammation predominate149,150. In AS, as seen in atherosclerosis, 

following initial damage to the endothelium, infiltration of lipids, low density lipoprotein (LDL) 

and lipoprotein a, is seen. Subsequently lipid oxidation leads to a pro-inflammatory 

response149,151. Despite sharing common features and indeed risk factors with 

atherosclerosis150, trials using statin, lipid lowering therapy have failed to arrest AS 

progression152,153. This is likely due to AS usually becoming clinically manifest after the early 

initiation phase149. 

 

Propagation Phase 



 30 

 

The later stage of AS, during which most patients come to the attention of clinicians, is driven 

by a self-perpetuating cycle of calcium formation and valvular injury149. An initial fibrotic 

process occurs within the valve, in part mediated by reduced NO expression 154, and also RAAS 

activation155,156. Angiotensin converting enzyme (ACE) is delivered to the valve by LDL, where 

it converts angiotensin I to angiotensin II, which mediates pro-fibrotic effects156,157, in support 

of this, small, randomised placebo controlled trials using ACE inhibitors in AS, have shown 

modest reductions in LV mass and trends towards slower AS progression158.  

Following fibrosis, valvular calcification dominates, driven by osteoblastic cells149.  It is 

thought that differentiation of myofibroblasts into osteoblasts occurs, driven initially by 

macrophages via pro-inflammatory cytokines (IL-1, IL-6, IL-8, TNF- α, ILG-1)159, and laterally 

by calcific pathways160.  

 

 

1.44 Aortic Stenosis and Cardiac Metabolism  
 

AS is a prototype model for afterload-induced heart failure161. Histological studies have shown 

that significant myocardial steatosis in patients with severe AS is linked to abnormalities in 

cardiac contractile function and steatosis may regress and contractile function improve after 

AVR162. However, the mechanisms underlying cardiac steatosis in AS are incompletely 

understood. It is likely that impaired myocardial FA oxidation contributes to lipid 

accumulation in the pressure overloaded ventricle. Confirming this, in patients with severe 

AS undergoing surgical AVR, coordinated downregulation of sequential steps involved in FA 

oxidative metabolism was shown in cardiac biopsies163. This was accompanied by 

upregulation of the glucose transporters confirming the metabolic shift from FA to glucose 

utilisation163. Further, a negative correlation between the FA translocase (FAT/CD36) levels 

and LV mass index was demonstrated, thus confirming that the patients with the greatest 

cardiac hypertrophy had the lowest FA translocase (FAT/CD36) protein levels; while in 

contrast there was a positive correlation with the extent of hypertrophy and glucose-

transporter-4 (GLUT-4) levels163.  

The hypoxic environment of the hypertrophied heart favours the use of glucose, which affords 

more contractile power for a given rate of oxygen consumption164, although initially thought 

to be entirely maladaptive, animal studies suggest this increase in glucose uptake may result 
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in a more favourable metabolic profile, affording some protection against myocardial 

susceptibility to ischemic injury165. However in the long term, this switch to glucose 

metabolism is likely to lead to negative physiological effects, as FA oxidation yields overall 

greater ATP production compared to glucose31. Indeed, studies using 31P-MRS have shown an 

energetic impairment to be present in both moderate and severe AS, one that appears to 

reverse following AVR and relief of pressure overload and hypertrophy regression75.  

 

1.45 Co-morbidity of Aortic Stenosis and Type 2 Diabetes Mellitus 
 

In parallel with ageing demographics and the obesity epidemic, AS and T2DM are increasingly 

frequent comorbidities166 with 22 to 36% of severe symptomatic AS patients having coexisting 

T2DM167-173,174. Comorbidity with T2DM influences the prognosis of AS with increased 

morbidity and mortality following aortic valve replacement (AVR) even after adjustment for 

comorbidities such as vascular disease or renal dysfunction130,175-178. Although distinct 

pathological entities, AS and T2DM share common features of altered myocardial energy 

metabolism, left ventricular concentric remodeling and coronary microvascular 

dysfunction75,170,179,180. The mechanism underlying the poor prognosis of patients with AS and 

T2DM comorbidity are incompletely understood. One potential explanation is the collective 

impact of the two conditions on cardiac metabolism, structure and perfusion. Supporting this 

clinical observation, more pronounced LV hypertrophy and dysfunction after aortic banding 

was shown in a mouse model of diet-induced obesity with insulin resistance and 

hyperglycemia, compared to mice fed a standard diet181.  

 
 

 

1.5 Hypertrophic Cardiomyopathy 
 

 

1.51 Background and Clinical Context 
 

Cardiomyopathies encompass a diverse spectrum of inherited and acquired disorders 

characterised by impaired myocardial contractility and pathological ventricular 

remodelling182,183.  Identification of genetic mutations as well as insight into cellular 

metabolism in these cardiomyopathies has provided insight into disease aetiology. Deranged 
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cardiac energy metabolism has been implicated in both hypertrophic 184, 123, 185,186  and dilated 

cardiomyopathy 187,188, 189 . 

HCM affects 1 in 200 to 1 in 500 individuals and is the commonest cause of sudden cardiac 

death in the young (including competitive athletes) and this is perhaps the most devastating 

component of its natural history182,183,190-192. 

Despite being a common genetic cardiomyopathy, determining disease progression and risk 

stratification remains a clinical dilemma.  

Over 1500 gene mutations encoding sarcomeric proteins are associated with HCM, however 

genotype negative cases predominate in registry studies with an identifiable mutation being 

present in around 36% of cases193. The vast majority of genotype positive patients carry a 

heterozygous mutation, hence HCM is considered a disease with autosomal dominant 

inheritance194.   

The disease course for the majority of patients is relatively benign with 5 year survival rates 

of 82% and pooled 10 year survival of 76%195. However, there is significant heterogeneity in 

terms of outcomes with a relatively poor prognosis in a subset of patients who rapidly 

progress to heart failure or succumb to sudden cardiac death196. Equally, current risk 

stratification tools to identify patients who are at the greatest risk of SCD and may benefit 

from protection with  implantable cardiac defibrillator (ICD) are suboptimal, with appropriate 

device therapy rates of only 17% over 5 years compared with inappropriate shock rates of 

27%197.  

In this context, advances are needed to allow for more refined risk stratification to reduce 

morbidity and mortality. The identification of additional prognostic markers or greater 

understanding of the influence of modifiable cardiometabolic co-morbidities, such as T2DM, 

may offer an additional avenue for improving disease outcomes.  

 

1.52 Pathophysiology of Hypertrophic Cardiomyopathy 
 

The heterogeneity in terms of clinical outcomes is reflective of a significant variance in disease 

penetrance. The dose of the mutant sarcomere protein, which is regulated at RNA level, 

determines the onset and severity of cardiomyopathy198-200. Based on the observation that 

the presence alone of a heterozygous mutation is not enough to confer disease initiation or 

indeed progression, it has been suggested that the development of HCM is linked to 

additional disease modifying factors. This is most likely through the affectation of cell systems 
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that maintain myocyte homeostasis, disrupting the ability to prevent accumulation of the 

mutant protein201.  

Histologically the hallmarks of HCM are cardiomyocyte hypertrophy and disarray, fibrosis and 

reduced capillary density182,196,202,203.  Physiologically mutations in sarcomere proteins cause 

increased Ca2+ sensitivity of the myofilaments, increased tension cost and altered myosin 

sequestration which combine to result in increased ATP use. Increased Ca2+ sensitivity induces 

myofilament activation at relatively low Ca2+ levels and delays the dissociation of Ca2+ from 

troponin C, this results in prolonged cross bridge activation and impaired relaxation. This 

increased tension cost denotes that in HCM more ATP is hydrolysed in order to generate the 

same force185,204-207.  

 

1.53 Structural and Functional Changes 
 

At a macroscopic level HCM is defined by increased LV wall thickness, with diagnostic criteria 

in adulthood requiring ≥ 15mm in one or more myocardial segment that cannot be explained 

solely by loading conditions196. In first degree relatives of patients with unequivocal disease 

an increase in LV wall thickness above 13mm is considered sufficient to make the diagnosis196.  

Functionally HCM is characterised by LV diastolic impairment and coronary microvascular 

dysfunction, this leads to local ischemia, tissue death and replacement fibrosis202,203,205,208,209. 

 

1.54 Hypertrophic Cardiomyopathy and Cardiac Metabolism 
 

Little is known about the specific changes in substrate utilisation, oxidative phosphorylation 

and energy transfer in HCM but it is well established that the energy cost of force production 

is increased210. 

Traditionally it was thought that the mutant HCM proteins depressed cardiac function and 

that subsequently activated neuroendocrine and mechanical responses, leading to 

compensatory hypertrophy. However in vitro and mouse models have subsequently shown 

increased contractility of the mutant myofilaments due to altered myosin kinetics, increased 

thin filament calcium sensitivity or changes in myosin binding regulation211,212. Mutations in 

myosin can alter cycling rates of myosin heads thus leading to more cross bridge detachment 

before completion of the power stroke200. Most HCM mutations in thin filament regulatory 

proteins increase calcium sensitivity, this increases force at submaximal calcium 
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concentrations198,199,213. In addition, mutations in these regulatory proteins can also alter 

velocity of cross bridge formation214. 

The energy depletion hypothesis proposes that the increased energy demand compromises 

the cardiomyocyte’s ability to maintain energy levels necessary for contraction, pump 

function and homeostatic function such as calcium re up-take. This myocyte dysfunction 

results in compensatory hypertrophy. This hypothesis is supported by findings of abnormal 

resting energetics in patients with HCM184,185 even in the pre hypertrophied state184. Further 

support comes from the observation that diseases which directly affect glucose transport 

(GLUT 4 knockout); free fatty acid transport (CD36 deficiency) and mitochondrial function 

cause HCM phenocopies.  

Furthermore, abnormal energetics may be compounded by the microvascular dysfunction 

which occurs in HCM with possible resultant tissue hypoxia. Microvascular dysfunction in 

HCM has been extensively investigated using many modalities including MRI215,216, positron 

emission tomography (PET) 217 and thallium scanning218.  Ischaemia has been assumed as a 

result of perfusion deficits.  

Angina and symptoms suggesting myocardial ischemia are frequent features in the natural 

history of HCM, and there is pathological evidence that ischemia can be related to sudden 

death even in young asymptomatic patients219. Two possible mechanisms may be responsible 

for de-oxygenation in HCM. Firstly, abnormal intramural coronary arteries, with a reduction 

in the size of the lumen and thickening of the vessel wall are a consistent feature in HCM220. 

The prominence of abnormal intramural coronary arteries in areas of extensive myocardial 

fibrosis is consistent with the hypothesis that these abnormalities are responsible for the 

development of myocardial de-oxygenation. Secondly, capillary density and distribution are 

of crucial importance for the process of oxygen exchange between blood and tissue. Thus, 

perfusion abnormalities might also exist in HCM due to an increased oxygen diffusion distance 

caused by an inadequate growth of capillaries202 . 

 

1.55 Co-morbidity of Hypertrophic Cardiomyopathy and Type 2 Diabetes Mellitus 
 

T2DM co-exists in around 9% of HCM cases, HCM patients with T2DM tend to be older at age 

of diagnosis and have greater prevalence of AF, lower functional capacity and increased HF 

symptoms with worsened 15-year survival rates (22% vs 15%)221. 
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Studies with echocardiography suggest that combined T2DM and HCM leads to increased 

rates of diastolic dysfunction and a higher prevalence of left atrial (LA) enlargement. Studies 

do not suggest any significant difference in LV dimensions, wall thickness or systolic function. 

Interestingly the apical variant of HCM occurs more frequently in the T2DM population (15% 

vs 7%) although the reasons for this are not well understood221,222.  

Obesity has been proposed to induce and aggravate HCM via numerous mechanisms 

including metabolic over-fuelling, endothelial dysfunction and cardiac adiposity, in addition 

metabolic status independent of body mass index (BMI) has been shown to predispose to 

HCM with the presence of T2DM, hypertension or hyperlipidaemia increasing the chance of 

being diagnosed with HCM, even in individuals with normal or low BMI223-225. It has been 

suggested that the endothelial inflammation and pro-fibrotic signalling that occurs in T2DM 

may provide a trigger initiating the pathological remodelling seen in HCM201.   

With the potential relationship between T2DM and HCM suggesting co-existence not only 

confers increased mortality risk but also potentially triggering increased disease penetrance, 

greater understanding of the cardiomyopathic process that occurs in this subset of patients 

may offer an additional opportunity to modify disease progression. 

 
 

1.6 Aims of PhD Studies  
 

This PhD project is focussed on the combined impacts of T2DM and cardiac comorbidities 

associated with left ventricular hypertrophy (acquired in severe AS cohort and inherited in 

HCM cohort) on cardiac phosphocreatine to ATP ratio, function and perfusion. The 

relationship between T2DM and severe AS and additionally the relationship between T2DM 

and HCM will be investigated. This will be done using the techniques detailed below. 

The changes assessed will include: 

 

1. Structural changes 

Left ventricular hypertrophy, left ventricular wall thickness and mass will be assessed using 

cine imaging; fibrosis using T1 mapping and gadolinium imaging with CMR.  

2. Functional changes  

Systolic function will be assessed using cine MRI technique as well as myocardial strain 

analysis. Diastolic function will be characterized using MRI strain parameters. 
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3. Metabolic changes 

Myocardial energetics will be assessed using 31P-MRS at 3T. 

4. Microvascular function 

Microvascular function will be assessed using adenosine stress CMR imaging and quantitative 

perfusion analysis. Furthermore, the relationship between myocardial energetics and 

myocardial microvascular function will be assessed. 

5.  Mitochondrial function - Myocardial biopsy  

Myocardial mitochondrial function in the AS study will be assessed ex-vivo from cardiac 

biopsy samples using respirometry techniques. Furthermore, the relationship between 

mitochondrial function on respirometry analysis and myocardial energetics as assessed by 31P 

MRS will also be explored. 

6.  Epicardial adipose tissue characteristics -Epicardial fat biopsy 

 The differences in the histopathological characteristics of epicardial adipose tissue between 

diabetics and non-diabetics will be assessed ex-vivo in the AS study. 

7. Skeletal muscle changes 

The influence of T2DM co-morbidity on skeletal muscle mass and exercise capacity in patients 

undergoing AVR will be explored using MR thigh imaging and 6-minute walk test assessments 

in the AS study. 

 
 

The aim of this thesis include: 

1. To assess the reproducibility of a modified scan protocol allowing for robust 

assessment of coil position, and for chemical shift imaging grid positioning. (Chapter 

3) 

In this study, I showed that 31P-MRS can be performed in the supine position with a 

high degree of reproducibility using an optimised protocol with improved coil 

positioning thereby maximizing patient comfort and increasing the scope for tolerance 

of the technique by a wider patient cohort.  

2. To investigate if hypertrophic cardiomyopathy patients with type 2 diabetes mellitus 

comorbidity exhibit adverse cardiac alterations in myocardial energetics, function, 

perfusion, or tissue characteristics. (Chapter 4) 

In this study, I showed for the first time that HCM patients with T2DM comorbidity 

display greater reductions in myocardial energetics, perfusion, contractile function 
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and higher myocardial scar burden and serum NT-proBNP levels compared to patients 

with isolated HCM despite similar LV mass and wall thickness and presence of 

sarcomeric mutations. These adverse phenotypic features may be important 

components of the adverse clinical manifestation attributable to a combined presence 

of HCM and T2DM.  

3. To establish if T2DM comorbidity is associated with altered myocardial recovery after 

aortic valve replacement (AVR) in severe AS. (Chapter 5) 

In this study, I showed that while AVR is effective in reversing myocardial alterations 

in AS patients without T2DM, AS patients with T2DM comorbidity show residual 

myocardial abnormalities and continued limitations in exercise capacity after AVR. 

4. To better understand if the presence of T2DM in patients with severe AS is associated 

with impaired mitochondrial oxidative capacity. (Chapter 6).  

In this study we showed that worsening glycaemic control is associated with reduced 

mitochondrial oxidative capacity with impaired ETC activity at complex II. These 

findings supported the previous work done in the field and may go some way to 

explain to explain the energetic impairment and adverse prognostic association seen 

in subjects with combined severe AS and T2DM. 

5. To better understand the impact of T2DM on skeletal muscle mass and functional 

exercise capacity in patients with severe AS undergoing AVR (Chapter 7).  

In this study I showed T2DM to be associated with sarcopenia and impairment of 

functional exercise capacity following AVR. This work suggests sarcopenia in T2DM 

patients following aortic valve intervention may contribute to limitations in exercise 

capacity and adverse prognostic outcomes.  

 

 

In conclusion, the work in this thesis demonstrates the potential power of both CMR and 

cardiac 31P-MRS as tools to identify sub-clinical structural, functional, and metabolic 

derangements that may allow for more refined identification of high-risk patients with 

cardiometabolic co-morbidities.  
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Chapter 2 

General Methods 
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2.1 General Methods 

 

The DAS study (Diabetes and Aortic Stenosis) was approved by the Yorkshire and Humber 

Research Ethics Committee (IRAS ID 252633). Subjects were recruited from across the 

Yorkshire region via the Leeds Teaching Hospitals NHS trust specialist valve service. The HCM 

patients and Healthy volunteers were recruited under a separate study which was also 

approved by the Yorkshire and Humber Research Ethics Committee (REC Ref:18/YH/0168). 

Patients with HCM were recruited from Leeds Teaching Hospital NHS trust inherited cardiac 

conditions (ICC) clinic. Healthy volunteers were recruited via word of mouth and through 

email advertisement to local cycling, running and golf clubs. Each participant gave written, 

informed consent to be involved.  

 

 

 

2.2 Eligibility Criteria 

 

Patients were considered eligible for inclusion in the DAS study investigating the hypotheses 

related to T2DM and severe AS under the following criteria. 

 

Inclusion Criteria:  

 

1. Men and women >18 years of age.  

2. Severe AS based on transthoracic echo with an AVA of ≤1.0 cm2 or peak velocity >4 

m/s.  

3. Ability and willingness to provide written and informed consent and to comply with 

the requirements of the study.  

4. For patients diagnosed with AS and T2DM, the following is also required: T2DM 

diagnosis in accordance with WHO criteria (fasting plasma glucose ≥ 7.0 mmol/L or 2-

h plasma glucose ≥11.1 mmol/L), on any type of glucose lowering treatment. 
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 Exclusion Criteria:  

 

1. Significant CAD (>50% luminal stenosis or evidence of large vessel ischemia), 

previous CABG, angioplasty or myocardial infarction.  

2. Known HF or reduced LV EF (<50%). 

3. Participation in a Clinical trial of an investigational medicinal product in the 

preceding 12 weeks.  

4. Contra-indications to CMR (pacemaker, cranial aneurysm clips, metallic ocular 

foreign bodies, severe claustrophobia), adenosine or gadolinium-based contrast 

agents.  

5. Significant renal impairment (eGFR<30 ml/min/1.73m2). 

6. More than mild aortic regurgitation or other moderate or above valvular pathology.  

7. For patients diagnosed with severe AS and T2DM the following is also grounds for 

exclusion: diagnosis of any other type of diabetes other than T2DM.  

8. Patients who are on Insulin therapy. 

 

 

Patients were considered eligible for inclusion in the HCM-DM study investigating the 

hypotheses related to HCM and T2DM under the following criteria. 

 

Inclusion Criteria:  

 

1. Men and women >18 years of age.  

2. Established diagnosis of HCM based on presence of unexplained left ventricular (LV) 

hypertrophy (maximum wall thickness ≥15 mm). 

3. Ability and willingness to provide written and informed consent and to comply with 

the requirements of the study. 

4. For patients diagnosed with HCM and T2DM, the following is also required: T2DM 

diagnosis in accordance with WHO criteria (fasting plasma glucose ≥ 7.0 mmol/L or 2-

h plasma glucose ≥11.1 mmol/L), on any type of glucose lowering treatment. 
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Exclusion Criteria: 

 

1. Established coronary artery disease (>50% luminal stenosis or evidence of large 

vessel ischemia), previous CABG, angioplasty or myocardial infarction. 

2. Known HF or reduced LV EF (<50%). 

3. Participation in a Clinical trial of an investigational medicinal product in the 

preceding 12 weeks.  

4. Contra-indications to CMR (pacemaker, cranial aneurysm clips, metallic ocular 

foreign bodies, severe claustrophobia), adenosine or gadolinium-based contrast 

agents.  

5. Significant renal impairment (eGFR<30 ml/min/1.73m2). 

6. Permanent pacemaker and implantable cardiac defibrillator (ICD). 

7. Anderson-Fabry disease. 

8. For patients diagnosed with HCM and T2DM the following is also grounds for 

exclusion: diagnosis of any other type of diabetes other than T2DM.  

9. Patients who are on Insulin therapy. 

 

 

Healthy volunteers were considered eligible for inclusion in all studies under the following 

criteria. 

 

Inclusion Criteria:  

 

1. Men and women >18 years of age. 

2. Ability and willingness to provide written and informed consent and to comply with 

the requirements of the study. 

3. Age-matched healthy volunteers with no known history of cardiac disease, 

hypertension or diabetes. 

4. Able in the investigators opinion to comply with all study requirements  

 

Exclusion Criteria: 
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1. Pregnancy, or lactating mothers. 

2. Contra-indications to CMR (pacemaker, cranial aneurysm clips, metallic ocular foreign 

bodies, severe claustrophobia). 

3. Presence of severe asthma (contraindication to adenosine). 

4. Known hypersensitivity to adenosine or gadolinium. 

5. Patients who were diagnosed with hypertension previously, or blood pressure 

measurement at screening revealing systolic levels >140 mmHg and diastolic levels of 

>85mmHg.  

6. Estimated glomerular filtration rate (eGFR) <30ml/min/1.73m2 (stage 3-5 renal 

disease) were excluded from the study. Participants had a blood test to assess kidney 

function at the study visit. 

7. Current smoker or a history of smoking in the past 5 years. 

8. 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, suitability as a healthy control subject or the participant's 

ability to participate. 

 

2.3 Clinical Assessments  
 

Of note prior to study enrolment all patients with severe AS recruited to the DAS study had 

undergone trans-thoracic echocardiography to confirm the diagnosis of severe AS and 

obtain an up-to-date assessment left ventricular systolic function. Echocardiography 

assessments were undertaken by the cardiac physiology department at Leeds Teaching 

Hospitals NHS Trust as part of usual work up for aortic valve replacement (AVR). In addition, 

all subjects with severe AS underwent diagnostic coronary angiography to exclude 

significant coronary artery disease as part of work-up for AVR.  

 

On visit 1 and 2 all subjects underwent clinical assessment which included history for: 

 

• The presence of exclusion criteria as documented above. 

• Past medical history  

• Drug history including allergies 

• Weekly alcohol level (units) 
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• Smoking history  

• Diabetes history, including duration since the diagnosis, symptoms, presence of 

diabetic complications 

 

The following measurements were carried out: 

 

• Blood pressure measurements using a manual sphygmomanometer 

• Height (cm) and weight (kg) using calibrated scales. 

• 12 lead electrocardiogram (ECG) 

 

 

6 Minute Walk Test  

 

At both visit 1 and 2 the participants were instructed to walk along a 30-meter corridor and 

cover the maximum achievable distance in 6-minutes under the supervision of study 

investigators with medical training and with experience in conducting the test. At the end of 

6-minutes, participants were asked to stop, and the distance walked was measured in 

meters226.  

 

 

Serum Biochemistry 

 

At both visit 1 and 2 a fasting blood sample was taken for assessments of full blood count, 

eGFR, lipid profile, glycated hemoglobin (HbA1c), insulin, free fatty acid, beta 

hydroxybutyrate, and N-terminal pro hormone B-type natriuretic peptide (NT-proBNP). 

 

2.4 Scan Protocols  

 

All subjects underwent comprehensive CMR protocol which included the following. 

 

i) 31P MRS at rest 

ii) Visceral fat assessment  
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iii) Cardiac volumes, mass and function  

iv) Pre-contrast T1 mapping of the 3 short axis slices of the heart (base, mid and apex) 

v) Rest and stress adenosine quantitative perfusion 

vi) Late gadolinium enhancement, (LGE) 

vii) Post-contrast T1 mapping (15 minutes after gadolinium injection) 

 

 

 

All scans were conducted on a Siemens 3 Tesla PRISMA MR system (Erlangen, Germany). 

The average scan time was 90 minutes, schematic representation of the multi-parametric 

scan protocol can be seen in Figure 1. 

 

 

 

 

Figure 2.1: Multiparametric scan protocol 

 

2.4.1 31Phosphorous Magnetic Resonance Spectroscopy 

 

Prior to commencing my research project, the 31P-MRS technique had not yet been 

established in Leeds Teaching Hospitals. In conjunction with my supervisor and the medical 

physics team, we developed a modified, reproducible 31P-MRS protocol which allowed for 

supine scanning and improved patient comfort. This work is discussed in further detail in 

chapter 3. 

 

 

2.4.2 Left Ventricular Function and Mass 
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CMR is accurate, reproducible and well validated for measuring left ventricular volumes and 

mass132,227. Cardiac volumes were acquired using Steady State Free Precession (SSFP) imaging.  

Pilot, horizontal long axis, vertical long axis and short axis stack images were acquired with 

the patient in the supine position.  Each slice was 8mm thick with a 3mm gap and is 

prospectively gated with echo time, 1.5 ms; repetition time, 3 ms; flip angle, 50°. The slices 

were obtained during a breath-hold at the end of normal expiration to minimize the effects 

of respiratory motion. 

LV short axis epicardial and endocardial borders were manually contoured at end diastole and 

end systole, for determining end diastolic volume (EDV); end systolic volumes (ESV); stroke 

volume (SV) using cvi42© (Circle Cardiovascular Imaging Inc., Calgary, Canada). Ejection 

fraction (EF) and cardiac output (CO) are calculated (EF = SV/EDV, CO=SV x heart rate.  

Myocardial mass is also calculated by subtracting the endocardial volume from the epicardial 

volume. Left ventricular mass is calculated based on prior knowledge of myocardial specific 

gravity (1.05 g/cm3). 

 

 

 

 

Figure 2.2: Epicardial and endocardial contours are drawn at end diastole and end systole. 
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2.4.3 Left Atrial Volumes and Function  

 

CMR provides a gold standard technique for in-vivo LA volumetric assessment, 

demonstrating improved reproducibility compared with echocardiography228,229. Cardiac 

volumes were obtained using SSFP imaging as outlined above. Bi-plane volumetric 

measurements were undertaken offline using commercially available software, cvi42© 

(Circle Cardiovascular Imaging Inc., Calgary, Canada), Maximal LA volume (LA max) was 

defined visually as the phase with the largest LA dimension and minimal LA volume (LA min) 

defined as the phase with the smallest LA dimension. Manual tracing of the endocardial 

border from the apex of the LA to the atrioventricular junction, was performed in the 

vertical long axis (VLA) and horizontal long axis (HLA) views (Fig 3). Of note, the LA 

appendage was included in LA volume whereas the pulmonary veins were excluded at their 

ostia.  

LA ejection fraction was then calculated as: 

 

𝐸𝑛𝑑 𝑑𝑖𝑎𝑠𝑡𝑜𝑙𝑖𝑐 𝑣𝑜𝑙𝑢𝑚𝑒−𝐸𝑛𝑑 𝑠𝑦𝑠𝑡𝑜𝑙𝑖𝑐 𝑣𝑜𝑙𝑢𝑚𝑒

𝐸𝑛𝑑 𝑑𝑖𝑎𝑠𝑡𝑜𝑙𝑖𝑐 𝑣𝑜𝑙𝑢𝑚𝑒 
 ×  100 
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Figure 2.3: Bi-plane left atrial endocardial contours in the vertical and horizontal long axis 

views. 

                                                                                                  

2.4.4 Left Ventricular Strain  

 

Aside from volumetric assessment, CMR can derive deformation parameters including 

myocardial strain which is defined as the percentage change of myocardial fiber length with 

respect to the diastolic phase in a certain direction230. Strain is 3D and thought to be a 

sensitive diagnostic index to detect early, subtle alterations in myocardial function, prior to 

deterioration in LV ejection fraction, which may be preserved or even increased, particularly 

in states of left ventricular hypertrophy231,232. 3D global longitudinal strain (GLS) has been 

shown to be a robust index for predicting adverse cardiac events in patients with severe AS233. 

Cardiac volumes were obtained using SSFP imaging as outlined above, feature tracking 

analysis was then performed offline using cvi42 software. Longitudinal strain was assessed in 

three long axis views, 4 chamber, 3 chamber and 2 chamber views respectively, 

circumferential strain was assessed using full coverage short axis stack of the LV. Endocardial 

and epicardial contours were manually drawn in end diastolic and end systolic phases, the left 

ventricular outflow tract (LVOT), papillary muscles and epicardial fat were excluded from 

contouring. The cvi42 software automatically propagates manual contours and tracked 

myocardial features throughout the cardiac cycle, allowing for assessment of systolic and 

diastolic circumferential and longitudinal strain, with segmentation via the American Heart 

Association (AHA) 17 segment model234.  

The algorithms used for tissue tracking have been previously well described 235. Briefly, 2D 

CMR tissue tracking determines the myocardial deformation by a set of reference points 

placed on the mid myocardial wall, which are then tracked over the cardiac cycle in short and 

long axis images. With the contraction and relaxation of the myocardium, these 2D reference 

points can be traced to provide 2D motion data for short and long axis images. 3D CMR tissue 

tracking relies on a 3D deformation model generated by combining 2D short and long axis 

images into a single 3D motion field230,236.  
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2.4.5 Epicardial and Visceral Fat Assessment  
 

Epicardial and abdominal visceral fat area measurements single-shot acquisition of thoracic 

and abdominal non-breath-hold images were performed using multi-echo GRE sequence with 

gradient flyback for monopolar readout to acquire 3 echoes for each phase encode (parallel 

imaging rate 3 using GRAPPA with separate reference line acquisition, 32 channel cardiac 

array, bandwidth=1184 Hz/pixel, TE=1.33, 3.35, and 5.37ms, TR=6.71ms, readout flip 

angle=20°, matrix=192x108, single shot duration=242ms, FOV=300x225mm2, slice 

thickness=6mm) as previously described237. 

 

 

 

2.4.6 Modified Look Locker Inversion (MOLLI) T1 Mapping 

 

T1 maps were acquired in 3 short axis slices using breath held, modified look locker inversion 

recovery (MOLLI) acquisition (ECG triggered 5s(3s;single shot, SENSE factor 3; pre-pulse delay 

350ms, trigger delay set for end diastole, echo time (TE)/ repetition time (TR)= 1.09/774ms, 

flip angle 20o, acquisition matrix 380x380mm, slice thickness 8mm, giving a re-constructed 

voxel size of 1.5x1.5x8mm). Shimming and center frequency adjustments were performed to 

generate images free from off resonance artefacts.  

T1 maps were analysed using cvI42 software, short axis images were manually contoured to 

define the endocardial and epicardial borders and then divided into six segments per slice 

using the anterior RV-LV insertion points as a reference, providing an average myocardial T1 

value for each individual and for each of the three slices. For the purposes of data analysis, 

only the native T1 values from the mid myocardial segment for each participant were used. 

Consistent with established methods for estimating myocardial extra cellular volume (ECV) a 

delayed, post-contrast bolus protocol was used238, allowing for measurement of pre and post 

contrast T1 values in the blood and myocardium. Estimation of ECV and lambada (λ) was 

based on multi-point regression, whereby the gadolinium contrast partition co-efficient (λGd) 

in the myocardium is calculated from the change in relaxation rate in myocardium and blood 

after contrast injection, multiple T1 measurements can then be used to calculate the partition 

co-efficient from the slope using a linear regression line for the measured values of relaxation 
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in the blood and myocardium239. Incorporating all available pre and post contrast data points 

increases the robustness of the data239, final ECV values were calculated as (1-haematocrit).  

 

 

 

 

Figure 2.4: Representative images from a patient with isolated severe AS showing, A: Native 

T1 maps, B: T1 maps with manual epicardial, endocardial and blood pool contouring and C: 

Post contrast T1 maps. 

 

2.4.7 Late Gadolinium Enhancement  
 

For late gadolinium enhancement (LGE) CMR, a top-up bolus of 0.06 mmol/kg of body weight 

of a gadolinium-based contrast agent gadobutrol (Gadovist, Leverkusen, Germany) was 

administered at 5ml/s followed by a 20ml saline flush, given through an intravenous cannulae 

in the anti-cubital fossa, using an automated injection pump (Medrad MRXperion Injection 

System, Bayer). The scan parameters used were: slice thickness 8 mm, flip angle 20°, 

Repetition time/ Echo time =3 ms/7.5 ms. 

Areas of LGE were visually scored as absent or present by consensus of 2 experienced 

operators, additionally LV LGE volume was quantified as a percentage of the total LV 

myocardial volume, which was computed by summing the percentage area of LGE in each 

short axis stack slice, multiplied by the slice thickness along the entire LV. LGE was defined by 

the presence of enhanced areas with signal intensity greater than 6 standard deviations above 

that of the remote myocardium240.  
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Figure 2.5:  Late gadolinium enhanced images in the horizontal long axis and short axis view 

from a subject with apical HCM showing A: No LGE and B: Diffuse LGE at the LV apex at 

follow up. 

 

2.4.8 Quantitative Myocardial Perfusion  
 

Perfusion imaging used a free breathing, fast low angle shot (FLASH) magnetic resonance 

protocol with motion-corrected (MOCO) automated in-line perfusion mapping using the 

Gadgetron streaming software image reconstruction framework as previously described241. 

For stress perfusion imaging, adenosine was infused at a rate of 140 µg/kg/min and increased 

up to a maximum of 210 µg/kg/min according to hemodynamic and symptomatic response (a 

significant hemodynamic response to adenosine stress was defined as >10 beats/min increase 

in heart rate, or BP drop <10 mm Hg and >1 adenosine-related symptom, (e.g., chest 

tightness, breathlessness)242. A minimum 10-minute interval was kept between perfusion 

acquisitions to ensure equilibration of gadolinium kinetics and resolution of all hemodynamic 

effects of adenosine. For each perfusion acquisition, an intravenous bolus of 0.05mmol/kg 

gadobutrol (Gadovist, Leverkusen, Germany) was administered at 5ml/s followed by a 20ml 

saline flush using an automated injection pump (Medrad MRXperion Injection System, Bayer).  

Myocardial perfusion image reconstruction and processing was implemented using the 

Gadgetron software framework as previously described241. Rest/stress myocardial blood flow 
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(MBF) were measured for each of the 16 segments using the American Heart Association 

(AHA) classification. MBF values for all remaining segments were averaged to provide a global 

value. Myocardial perfusion reserve (MPR), was calculated as the ratio of stress to rest MBF, 

both stress MBF and MPR measured automatically in-line, using artificial intelligence 

quantification have been shown to provide robust, independent predictors of adverse CVS 

outcomes243. CMR Rest/stress perfusion images were carefully reviewed for each of the 16 

segments using the AHA classification to ensure quality control, both evidence of splenic 

switch off and a regional threshold of stress MBF >1.43ml/min/g were taken as evidence of 

maximal hyperaemia and adequate stress244.  

 

 

 

  

 

Figure 2.7: Examples of stress myocardial blood flow images at the basal, mid and apical 

short axis with A: Normal perfusion in a healthy control subject and B: Globally reduced 

myocardial blood flow in a subject with isolated severe AS. 

 

 

2.5 Ex-vivo Assessment of Myocardial Mitochondrial Function  
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In addition to non-invasive assessment via 31P-MRS, mitochondrial function can also be 

assessed ex-vivo using high-resolution respirometry techniques. All patients enrolled in the 

DAS study (IRAS ID 252633) who were in the surgical cohort were consented for excision of 

myocardial tissue during AVR. Further details of the high resolution respirometry technique 

will be outlined in chapter 6.  

 

 

2.7 Statistical Analysis  
 

Statistical analysis was performed using GraphPad Prism software (version 9.0.0, San Diego, 

CA, USA). All data were checked for normality using the Shapiro-Wilks test and presented as 

mean or median with 95% confidence intervals as appropriate. Categorical data are presented 

as numbers and percentages and compared with Pearson’s chi-square test. Comparisons 

between multiple groups were performed by 1-way ANOVA with post hoc Bonferroni 

corrections. Differences in non-parametric variables were assessed using a Kruskal-Wallis 

test. Student t-test was used for comparison of normally distributed datasets and Mann-

Whitney U test was used for non-parametric tests where data were obtained for only two 

groups. Comparisons between performed with ANOVA with post hoc Bonferroni corrections. 

P≤0.05 was used as a threshold of significance.  

A 2-sided log-rank test was used to calculate average event rate ratios and confidence 

intervals. Kaplan-Meier plots were constructed for time-to-event analyses. 

 
 
 
 
 
 



 53 

 

Chapter 3 

Scan-rescan reproducibility of a modified 
cardiac 31phosphorus magnetic resonance 
spectroscopy scan protocol  
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3.1 Abstract 
 

Background 

31Phosphorus magnetic resonance spectroscopy (31P-MRS) allows for non-invasive 

measurement of the concentration ratio of phosphocreatine (PCr) to ATP, which is a sensitive 

indicator of the myocardial energetic state. Reduction in variability and higher reproducibility 

have remained as important goals for wider application of cardiac 31P-MRS. We have assessed 

reproducibility of a modified scan protocol allowing for robust assessment of coil position, 

and for chemical shift imaging grid positioning.   

 

Methods  

Ten healthy volunteers (four female, 34±3years) were recruited for scan/rescan 

reproducibility assessments. A separate cohort of five healthy volunteers (two female, 

36±7years) were recruited for three sequential scans for further assessment of interscan 

variability.  

 

Results  

The scan-rescan PCr/ATP measured using the modified supine 31P-MRS protocol performed 

on ten volunteers was highly reproducible achieving variability of <5% and showed excellent 

agreement (coefficient of variation [CoV] 4.12; bias -0.06±0.13 respectively). In the additional 

five healthy volunteers who underwent three sequential scans on consecutive days variability 

was also maintained between the first and second (CoV 5.47; bias -0.006±0.19) and second 

and third scans (CoV 5.33; bias -0.06±0.15).   

 

Conclusion  

31P-MRS can be performed in the supine position with a high degree of reproducibility using 

an optimised protocol with improved coil positioning thereby maximising patient comfort and 

increasing the scope for tolerance of the technique by a wider patient cohort.  
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3.2 Introduction 
 

Cardiac 31phosphorus magnetic resonance spectroscopy (31P-MRS) has become increasingly 

important in biomedical research owing to its capacity for non-invasive measurement of in 

vivo biochemical information71,72. Efficient matching of energy supply to demand in the heart 

is essential for maintaining cardiac function. In the aerobic setting, more than 90% of the 

energy currency adenosine triphosphate (ATP) produced by the heart is derived from 

mitochondrial oxidative phosphorylation245 33. Mitochondrial creatine kinase catalyses the 

transfer of the high energy phosphate bond in ATP to creatine to form phosphocreatine 

(PCr)246. The PCr molecule is smaller and less polar than ATP and therefore able to diffuse out 

of the mitochondria into the cytoplasm to the site of energy usage, where ATP is reformed in 

the reverse reaction. The relative concentration of PCr to ATP (PCr/ATP) measured with 31P-

MRS is a sensitive index of the energetic state of the myocardium246. PCr is present in 

concentrations above twice that of ATP in the healthy myocardium, providing a PCr/ATP of 

>2, and is maintained at a constant value due to coordination of ATP utilising and synthesising 

pathways. Using 31P-MRS, studies have shown reductions in myocardial PCr/ATP to be a 

feature of diabetic cardiomyopathy247-249, inherited cardiomyopathies250,251, valvular heart 

disease252, cardiac transplant rejection253 and systolic heart failure26,45.  

While 31P-MRS allows for unique insights into cardiac energetics, it inherently has a low 

intrinsic signal-to-noise ratio (SNR). Consequently, clinical applications of 31P-MRS have not 

yet seen widespread acceptance. The main obstacle for implementation of cardiac 31P-MRS 

in routine cardiology practice has been, and remains, that it is a tool with significant technical 

complexity, and with limited signal and resolution. The technical challenges include sensitivity 

to cardiac and respiratory motion, low MR visibility of 31P nuclei (1/14 the molar receptivity of 

1H and present in concentrations  1/1000 that of 1H), low metabolite concentrations and 

relatively long T1 relaxation times, all of which necessitate long acquisition times for high 

quality, uncontaminated spectra.  

The acquisition of quality spectra in a comfortable scan time by increasing the voxel size was 

achieved previously reducing the scan time from 30min to ~8min at 3T to acquire metabolite 
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concentrations in three 5.6mL voxels covering the interventricular septum254,255. While this 

approach reduces the specificity of cardiac signal acquisition, the issue of signal 

contamination arising from adjacent voxels was also solved in a previous study by the use of 

saturation pulses issued over neighbouring tissues256,257.  

Despite these improvements in acquisition times, other major limitations of the method have 

remained, including: i) scan acquisitions in most research centres with subjects laying in a 

prone position in an attempt to reduce coil distance from the heart, which leads to difficulties 

scanning symptomatic patients or children; ii) challenging chemical shift imaging (CSI) grid 

placement with a central voxel in the mid-ventricular septum due to poor quality 3D stack of 

short axis (SA) images obtainable with the phosphorus coil; iii) undesirable variability in 

human cardiac PCr/ATP measurements impeding single-subject comparisons72; 

Consequently, reduction in variability (<5%), improved reproducibility, and scanning when 

subjects lay in a supine position for improved comfort and compliance during the acquisition 

are important goals for wider application of this technique, as is obtaining data on the effect 

of feeding status.  

To achieve these goals, we have modified the existing 8-minute multi-voxel chemical shift 

imaging (CSI) sequence at 3T for scanning participants in a supine position. We have increased 

slice coverage of the proton localisation images to include fiducials and the heart in a coronal 

orientation for robust assessment of coil position in relation to the heart at the start of the 

acquisition. This allowed optimisation of coil positioning by adjustments if required to ensure 

the left ventricle is positioned at the magnet iso-centre. To overcome the shortcoming of the 

steady-state free precession (SSFP) cine cardiovascular magnetic resonance sequence with a 

phosphorus coil, we used a real-time cine magnetic resonance sequence258. This sequence 

utilises accelerated imaging and single-shot acquisitions to acquire snapshot images of the 

heart fast enough to freeze the cardiac and respiratory motion, offering high quality 

ventricular images without the need for breath-holding or ECG triggering for cardiac voxel 

selection and CSI grid positioning from short axis left ventricular planes even with a 

phosphorus coil. 

The purpose of this work was to establish scan-rescan reproducibility of this modified cardiac 

31P-MRS scan protocol. Two consecutive scan acquisitions with an 8-minute (nominal voxel 

volume 11.2ml, true voxel volume is 93ml) multi-voxel CSI acquisition protocol were 

performed254. This study protocol maintained myocardial specificity by using acquisition 

weighting, and by careful placement of muscle and liver saturation bands to reduce potential 
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contamination257. Intrasubject variability of the modified protocol was further assessed using 

three consecutive scan acquisitions.  

 

 

 

3.3 Methods 
 

Participants 

The study was approved by the National Research Ethics Committee (REC Ref:18/YH/0168). 

All work was carried out according to the principles of the Declaration of Helsinki and was 

approved by the local ethics committee. Each subject gave written informed consent. Ten 

healthy volunteers (four female, mean age 34±3years, BMI 23±3) were recruited for 

scan/rescan reproducibility assessments. A separate cohort of five healthy volunteers (two 

female, 36±7years) were recruited for three sequential scans for further assessment of 

interscan variability.  All healthy volunteers were non-smokers, normotensive, non-diabetic 

and had no history of cardiovascular disease. Subjects were not asked to fast prior to data 

acquisition. 

 

Acquisition protocol 

All scans were performed on a Siemens 3T Magnetom Prisma system (Erlangen, Germany) 

using a quadrature 31P transmit/receive cardiac coil (Rapid Biomedical GmbH, Rimpar, 

Germany) consisting of two overlapping rectangular coil elements with an overall size of 

200x200mm within a rigid housing. Subjects lay supine, with their left ventricle positioned 

centrally at iso-centre. Coil position was standardised to be placed above the mid ventricular 

septum. Imaging was performed by three operators (EL with 9 years of experience in MR 

spectroscopy supervised all scans and either NJ or ST with 2 years of experience in MR 

spectroscopy performed the acquisitions). 

 

Flip angle calibration 

A sample of phenylphosphonic acid (PPA) doped with chromium (III) acetylacetonate 

Cr(acac)3 was located within a well in the coil housing. A series of ten inversion-recovery free 

induction decay signals were acquired at the PPA frequency, in order to allow correction of 
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transmit efficiency differences between subjects (due to variable coil loading) during analysis. 

Additionally, 4 fiducial markers were positioned on the anterior coil surface to allow spatial 

localisation of the coil relative to the subject’s anatomy and spectroscopy acquisition. These 

data allowed determination of subject-specific flip angle maps to allow correction for the 

differential RF saturation of metabolites.  

 

 

Chemical Shift Imaging  

All 31P-MRS data were acquired with a non-gated 3D acquisition weighted CSI technique (AW-

CSI) with 10 averages at the centre of K-space and ultrashort TE to minimise T2 effects and 

first order phase artefacts 257. An optimised RF pulse, centred 1250Hz below the PPA peak 

between the γ and α ATP resonance frequencies, was used to ensure uniform excitation of all 

spectral peaks. The acquisition matrix was 16 x 8 x 8. Field of view was 240 x 240 x 200 mm. 

ECG gated pilot images of the vertical long axis (VLA), the horizontal long axis (HLA) and a 3D 

stack of short axis (SA) images were acquired (Figure 3.1). The CSI grid was placed with a 

central voxel in the mid-ventricular septum, on the first short axis image in which the papillary 

muscles were visible (Figure 1). The acquisition was run with a fixed TR of 720 ms. Two 50 mm 

saturation bands were placed over the chest wall muscle and an additional 50 mm saturation 

band was placed over the liver. 
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Figure 3.1: Example of voxel acquisition during optimised 31P-MRS protocol 

 

 

 

 

 

 

Reproducibility assessments 

For the scan-rescan reproducibility assessments, participants underwent two sequential 

scans within a 1-hour period, with the table repositioned between the interval scans. 

Intraparticipant variability was further assessed in an additional five healthy volunteers who 

underwent three sequential scans with patient and coil repositioning between studies and 

the third scan undertaken on consecutive days.  

 

Data analysis 

From the short axis stack images, a single voxel corresponding to the mid inter-ventricular 

septum voxel was selected for further analysis. 31P-MRS post processing analysis was 

performed using a custom Matlab (Mathworks, Natick, Mass) implementation of the 

advanced method for accurate, robust, and efficient spectroscopic (AMARES) fitting with prior 
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knowledge specifying 11 Lorentzian peaks (α, β, γ-ATP, PCr, phosphodiester, and 2 × 2, 3-

diphosphoglycerate), fixed amplitude ratios, and literature values for the scalar couplings for 

the multiplets as previously described259. Saturation and blood pool contamination was 

corrected using values from the literature. PCr/ATP was reported as the blood and saturation‐

corrected values of PCr to the average of α-ATP, β‐ATP and γ-ATP. All analysis was undertaken 

by NJ and ST. All analysis was performed blinded.  

 

 

 

Statistics 

Statistical analysis was performed using GraphPad Prism software (version9.0.0). Continuous 

variables are presented as mean ± SD and were checked for normality using the Shapiro-Wilks 

test.  Student t-test was used for comparison of normally distributed datasets and Mann-

Whitney U test was used for non-parametric tests. P value of ≤0.05 was considered 

statistically significant. Inter-study reproducibility and bias were assessed using the Bland-

Altman method260, inter-study variability was assessed using the co-efficient of variation 

(CoV).  

 

 

 

 

3.4 Results 
 

Flip angle calibration 

The average flip angle measured at the inter-ventricular septum was 34° ± 11° over all subjects 

studied.  

 

Assessment of scan-rescan reproducibility  

CSI acquisitions were compared by assessing the absolute difference between PCr/ATP values 

measured by both CSI scans performed on 10 healthy volunteers. The mean PCr/ATP value 

derived from the spectra acquired from the first scan was 2.35 ± 0.29 and from the second 

scan was 2.34 ± 0.29, with no significant difference (p=0.69). The absolute difference between 
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PCr/ATP values acquired via each scan for each subject was 0.05 ± 0.04 (1.86% difference ± 

1.8%).   

 

 

Figure 3.2: Example spectra from healthy volunteer undergoing sequential 31P-MRS scans 

 

 

A Bland-Altman plot showed the scan-rescan variability of the PCr/ATP measured using our 

optimised supine 31P-MRS protocol performed on 10 volunteers was 4.12%, r2=0.95, 

p=<0.0001, and bias= -0.06±0.13 (Figure 3), showing excellent agreement (Table 1). 

 

 

 

 

Variable Coefficient 
of Variance 

Upper Lower Bias R2 Variability 

PCr/ATP scan/rescan 
(n=10)  
 
     
 

4.12 0.3 -0.2 0.06 0.95 0.08 

PCr/ATP scan 1-2    
(n=5) 

5.47 0.4 -0.4 -0.006 0.79 0.06 

PCr/ATP scan 2-3    
(n=5) 

5.33 0.2 -0.3 0.06 0.58 0.06 

 

Table 3.1: Reproducibility and accuracy of cardiac 31P-MRS  
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Figure 3.3: Bland-Altman plot of healthy volunteer inter-study variability (PCr/ATP). Dashed 

lines mark 95% confidence limits of bias. 

 

 

 

Assessment of sequential scan-rescan variability  

In the separate cohort of 5 participants who underwent three sequential scans variability did 

not alter significantly ([scan1-2; CoV 5.47; bias -0.006±0.19], [scan2-3 CoV 5.33; bias -

0.06±0.15], table 2, fig 4).   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 3.2:  Sequential variation in  31P-MRS with subject repositioning  

2.0 2.5 3.0

-0.2

-0.1

0.0

0.1

0.2

0.3

0.4

Subject Number Scan 1 

PCr/ATP 

(n = 5) 

Scan 2 

PCr/ATP  

(n = 5) 

Scan 3 PCr /ATP  

(n=5) 

01 1.83 1.98 2.08 

02 2.22 2.34 2.22 

03 2.01 2.07 1.83 

04 1.80 1.82 1.69 

05 2.42 2.10 2.21 

Mean  2.06 2.06 2.01 
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Figure 3.4: Estimation plot of healthy volunteer inter-study variability  
 
 
 

3.5 Discussion 
 
Information about reproducibility is necessary for power calculations when making decisions 

about cohort sizes and for assessing the statistical power of results. Biological variability, 

variation in voxel selection and coil loading, and participant movement during the scan can 

all deteriorate the reproducibility of cardiac 31P-MRS. With the measures we have taken to 

improve reproducibility, we report significant reduction in variability (<5%) of the cardiac 

PCr/ATP measurements which compares favourably with reported variability of 18% (high 

spatial resolution 3D-CSI) and 15% (3-D ISIS) 72,261 in previous studies at 3T field strength 72,261. 

We have achieved this goal with an optimized scan protocol allowing for robust evaluation of 

coil positioning and increased cardiac image quality allowing for better visualization of the 

ventricular septum while positioning the CSI grid. Moreover, this high degree of 

reproducibility was achieved in the setting of supine scanning thereby maximizing patient 

comfort. Supine patient position during 31P-MRS scanning offers the possibility of improved 

patient tolerance in cohorts such as those with advanced heart failure, frailty and the 

pediatric population.  

 

Limitations 

Concurrent measurement of plasma insulin, glucose, ketone and FA levels, which may provide 

insight into substrate specific relationships to energetics, were not undertaken.  
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3.6 Conclusion 
 
31P-MRS can be performed at 3T with patients in the supine position with a high degree of 

reproducibility, allowing for the potential wider application of this technique.  
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Chapter 4 

 

Coexistent diabetes is associated with the 
presence of adverse phenotypic features in 
patients with hypertrophic cardiomyopathy  
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Levelt E. Coexistent Diabetes Is Associated With the Presence of Adverse Phenotypic 

Features in Patients With Hypertrophic Cardiomyopathy. Diabetes Care. 2022 Aug 

1;45(8):1852-1862. doi: 10.2337/dc22-0083. PMID: 35789379 
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4.1 Abstract 
 

Objective- Type 2 diabetes mellitus (T2DM) is associated with worsened clinical outcomes in 

hypertrophic cardiomyopathy (HCM) patients. We sought to investigate if hypertrophic 

cardiomyopathy patients with T2DM comorbidity exhibit adverse cardiac alterations in 

myocardial energetics, function, perfusion, or tissue characteristics. 

 

Research design and methods-  Fifty-five participants with concomitant HCM and T2DM 

(HCM-DM, n=20), isolated HCM (n=20), and healthy volunteers (HV, n=15) underwent 

31phosphorus magnetic resonance spectroscopy and cardiovascular magnetic resonance 

imaging. The HCM groups were matched for HCM phenotype.  

 

Results- ESC sudden cardiac death risk scores were comparable between the HCM groups 

(HCM:2.2±1.5%, HCM-DM:1.9±1.2%; p=NS) and sarcomeric mutations were equally common. 

HCM-DM had the highest NT-proBNP levels (HV:42ng/L[IQR:35-66], HCM:298ng/L[IQR:157-

837], HCM-DM:726ng/L[IQR:213-8695]; p<0.0001). Left-ventricular ejection fraction, mass 

and wall thickness were similar between the HCM groups. HCM patients with T2DM 

comorbidity displayed a greater degree of fibrosis burden with higher scar percentage, and 

lower global longitudinal strain compared to the isolated HCM patients. PCr/ATP was 

significantly lower in the HCM-DM group than both the isolated HCM patients and the healthy 

controls (HV:2.17±0.49, HCM:1.93±0.38, HCM-DM:1.54±0.27; p=0.002). In a similar pattern, 

stress myocardial blood flow was significantly lower in the HCM-DM group than both the 

isolated HCM patients and the healthy controls (HV:2.06±0.42ml/min/g, 

HCM:1.74±0.44ml/min/g, HCM-DM:1.39±0.42ml/min/g; p=0.002). 

 

Conclusions- We show for the first time that HCM patients with T2DM comorbidity display 

greater reductions in myocardial energetics, perfusion, contractile function and higher 

myocardial scar burden and serum NT-proBNP levels compared to patients with isolated HCM 

despite similar LV mass and wall thickness and presence of sarcomeric mutations. These 

adverse phenotypic features may be important components of the adverse clinical 

manifestation attributable to a combined presence of HCM and T2DM.  
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4.2 Introduction 
 
 

Hypertrophic cardiomyopathy (HCM) is the most common inherited cardiomyopathy with a 

population prevalence of 1 in 500191,196. HCM is associated with sudden cardiac death and 

may lead to heart failure at any age, although significant heterogeneity in phenotypic 

expression exists191,196. Type 2 diabetes mellitus (T2DM) occurs concomitantly in 9% of 

patients with hypertrophic cardiomyopathy (HCM) and is associated with worsened clinical 

manifestation of HCM195,262. HCM patients with T2DM comorbidity (HCM-DM) were shown to 

have higher prevalence of diastolic dysfunction and pulmonary hypertension, higher New 

York Heart Association (NYHA) Class, lower exercise capacity and increased long-term 

mortality262. Although distinct pathological entities, HCM and T2DM were shown to share 

common features of impaired myocardial energetics247,248,250, coronary microvascular 

dysfunction179,208 and myocardial fibrosis45,203,263-266 on previous studies investigating these 

conditions in isolation. The mechanisms for the adverse prognostic association between HCM 

and T2DM are incompletely understood but likely include the collective impact of HCM and 

T2DM on myocardial energy metabolism, perfusion and the fibrotic process. 

The relative concentration of phosphocreatine to ATP (PCr/ATP) is a sensitive index of the 

energetic state of the myocardium246 which can be measured non-invasively by 31phosphorus 

magnetic resonance spectroscopy (31P-MRS). Moreover, cardiovascular magnetic resonance 

(CMR) allows comprehensive evaluation of myocardial structure, function, strain, tissue 

characteristics, fibrosis and perfusion with excellent reproducibility241,267. Utilising CMR, 

previous studies identified factors associated with adverse cardiovascular events and 

mortality in HCM patients, including replacement fibrosis on late gadolinium enhancement 

imaging268. In addition to replacement fibrosis by LGE, CMR is also established as a tool for 

quantification of diffuse fibrosis by quantifying the extracellular volume fraction (ECV) by 

native T1 mapping172.  

Combining 31P-MRS and CMR in an observational prospective case-control study we sought 

to test the hypothesis that coexistent diabetes is associated with greater reductions in 

myocardial energetics and perfusion, and higher scar burden in HCM.  
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4.3 Research Design and Methods  

 

This single centre, prospective case control study complied with the declaration of Helsinki 

and was approved by the National Research Ethics Committee (Ref:18/YH/0168). Informed 

written consent was obtained from each participant.  

 

Participants 

Fifty-five participants including 20 with isolated-HCM; 20 with HCM-DM; and 15 healthy 

volunteers (HV) were prospectively recruited. Genetic screening was undertaken for all HCM 

patients for 21 genes. Diagnosis of HCM was based on the presence of unexplained left 

ventricular (LV) hypertrophy (maximum wall thickness ≥15 mm)196. Anderson-Fabry disease 

was excluded in all male adult patients with presumed HCM with a blood test for plasma and 

leucocyte alpha galactosidase A269, except for patients from families with established genetic 

forms of HCM or for previously diagnosed mutation carriers. In women with a suspicion for 

the condition, GLA gene test is performed for exclusion. 

Two routes were used for recruitment of the participants with HCM (Figure 1, CONSORT 

diagram). Eligible HCM patients were recruited from the regional Inherited Cardiac Conditions 

(ICC) Clinic over two years during their routine clinical appointment (May 2019-May 2021), 

and from a local registry of 426 HCM patients followed by our regional ICC clinic. This list was 

pre-screened by an independent investigator (PN) in a non-participant facing role. After each 

prospective block of 5 HCM-DM participants were successfully recruited and completed the 

study visit, our regional ICC registry was revisited for identifying isolated HCM patients 

meeting eligibility criteria as well as for matching to scanned HCM-DM patients for age, sex, 

ESC risk score profile and hypertension comorbidity (PN). This practice was repeated for each 

block of 5 patients 4 times over the 2 years while this study was conducted. All data were 

analysed in a blinded fashion after the completion of the study (last participant last visit). The 

blinding methodology is described in the methods.  

HCM-DM patients had an established diagnosis of DM according to World Health Organization 

criteria and were free of known diabetes complications270. HV were recruited from local golf 

clubs. Ethnicity group was self-reported by participants. 
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Figure 4.1: Consort flow diagram demonstrating the recruitment pathway for study 

participants with hypertrophic cardiomyopathy. 

 

Exclusion criteria 

Patients with known coronary artery disease (CAD), cardiac surgery, tobacco smoking, 

amyloidosis, permanent atrial fibrillation, moderate or above valvular heart disease, renal 

impairment [estimated glomerular filtration rate (eGFR)<30mL/min/1.73m2], and 

contraindications to CMR were excluded. For the diabetes cohorts, any other forms of 

diabetes than patients with type 2 diabetes mellitus were excluded. The safety or feasibility 

of 31P-MRS has not been assessed in patients with pacemaker or implantable cardioverter 

defibrillator (ICD), consequently 31P-MRS is not licensed for scanning these cohorts. 

Therefore, patients with pacemaker or ICD were deemed ineligible for the study.  
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Anthropometric measurements  

Height and weight were recorded, and body mass index (BMI) was calculated. The blood 

pressure was recorded as an average of 3 measures taken over 10 minutes (DINAMAP-1846-

SX, Critikon Corp). 12-lead electrocardiogram (ECG) was recorded. A fasting blood sample was 

taken for assessments of full blood count, eGFR, lipid profile, HbA1c, insulin, and N-terminal 

pro hormone B-type natriuretic peptide (NT-proBNP).  

 

31Phosphorus-magnetic resonance spectroscopy  

31P-MRS was performed to obtain the PCr/ATP from a voxel placed in the mid-ventricular 

septum, with subjects lying supine and a 31P transmitter/receiver cardiac coil (Rapid 

Biomedical GmbH, Rimpar, Germany) placed over the heart, in the iso-center of the magnet 

on a 3.0 Tesla MR system (Prisma, Siemens, Erlangen, Germany) as previously described271.  

 

Cardiovascular magnetic resonance 

The CMR protocol consisted of cine imaging using a steady state free precession (SSFP) 

sequence, native pre- and post-contrast T1 mapping, stress and rest perfusion and late 

gadolinium enhancement imaging.  

Native T1 maps were acquired in 3 short-axis slices, including segments with maximal wall 

thickness, using a breath-held modified look-locker inversion recovery acquisition as 

previously described271. Post-contrast T1 mapping acquisition was performed 15minutes after 

last contrast injection.  

Perfusion imaging used free-breathing, motion-corrected automated in-line perfusion 

mapping241. Adenosine was infused at a rate of 140µg/kg/min, increased to a maximum of 

210µg/kg/min according to haemodynamic and symptomatic response (a significant 

hemodynamic response was defined as >10 beats/min increase in heart rate, or BP drop 

>10mmHg and >1 adenosine-related symptom e.g., chest tightness, breathlessness)242. For 

perfusion imaging, an intravenous bolus of 0.05mmol/kg gadobutrol (Gadovist, Leverkusen, 

Germany) was administered at 5ml/s followed by a 20ml saline flush using an injection pump 

(Medrad MRXperion Injection System, Bayer).  

Late gadolinium enhancement imaging was performed using a phase-sensitive inversion 

recovery sequence in LV short- and long-axis planes >8 minutes after contrast 

administration272. 
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Quantitative analysis 

 

All 31P-MRS analysis was performed off-line blinded to participant details by NJ after 

completion of the study using software within Matlab version R2012a (Mathworks, Natick, 

Massachusetts) as previously described273. The anonymisation codes were only unlocked 

once all data analysis was completed.  

All CMR image analysis, except for the scar percentage quantification on late gadolinium 

hyperenhancement imaging, was performed by NJ and scan contours were subsequently 

reviewed by EL, also blinded to participant details, using cvi42 software (Circle Cardiovascular 

Imaging, Calgary, Canada). Images for biventricular volumes, function and LV maximal wall 

thickness were analysed as previously described274.  

Left atrial (LA) volume and ejection fraction (EF) were calculated using the biplane area-length 

method in the horizontal and vertical long axes as previously described275. Strain 

measurements were performed using cvi42 Tissue Tracking from the short axis images, and 

the long axis views. Peak circumferential systolic strain, peak early diastolic strain rate and 

global longitudinal strain (GLS) were measured276. 

Myocardial perfusion image reconstruction and processing was implemented using the 

Gadgetron software framework241. Rest/stress MBF were measured for each of the 16 

segments using the AHA classification. T1 maps and ECV were analysed using cvi42 software 

as previously described266.  

The LV short axis stack of late gadolinium hyperenhancement imaging images was first 

assessed visually for presence of late gadolinium hyperenhancement, followed by 

quantification when late gadolinium hyperenhancement was present as previously 

described(20). Late gadolinium hyperenhancement was defined as areas of signal intensity 

5 standard deviations from normal myocardium and was expressed as the percentage of LV 

mass, quantified in a blinded fashion. 

 

Statistical analysis 

Statistical analysis was performed using GraphPad Prism software (version9.0.0). Categorical 

data were compared with Pearson’s chi-square test. All data were checked for normality using 
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the Shapiro-Wilks test and presented as mean ±standard deviations, or median (interquartile 

range) as appropriate. Differences in continuous variables between the cohorts were 

assessed using 1-way ANOVA with post hoc Bonferroni corrections. Differences in non-

parametric variables were assessed using Kruskal-Wallis test. Student t-test was used for 

comparison of normally distributed datasets and Mann-Whitney U test was used for non-

parametric tests where data were obtained for only two groups. P value of ≤0.05 was 

considered statistically significant.  

Prespecified hypotheses were tested on three variables including myocardial PCr/ATP, stress 

MBF and scar burden on late gadolinium hyperenhancement imaging.  

Bi-variate correlations were performed using Pearson’s correlation co-efficient for parametric 

data or Spearman’s rank correlation co-efficient for non-parametric data as appropriate.  

The correlation analyses were performed to assess the associations between diabetes control 

(HbA1c) and myocardial energetics (PCr/ATP ratio), and between energetics and perfusion 

(myocardial perfusion reserve, global rest and stress myocardial blood flows).  

These correlation assessments were performed only in the HCM-DM group data. Additionally, 

these correlation assessments between the scar percentage and the perfusion parameters 

were performed in the combined data from the two HCM groups not including the healthy 

volunteer data. 

Priori sample size calculations were performed from the data acquired in T2DM patients 

before the study which suggested to detect a 18% difference in the myocardial energetics 

(myocardial PCr/ATP ratio in T2DM: 1.74±0.26, controls:2.07±0.35)179 fourteen participants 

per group across the 3 cohorts would be needed (with 80% power at α=0.05). These 

recruitment goals were achieved in the study with 55 participants recruited.  

There was only 1 patient in each HCM group with LV outflow tract gradient >30mm Hg at rest. 

Consequently, results were not adjusted for the presence of LV outflow tract gradient.  

 
 
 
 

4.3 Results 
 
 

Participant demographics and clinical characteristics: 

Demographics, clinical, genetic, and biochemical data are shown in Table-1. 
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Of the 426 HCM patients screened from the local ICC clinic, 59 (14%) had a diagnosis of 

concomitant DM (Figure-1). Twenty HCM-DM and 20 age- and sex-matching isolated-HCM 

patients were prospectively recruited from clinics. Two isolated-HCM patients were found to 

have previously undiagnosed silent myocardial infarction on CMR imaging and were excluded 

from the final analysis. In addition, 15 HV completed the study.  

Participants across the three groups showed similar ethnicity distribution. The two HCM 

groups were matched for HCM phenotype (8 apical and 12 asymmetric septal hypertrophy in 

HCM-DM and 7 apical and 11 asymmetric septal hypertrophy in isolated-HCM). There was no 

significant difference in European Society of Cardiology (ESC) sudden cardiac death risk 

score196 (HCM:2.2±1.5%, HCM-DM:1.9±1.2%; p=NS) and an equal number of participants 

were confirmed with disease-causing sequence variants in sarcomeric protein genes between 

the two HCM groups (HCM:33%, HCM-DM:30%; p=NS). Four HCM-DM and 2 isolated-HCM 

patients had a history of paroxysmal AF and 2 patients in each HCM group had a history of 

non-sustained ventricular tachycardia on 48-hour ambulatory ECG monitoring. None of the 

HCM participants had paediatric-onset HCM or had undergone alcohol septal ablation or 

myectomy. Reflecting the exclusion of participants receiving implantable 

cardioverter/defibrillators from the study to prevent unlicensed use of 31P-MRS, none of the 

HCM participants had a previous history of sustained ventricular tachycardia or resuscitated 

cardiac arrest.  

While the majority of isolated-HCM patients described no exertional symptoms (83% NYHA 

Class-I, 17% Class-II, none Class-III or -IV), 50% of the HCM-DM group were classified as NYHA 

Class-I, 45% NYHA Class-II and 5% NYHA Class-III based on their symptom status. In 

symptomatic patients with NYHA Class-II or above, obstructive CAD (>50% of luminal stenosis) 

was excluded within the last 5 years with invasive coronary angiography in 8 HCM-DM and 5 

isolated-HCM patients, and with coronary computed tomographic angiography in 1 HCM-DM 

patient as part of routine clinical care.  

None of the isolated-HCM patients had a history of cerebrovascular events, but 4 HCM-DM 

patients had this background. HV did not report exertional symptoms. 

There were no significant differences in BP or resting heart rate across the groups. The 

isolated-HCM and HCM-DM groups were matched for hypertension comorbidity. As more 

participants. in HCM-DM group was receiving a statin treatment, the LDL cholesterol levels 

were lower in the HCM-DM group compared to HV and isolated-HCM.  
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There was a stepwise increase in the median NT-proBNP levels in the order of smallest 

measurements to the greatest respectively (HV:42ng/L[IQR:35-66], HCM:298ng/L[IQR:157-

837], HCM-DM:726ng/L[IQR:213-8695]; p<0.0001), with significant increases in both HCM 

groups compared to the HV groups. 

 

 

 

Table 4.1: Clinical characteristics and biochemistry  

 

Variable HV (n=15)   HCM (n=18) HCM-DM (n=20) P value 

Age, y         60±12     59±10          64±9 0.25 

Female, n (%)          5(33)      4(22)          7(35) 0.39 

Ethnicity, white, % 10 (67)      12(67)         12 (60) 0.74 

Ethnicity, South Asian % 4(27)       5(28)          7(35) 0.67 

BMI, kg/m2 25±3¶         29±5 32±6 0.0003 

Heart rate, bpm 64±11  62±15 69±14 0.11 

Systolic BP, mmHg 134±19 123±13 133±18 0.13 

Diastolic BP, mmHg 76±8 77±6 76±7 0.91 

Creatinine, umol/L 73±10   81±14 77±19 0.23 

eGFR, ml/min/1.73m2 83±8 79±9 78±15 0.39 

Total cholesterol, mmol/L 5.3±1.1¶ 5.3±1.2€ 3.8±0.7 <0.0001 

HDL, mmol/L 1.7±0.4¶ 1.5±0.3 1.2±0.2 <0.0001 

LDL, mmol/L 2.9±0.9¶ 3.1±1.1€ 1.9±0.6 0.0005 

TG, mmol/L 1.3±0.6 1.5±0.7 1.6±0.5 0.48 

HbA1c, mmol/mol 37±3¶ 36±3€ 56±7 <0.0001 

Insulin, pmol/L 35±25¶ 53±48€ 139±136 0.001 

NT- proBNP, ng/L 42[35-66]¶† 298[157-837] 725[213-2006] <0.0001 

ACEi - 2(11) 9(45) 0.01 

ARB - 2(11) 2(10) 0.91 

Beta blocker - 7(39) 12(60) 0.32 

CCB - 5(28) 8(40) 0.36 

Statin - 4(22) 17(85) 0.0001 

ASA - 0(0) 3(17) 0.08 

DOAC - 1(6) 4(20) 0.19 

Metformin - - 15(75) 0.1 

Sulfonylurea - - 1(5) 0.29 

DPP4i - - 3(15) 0.68 
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€ signifies p<0.05 between HCM-DM and HCM with Bonferroni correction; ¶ signifies p<0.05 between HCM-DM and HV 
with Bonferroni correction; † signifies p≤0.05 between HCM and HV with Bonferroni correction. 

DM indicates type 2 diabetes mellitus; HCM, hypertrophic cardiomyopathy; BMI, Body mass index; bpm, beats per minute; 
eGFR, estimated glomerular filtration rate; HDL, high density lipoprotein; LDL, low density lipoprotein; TG, triglycerides; 
ACEI, angiotensin converting enzyme inhibitor; ARB, angiotensin receptor blocker; CCB, calcium channel blocker; ASA, 

aspirin; DOAC, direct oral anticoagulant; DPP4i, dipeptidyl peptidase-4 inhibitor; GLP-1RA, glucagon-like peptide-1 receptor 
agonist; SGLT2i, sodium glucose co-transporter-2 inhibitor; MYHY7, myosin heavy chain 7; MYBPC3, myosin binding protein 

C; ACTC 1, actin alpha cardiac muscle 1; TNNI3, troponin I; NSVT, non-sustained ventricular tachycardia; NYHA, New York 
Heart Association; ESC, European Society of Cardiology; SCD, sudden cardiac death; TIA, transient ischemic attack; HTN, 

hypertension; PAF, paroxysmal atrial fibrillation. 

 

 

Cardiac geometry and function  

CMR/31P-MRS results are shown in Table-2.  

The HCM groups were comparable in LV volumes, mass and EF, with no significant difference 

in maximal LV wall thickness between the two groups. As expected, LVEF, LV mass and wall 

thickness were significantly higher in the HCM groups compared to the HV. 

GLP-1RA - - 1(5) 0.31 

SGLT2i  - - 5(25) 0.08 

Genotype +ve - 6(33) 6(30) 0.83 

MYH7 - 4(22) 2(10)  

MYBPC3 - 2(11) 1(5)  

ACTC1 - 0(0) 1(5)  

TNNI3 - 0(0) 1(5)  

Phenotype     

Asymmetric septal 
hypertrophy  

- 11(61) 12(60) 0.94 

Apical hypertrophy - 7(39) 8(40) 0.94 

NSVT - 2(11) 2(10) 0.91 

NYHA Class, (%)     

I  15(83) 10(50) 0.03 

II  3(17) 9(45) 0.06 

III  0(0) 1(5) 0.34 

IV  0(0) 0(0)  

ESC risk score (%) - 2.2±1.5 1.9±1.2 0.57 

Syncope, n(%)  1(6) 1(5) 0.94 

Family history of SCD n(%)  2(11) 1(5) 0.49 

Stroke TIA, n(%) - 0(0) 4(20) 0.04 

HTN, n(%) - 6(33) 8(40) 0.3 

PAF, n(%) - 2(11) 4(20) 0.45 
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HCM-DM patients showed greater LV concentricity with a higher LV mass over LV end-

diastolic volume ratio compared to the HV and HCM groups (supplementary material). 

Comorbidity with T2DM was associated with greater reductions in GLS (p<0.002), peak 

systolic circumferential strain (p=0.0005) and diastolic strain rate (p=0.002). 

There was no significant difference in LA volumes across the groups, but there was a stepwise 

decline in LAEF in the order of greatest measurements to the smallest: (HV:62±7%, 

HCM:45±10%, HCM-DM:34±18%; p<0.0001).  

None of the participants with HCM showed a reduction in non-contrast T1 signal or a 

characteristic pattern of hyperenhancement on LGE suggestive of Anderson-Fabry 

disease277,278.  

 

 

Table 4.2: CMR and 31P-MRS findings 

 HV (n=15) HCM  (n=18) HCM-DM (n=20) P value 

LV end-diastolic volume indexed to 
BSA, mL/m2 

83±18 82±19 76±22 0.08 

LV end-systolic volume indexed to 
BSA, ml/m2 

31±7¶ 28±15 26±14 0.02 

LV mass, g 99±27¶† 173±63 187±73 <0.0001 

LV mass index, g/m2 54±11¶† 90±27 92±40 <0.0001 

LV mass to LV end-diastolic volume, 
g/mL 

0.65±0.11¶ 1.03±0.31 1.24±0.36 <0.0001 

LV stroke volume, ml 95±23† 118±21 101±22 0.01 

LV ejection fraction, % 63±4† 70±9 67±9 0.04 

LV maximal wall thickness, mm 10±1¶† 20±2 21±4 <0.0001 

RV end-diastolic volume indexed to 
BSA, mL/m2 

86±20¶ 79±14€ 66±13 0.001 

RV end-systolic volume indexed to 
BSA, ml/m2 

35±10 30±10 28±13 0.23 

RV stroke volume, ml 95±23¶ 94±16€ 75±21 0.008 

RV ejection fraction, % 60±6 62±8 58±13 0.42 

LA biplane end-systolic volumes, mL 67±17¶† 100±28 113±59 0.0008 

Biplane LA EF, % 62±7¶† 45±10 34±18 <0.0001 

Global longitudinal strain, negative 
(-), % 

14±3¶ 13±3€ 10±4 0.002 

Peak systolic circumferential strain, 
(-), % 

21±2¶ 20±4€ 16±4 0.0005 

Peak circumferential diastolic strain 
rate, s-1 

1.19±0.24¶ 0.99±0.21 0.87±0.22 0.002 
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Mean native T1, (ms) 1211±81 1211±65 1209±69 0.99 

Extra cellular volume, (%) 25[23-26]¶ 27[22-29]€ 31[27-43] 0.006 

LGE scar percentage of LV mass (%)  4±4 10±8 0.007 

PCr/ATP ratio 2.17±0.49¶ 1.93±0.38€ 1.54±0.27 0.002 

Increase in RPP, % 37 33 32 0.3 

Stress MBF, ml/min/g 2.06±0.42¶ 1.74±0.44€ 1.39±0.42 0.002 

Rest MBF, ml/min/g 0.68±0.03 0.59±0.19 0.69±0.16 0.05 

MPR 3.19±0.79¶ 3.09±1.06€ 2.04±0.82 0.002 

 

€ signifies p<0.05 between HCM-DM and HCM with Bonferroni correction; ¶ signifies p<0.05 between HCM-DM 
and HV with Bonferroni correction; † signifies p≤0.05 between HCM and HV with Bonferroni correction. 

Values are mean ±standard deviations or percentages. BSA indicates body surface area; LV, Left ventricle; RV, right 
ventricle; DM, type 2 diabetes mellitus; HCM, hypertrophic cardiomyopathy; LV, left ventricular; LA, left atrial; LA EF, left 

atrial ejection fraction; LGE, late gadolinium enhancement; PCr, phosphocreatine; ATP, adenosine tri-phosphate; RPP, rate 
pressure product; MBF, myocardial blood flow; MPR, myocardial perfusion reserve.  

 

 

 

Myocardial energetics  

Hypertrophic cardiomyopathy patients with DM comorbidity showed significant reductions in 

PCr/ATP compared to HV and isolated-HCM (HV:2.17±0.49, HCM: 1.93±0.38, HCM-

DM:1.54±0.27; p=0.002). The numeric differences in PCr/ATP between the isolated-HCM and 

HV were not statistically significant.  

Five HCM-DM patients were receiving SGLT2 inhibitors. The myocardial PCr/ATP for the HCM-

DM patients receiving SGLT2 inhibitors (1.55, 95% CI, 1.00-1.85) was separately measured.   

 

Myocardial perfusion  

Changes in rate pressure product (RPP) from rest to stress, rest and stress MBF and MPR 

measurements are summarized in Table-2 with representative images from each group in 

Figure-2. Participants from all groups demonstrated a similar increase in RPP during 

adenosine stress.  

There was again a stepwise decline in stress MBF in the order of the greatest measurements 

to smallest: [HV:2.06±0.42ml/min/g,HCM:1.74±0.44ml/min/g, HCM-DM:1.39±0.42ml/min/g; 

p=0.002] with significant reductions in the HCM-DM group compared to the other two groups.  

The stress MBF was not significantly reduced in the isolated-HCM group compared to the HV.  
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The rest MBF values were comparable across the groups. Myocardial perfusion reserve (MPR) 

was also only significantly reduced in the HCM-DM group compared to the other groups. 

 

 

 

Figure 4.2: Representative examples of mid-left ventricular stress perfusion maps from a 

healthy volunteer (first column), a patient with HCM (second column) and a patient with 

HCM-DM (third column). 

 

 

Myocardial fibrosis and scar burden  

Presence of mid-wall hyperenhancement in a non-ischemic pattern was detected in all HCM 

patients and none of the HV. Two isolated-HCM patients showed evidence of subendocardial 

hyperenhancement confirming the presence of a silent chronic MI. All their results were 

excluded from final analysis.  

Comorbidity with DM was associated with greater myocardial scar percentage on LGE in HCM 

patients (HCM:4±4% vs HCM-DM:10±8%, p= 0.002). 
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While the pre-contrast native T1 map measurements were comparable across the groups, 

myocardial ECV measurements were significantly higher HCM groups (HV:25%[IQR:23-26], 

HCM:27%[IQR:22-31], HCM-DM:31%[IQR:27-43]; p=0.006) (Figure 4.3). 

 

 

Figure 4.3: Representative examples of structural changes 

 

Representative examples of mid-left ventricular short axis cine imaging (row A with group 

mean values and standard deviations [SD] provided for the LV mass over LV end-diastolic 

volume ratios); late gadolinium enhancement imaging (row B, with group mean values and 

SD provided for the scar percentage of LV mass for the two HCM groups where scar was 

present); post-contrast native T1 maps (row C, with group mean values and SD provided for 

the extracellular matrix volume fractions) from a healthy volunteer, a patient with isolated 

HCM and a patient with HCM-DM. 
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Comparison of the principal study findings between the HCM patients with and without 

T2DM 

In addition to the myocardial scar percentage comparisons on the LGE, direct comparisons of 

the principal findings between the two HCM groups were also performed separately. These 

confirmed significantly higher scar percentage of the LV mass, and significantly lower global 

longitudinal strain, myocardial PCr/ATP, global stress MBF and MPR in the HCM-DM  group 

compared to isolated HCM group (Figure-4). 
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Figure 4.4:Differences in myocardial scar percentage, PCr/ATP ratio, left ventricular global 

longitudinal strain, myocardial perfusion reserve and global stress myocardial blood flow 
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and between patients with isolated HCM and patients with HCM and T2DM with group 

mean values and standard deviations; (A) Myocardial scar percentage on late gadolinium 

enhancement (LGE) scar percentage of left ventricular mass for the two HCM groups where 

scar was present (%); (B) Left ventricular global longitudinal strain (-%); (C) Myocardial 

phosphocreatine to ATP ratio (PCr/ATP); (D) Myocardial perfusion reserve; (E) Global stress  

myocardial blood flow (ml/min/g) 

 

Correlations 

A correlation between the stress MBF and myocardial scar percentage was detected in the 

two HCM groups (r=-0.459, p=0.01). There was no significant correlation between the 

HbA1c and PCr/ATP in the isolated data from the HCM-DM groups (r=-0.4417, p=0.1).  There 

were no significant correlations between the rest or stress MBF and PCr/ATP.  

 

Table 4.3: Linear regression model for dependent variables stress MBF, PCr/ATP and scar 

burden 

 

LGE  Beta  SE 95% CI lower 
bound 

95% CI upper 
bound 

P value 

Constant  15.03 19.50 -25.31 55.36 0.449 

Diabetes duration -0.027 0.060 -0.151 0.096 0.651 

HbA1c -0.196 0.358 -0.937 0.544 0.589 

Diabetes  9.570 8.603 -8.227 27.37 0.278 

Stress MBF  
 

     

Constant 2.516 0.489 1.527 3.505 <0.0001 

Diabetes duration -0.008 0.002 -0.004 0.003 0.632 

HbA1c 0.005 0.010 -0.016 0.025 0.650 

Diabetes  -0.251 0.238 -0.733 0.232 0.299 

PCr/ATP 
 

     

Constant 2.335 0.388 1.550 3.121 <0.0001 

Diabetes duration -0.001 0.001 -0.004 0.002 0.600 

HbA1c 0.002 0.008 -0.014 0.017 0.818 

Diabetes -0.436 0.195 -0.829 -0.042 0.03 

 

LGE, late gadolinium enhancement; HbA1c, glycated hemoglobin; MBF, myocardial blood flow; PCr/ATP, 
phosphocreatine to ATP ratio. 
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4.4 Discussion 
 

Coexistence of T2DM is associated with worsened clinical manifestation of HCM195,262. The 

current study provides insights into this prognostic association by showing adverse cardiac 

alterations in myocardial energetics, function, perfusion and tissue characteristics in patients 

with T2DM and HCM comorbidity. It is the first prospective case-control study comparing 

groups of HCM patients with and without T2DM, carefully matched in HCM phenotype, LV 

mass, maximal wall thickness, presence of sarcomeric mutations and the ESC sudden cardiac 

death risk score.  

The results of the present study provide several new findings. Firstly, half of the HCM-DM 

patients described exertional symptoms, were accordingly classified as NYHA Class-II or 

higher and had significantly increased NT-proBNP levels compared to the isolated-HCM 

patients, the majority of whom described no exertional symptoms and were NYHA Class-I. 

Secondly, HCM-DM patients displayed a greater burden of myocardial fibrosis than isolated-

HCM patients. Thirdly, reductions in stress MBF and MPR were more pronounced in HCM-DM 

patients compared to either disease alone. We detected amplified alterations in PCr/ATP in 

the HCM-DM group compared to the isolated-HCM group. Finally, HCM-DM patients 

displayed greater reductions in strain parameters and LA function compared to isolated HCM 

patients. Taken together, while these findings suggest that combined presence of HCM and 

T2DM may adversely affect the phenotypic expression of HCM, as well as symptom status and 

plasma biomarkers such as NT-proBNP, our data cannot prove a causal link in line with the 

cross-sectional observational nature of the study design. The causality of this relationship will 

need to be investigated in future studies. 

This study is limited by a relatively small sample size, in line with its proof-of-principle nature 

and strict inclusion/exclusion criteria to ensure rigorous matching of the HCM cohorts in HCM 

phenotype, ESC risk score and presence of sarcomeric mutations. However, using the large 

dataset of the EURObservational Research Programme (EORP) Cardiomyopathy registry of 

1739 patients with HCM, Lopes and colleagues analyzed the relationship between 

hypertension, T2DM, BMI and clinical traits279. They showed the prevalence of hypertension, 
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DM and obesity was 37%, 10%, and 21%, respectively. In our regional ICC registry prevalence 

of DM is higher at 14%, broadly in line with the higher T2DM prevalence in the local 

population of Yorkshire compared the rest of the United Kingdom280. In line with our findings, 

Lopes et al. showed T2DM was associated with higher NYHA class and diastolic dysfunction. 

Elevated NT-proBNP concentrations were shown to be a strong predictor of overall prognosis 

in patients with HCM281. A recent retrospective study by Wang and colleagues reporting 

outcomes of HCM patients with T2DM comorbidity undergoing septal myectomy over a 

median of 28 year follow-up period282. They showed that while HCM patients with and 

without T2DM have similar 3-year cardiovascular mortality after septal myectomy, there was 

an association between T2DM comorbidity and the higher sudden cardiac death rate in these 

patients. While we have excluded patients undergoing septal myectomy in this study, 

potentially relevant for our findings of higher NTproBNP levels in HCM-DM patients, they 

showed that NTproBNP was an independent risk factor in their cohort of HCM patients with 

T2DM comorbidity. 

In this study, 33% of the isolated-HCM and 30% of the HCM-DM group were genotype positive 

for sarcomeric mutations. While early studies from specialist referral centres had suggested 

that most individuals with HCM (>60%) carried a mutant sarcomere protein, in line with our 

findings, a large international registry study (Hypertrophic Cardiomyopathy Registry, the 

HCMR) showed genotype-negative cases to be the majority193,283. The participants in the 

isolated HCM group in this study showed similarities with the HCMR cohort in demographic 

and clinical characteristics (mean age: 59±10 versus 49±11 years, male participant proportion: 

78% versus 71%, ESC risk score: 1.9±1.2 versus 2.48±0.56, maximal wall thickness: 20±2 versus 

20.6±4.8mm, LV mass/EDV ratio: 1.03±0.31 versus 1.0 ± 0.3 , scar percentage of the LV mass 

on LGE: 4±4% versus 3.7±5.2%  respectively) suggesting the isolated HCM group in this study 

can be considered largely representative of the wider HCM population193.  

A previous study had shown higher prevalence of DM comorbidity in patients with an apical 

HCM phenotype compared to non-apical HCM phenotypes, although the reasons for this are 

not well understood221. Supporting this, the prevalence of apical phenotype was higher in our 

regional ICC clinic HCM cohort among patients with T2DM comorbidity. However, in this study 

HCM cohorts were carefully matched in HCM phenotypes to prevent potential biases related 

to HCM variant differences.  

 A recent study investigated if genetic variants may contribute to a combined phenotype of 

HCM and T2DM284 showing predominant presence of gain-of-function variants in adiponectin 
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receptor ADIPOR1 in HCM patients with DM comorbidity. ADIPOR1 plays a prominent role in 

mediating the insulin-sensitizing effects of adiponectin. Of potential significant relevance to 

our finding of greater reductions in myocardial energetics in patients with concomitant HCM 

and T2DM the deletion of ADIPOR1 was shown to result in decreased AMP-activated protein 

activity and the induction of mitochondrial dysfunction284.  

Underscoring the links between early exposure to the diabetic milieu and fetal myocardial 

structural and functional alterations, elevated neonatal insulin like growth factor 1 levels 

were shown to be associated with fetal hypertrophic cardiomyopathy phenotype in fetuses 

of diabetic women285.  

Despite being shown to be predictors of adverse clinical outcomes including arrhythmic 

events and mortality in HCM268,286, myocardial fibrosis and reductions in myocardial perfusion 

are not yet included among the criteria of existing risk scores. We have identified greater 

reductions in myocardial perfusion and higher scar burden in HCM-DM patients. It was 

proposed that T2DM associated endothelial inflammation and profibrotic signalling may 

exacerbate the pathological hypertrophic remodelling in HCM and worsen coronary 

microvascular function203,220,223,224. Our findings of greater reductions in stress MBF and MPR 

in HCM-DM support this theory. In support of the theory that myocardial ischemia caused by 

coronary microvascular dysfunction in HCM leads to enhanced scarring208, we have detected 

significant correlations between the LGE percentage and the stress MBF measurements in 

HCM patients.  

Although prognostic data related to an impaired energetic state in HCM are lacking, it is 

believed to hold prognostic relevance in analogy to patients with dilated cardiomyopathy287. 

It has been suggested that the high incidence of exercise-related death in HCM may be 

explained by a possible further acute impairment of myocardial energetics resulting in ion-

pump dysfunction, calcium overload, and ventricular arrhythmias250. Supporting this, 

exacerbation of myocardial energetic compromise has been documented in HCM patients 

during exercise activity250. The correlation analyses were performed to assess the associations 

between diabetes control (HbA1c) and myocardial energetics (PCr/ATP ratio) only within the 

HCM-DM group and did not show significance. Larger studies of patients with concomitant 

diabetes and HCM are needed to assess this relationship.  

With regards to comparison of the functional changes, GLS derived from either speckle 

tracking echocardiography or CMR is a sensitive marker of LV contractile function, especially 

in the setting of a normal LV EF288. A recent meta-analysis of HCM studies showed an 



 86 

association of abnormal GLS with adverse composite cardiovascular outcomes and ventricular 

arrythmias288. In our study across the four groups HCM-DM patients showed the greatest 

reductions in GLS. Moreover, while LV circumferential strain is also a sensitive index of 

regional myocardial function, currently, no studies have assessed its prognostic value in HCM 

or T2DM populations.  

While the prognostic role of changes in LA size is established in HCM patients and increased 

LA diameter correlates with occurrence of atrial fibrillation in patients with HCM, the 

prognostic role of LA function has not yet been explored in longitudinal studies. In our study, 

while the LA size was comparable between the two HCM cohorts, diabetic HCM patients 

showed significant reductions in LA EF, which may be relevant for future risk of atrial 

fibrillation occurrence and thromboembolic events. Future studies are needed to explore this.  

 

LIMITATIONS 

 

This study is limited by the small sample size. The 31P-MRS technique is not licensed for 

scanning patients with a pacemaker or an ICD; therefore, HCM patients with these devices 

had to be excluded from the study. The mid-septal voxel is the most reproducible cardiac 

voxel for 31P-MRS72,289. Recruiting participants who underwent alcohol septal ablation or 

septal myectomy could therefore lead to iatrogenic abnormalities in the spectroscopy 

findings. Therefore, patients who have undergone these procedures had to be excluded from 

the study. However, the HCM groups were matched for HCM phenotype with similar number 

of apical or asymmetric septal hypertrophy subgroups.  

The study is also limited by the high prevalence of apical HCM which means the results may 

be affected by selection bias and may not be generalisable to the wider population with HCM.  

There remain potentially important differences between the HCM and HCM-DM group with 

respect to age and sex. Due to the small sample size other potentially important differences 

between groups, for example concomitant medication, cannot be accounted for. The 

matching of ESC risk score may have introduced additional unexpected confounding.  

Obstructive CAD was excluded within the last 5 years as part of routine clinical care in all 

symptomatic HCM patients who were NYHA II or above. These tests were not repeated for 

the study to prevent unnecessary ionizing radiation exposure. Therefore, it is possible that 

occult CAD could be present in the participants.  
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4.5 Conclusion 
 

Coexistent diabetes is associated with higher NT-proBNP levels, greater reductions in 

myocardial energetics, perfusion, contractile function, and left atrial function, and higher scar 

burden in patients with hypertrophic cardiomyopathy.  These adverse phenotypic features 

may be important components of the adverse clinical manifestation attributable to a 

combined presence of hypertrophic cardiomyopathy and type 2 diabetes mellitus.  
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Chapter 5 

Coexistent diabetes is associated with 
residual myocardial abnormalities after 
aortic valve replacement in patients with 
severe aortic stenosis 
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5.1 Abstract 
 
Background: 

Coexistent aortic stenosis (AS) and type 2 diabetes mellitus (T2DM) are associated with 

increased cardiovascular morbidity and mortality after aortic valve replacement (AVR). AS and 

T2DM share common cardiac features of altered energy metabolism and reduction in stress 

perfusion indices. Cardiac phosphocreatine to ATP ratio (PCr/ATP) is a sensitive index of 

energetic status defined by phosphorus-magnetic resonance spectroscopy (31P-MRS). 

Perfusion indices rest and stress global myocardial blood flow (MBF) can be defined by 

cardiovascular magnetic resonance imaging (CMR). Using 31P-MRS and CMR, we defined 

myocardial alterations pre-AVR and their recovery post-AVR in patients with severe AS with 

and without T2DM. 

Methods: 

Ninety-five consecutive patients with severe AS awaiting AVR, with (n=30) and without 

(n=65) T2DM, participated in a single-center prospective cohort study. Significant 

obstructive coronary artery disease (CAD) was excluded by coronary angiography in patients 

with AS. Thirty healthy volunteers and 30 T2DM patients were controls. Patients with known 

CAD, left ventricular (LV) ejection fraction <50%, kidney dysfunction, chronic lung disease, 

significant bystander valve disease, hypertrophic cardiomyopathy and infiltrative diseases 

were excluded.  

Within 1-month before and 6-months post-AVR, we defined: cardiac PCr/ATP by 31P-MRS; 

rest and adenosine stress MBF, left ventricular (LV) volumes, mass, ejection fraction, peak 

diastolic strain rate (PDSR), global longitudinal strain (GLS) and myocardial scar on late-

gadolinium enhancement imaging by CMR; 6-minute walk distance.  

Results: 

For the two AS groups, there were no significant differences in demographics or in LV 

volumes, mass, ejection fraction and scar burden before or after AVR. Both AS groups showed 

significantly lower cardiac PCr/ATP and stress MBF than healthy volunteers, but not compared 

to T2DM controls. 

Pre-AVR cardiac PCr/ATP, global stress MBF and PDSR assessments were significantly lower 

in patients with AS and T2DM than patients with AS without T2DM. Post-AVR, patients with 
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AS without T2DM showed significant improvements in cardiac PCr/ATP, stress MBF, GLS and 

6-minute walk distance, whereas those with AS and T2DM did not.  

 

Conclusions: 

Severe AS-associated abnormalities in myocardial PCr/ATP and stress MBF are exacerbated 

by T2DM comorbidity. AVR reverses myocardial abnormalities and limitations in exercise 

capacity in patients with severe AS alone, but this recovery is undermined by T2DM 

comorbidity. 
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5.2 Introduction 
 
Aortic stenosis (AS) is the most frequent degenerative valvular heart disease in the developed 

world290-292. With an ageing population in most societies, the burden of AS on health systems 

is expected to continue to increase293. In parallel, driven by the obesity epidemic, the 

prevalence of type 2 diabetes (T2DM) is increasing across all age groups. AS and T2DM are 

therefore increasingly frequent comorbidities166 with 22 to 36% of severe symptomatic AS 

patients having coexisting T2DM167-173,174. The comorbidity with T2DM influences the 

prognosis of AS with increased morbidity and mortality following aortic valve replacement 

(AVR) even after adjustment for comorbidities such as vascular disease or renal 

dysfunction130,175-178. Although distinct pathological entities, AS and T2DM share common 

features of altered myocardial energy metabolism, left ventricular concentric remodeling and 

coronary microvascular dysfunction75,170,179,180. The mechanism underlying the poor prognosis 

of patients with AS and T2DM comorbidity are incompletely understood. One potential 

explanation is the collective impact of the two conditions on cardiac metabolism, structure 

and perfusion.  

Compromised cardiac energy production is an important contributor to most forms of heart 

disease including T2DM249,294. The relative concentration of phosphocreatine to ATP 

(PCr/ATP) is a sensitive indicator of the energetic state of the myocardium and can be 

assessed non-invasively using 31phosphorus magnetic resonance spectroscopy (31P-MRS)246. 

Using 31P-MRS, reductions in myocardial energetics has also been demonstrated in patients 

with severe AS prior to AVR which then reverse upon relief of pressure overload and reverse 

re-modelling 6 months after AVR252.  

Cardiovascular magnetic resonance imaging (CMR) is the reference standard for the 

assessment of the cardiac alterations in AS including left ventricular volume, mass, function 

and perfusion changes75,167,170. In addition, there is a growing evidence base to indicate tissue 

characterization using CMR provides prognostic information, both in asymptomatic AS 

patients and those undergoing intervention167,172,295. With CMR extracellular volume (ECV)-

based measures utilize extracellular gadolinium-based contrast agents to calculate the 

relative (extracellular volume fraction [ECV%]) or absolute (indexed extracellular volume 

[iECV]) ECV of the myocardium296.  

In this study, using 31P-MRS and CMR we aimed to better understand the combined impact of 

severe AS and T2DM on the heart in patients undergoing AVR (either by surgical or 
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transcatheter approach) for severe symptomatic AS and how these myocardial alterations 

change following AVR. Advanced CMR assessments were supported by 6 minute walk tests, 

and clinical outcome analysis. Our hypothesis was that the comorbid disease burden 

associated with T2DM would attenuate myocardial recovery after AVR in patients with AS. 

 
 

5.3 Methods 
 
 

Study Design and Oversight 

This single-centre, longitudinal prospective cohort study complied with the Declaration of 

Helsinki and was approved by the National Research Ethics Committee (Ref:18/YH/0168). 

The study was co-funded by the Wellcome Trust (Grant 207726/Z/17/Z) and Diabetes UK 

(18/0005870).  

 

Participants 

 

Adult patients with severe AS who had been referred for surgical or transcatheter AVR were 

eligible for inclusion. The diagnosis of severe AS was based on peak aortic forward flow 

velocity of greater than 4m/s on valve clinic echocardiography according to current 

cardiovascular society guidelines292,297. Ninety-five participants, 65 with severe AS in isolation 

and 30 with combined severe AS and T2DM awaiting AVR were prospectively recruited. Data 

collection was completed between April 2019 and April 2022. Patients with AS and T2DM had 

an established T2DM diagnosis according to World Health Organization criteria and they were 

free of known diabetes complications298. Fifteen normal body weight and 15 overweight 

healthy volunteers were recruited to serve as healthy control cohorts. As control cohorts for 

T2DM alone, with no concomitant AS, 15 normal weight and 15 overweight T2DM patients 

with no known cardiovascular disease were recruited. All participants for all study cohorts 

provided written informed consent.   

Potentially suitable patients with severe AS were pre-screened from AVR waiting lists (by 

surgical or transcatheter approach) at the Leeds Teaching Hospitals NHS Trust, United 

Kingdom. These surgical and transcatheter AVR lists were reviewed once weekly for new 

additions. Hospital electronic health care records were screened to assess potential eligibility. 
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Potentially eligible patients with AS were invited for a research visit by postal mail (Figure-1, 

CONSORT diagram).  

T2DM controls and non-diabetic controls were contemporary participants and were recruited 

from primary care general practices in Yorkshire, United Kingdom. Electronic health care 

records were screened to assess potential eligibility by primary care physicians. Potentially 

eligible T2DM controls and healthy controls were then sent study information by postal mail 

and invited to contact research investigators to discuss study participation.   

Patients with AS underwent 31P-MRS and CMR within 1-month prior to AVR. The surviving 

participants were then invited for a repeat scan 6-months post-AVR. Patients were followed 

for a median of 13-months post-AVR for clinical outcomes via hospital electronic health care 

records. T2DM controls underwent identical assessment at baseline and 6-months later; 

normal-weight and overweight healthy controls were assessed once. 
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Figure 5.1: Consort diagram 
 

 

Exclusion criteria 

 

Participants were excluded if they had known previous myocardial infarction, previous CABG, 

angioplasty, flow-limiting coronary artery disease (CAD), chronic obstructive lung disease, 

asthma, tobacco smoking, more than mild bystander valve disease, significant kidney 

dysfunction [estimated glomerular filtration rate (eGFR)<30mL/min/1.73m2], permanent 

atrial fibrillation, known heart failure or reduced left ventricular ejection fraction (<50%), 

cardiomyopathy (based on infiltrative diseases [e.g., amyloidosis], accumulation diseases 

[e.g., haemochromatosis, Fabry disease], hypertrophic cardiomyopathy), or any 
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contraindication to CMR scanning. As the research protocol included a 6-minute walk test, 

potential participants with mechanical or permanent mobility issues were also excluded. All 

patients listed for AVR had flow-limiting CAD excluded by invasive angiography and prior 

myocardial infarction excluded by late gadolinium enhancement imaging.  

Exclusion criteria for T2DM controls and healthy controls were known CAD, cardiac surgery, 

tobacco smoking, amyloidosis, permanent atrial fibrillation, more than mild valvular heart 

disease, kidney dysfunction (eGFR]<30mL/min/1.73m2), and contraindications to CMR.  

 

Anthropometric measurements  

 

Height and weight were recorded, and body mass index (BMI) was calculated. The blood 

pressure was recorded whilst seated over 10-minutes. A 12-lead electrocardiogram was 

recorded. A fasting blood sample was taken for assessments of full blood count, eGFR, lipid 

profile, glycated hemoglobin (HbA1c), insulin, free fatty acid, beta hydroxybutyrate, and N-

terminal pro hormone B-type natriuretic peptide (NT-proBNP).  

 

31Phosphorus-magnetic resonance spectroscopy  

 

31P-MRS was performed to assess myocardial energetics status from a voxel placed in the 

mid-ventricular septum, with subjects lying supine and a 31P transmitter/receiver cardiac 

coil (Rapid Biomedical GmbH, Rimpar, Germany) placed over the heart on a 3.0 Tesla MR 

system (Prisma, Siemens, Erlangen, Germany) as previously described39. 31P-MRS is not 

licensed for scanning patients with a pacemaker, consequently patients who required a 

pacemaker implantation post-AVR underwent repeat CMR but not repeat 31P-MRS. 

 

Cardiovascular magnetic resonance 

 

The CMR protocol consisted of cine imaging using a steady state free precession sequence, 

native pre- and post-contrast T1 mapping, stress and rest perfusion and late gadolinium 

enhancement imaging.  

Native T1 maps were acquired in 3 short-axis slices, using a breath-held modified look-locker 

inversion recovery acquisition as previously described299. Post-contrast T1 mapping was 

performed using the same approach 15-minutes after last contrast injection.  
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Perfusion imaging used free-breathing, motion-corrected automated in-line perfusion 

mapping. Adenosine was infused at a rate of 140µg/kg/min, for a minimum of 3 minutes 

according to hemodynamic and symptomatic response as previously described299. Two 

trained cardiologists with advanced life support training monitored the patients during 

adenosine stress imaging.  

Late gadolinium enhancement was performed using a phase-sensitive inversion recovery 

sequence >8-minutes after contrast administration. 

Additional 31P-MRS and CMR quantitative analyses methodology details appear in 

supplementary material.  

 

Quantitative analysis of 31P-MRS and CMR data 

 

All 31P-MRS analysis was performed off-line blinded to participant details by NJ using software 

within Matlab version R2012a (Mathworks, Natick, Massachusetts) as previously described39. 

The anonymisation codes were only unlocked once all data analysis was completed39.  

All CMR image analysis was performed by NJ and scan contours were subsequently reviewed 

by EL, also blinded to participant details, using cvi42 software (Circle Cardiovascular Imaging, 

Calgary, Canada). Images for biventricular volumes, function and LV maximal wall thickness 

were analysed as previously described39.  

Left atrial (LA) volume and ejection fraction (EF) were calculated using the biplane area-length 

method in the horizontal and vertical long axes as previously described276. Strain 

measurements were performed using cvi42 Tissue Tracking from the short axis images, and 

the long axis views. Peak early diastolic strain rate was measured276. 

Myocardial perfusion image reconstruction and processing was implemented using the 

Gadgetron software framework241. Rest/stress MBF were measured for each of the 16 

segments using the AHA classification. T1 maps and ECV were analysed using cvi42 software 

as previously described39. Indexed ECV [iECV] Extracellular volume (ECV)-based measures 

utilize extracellular gadolinium-based contrast agents to calculate the relative (extracellular 

volume fraction [ECV%]) or absolute (indexed extracellular volume [iECV]) ECV of the 

myocardium296. 

The LV short axis stack of late gadolinium hyperenhancement imaging images was first 

assessed visually for presence of late gadolinium hyperenhancement, followed by 

quantification when late gadolinium hyperenhancement was present as previously 
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described(20). Late gadolinium hyperenhancement was defined as areas of signal intensity 

5 standard deviations from normal myocardium and was expressed as the percentage of LV 

mass, quantified in a blinded fashion. 

 

 

Six-minute walk test 

 

The participants were instructed to walk along a 30-meter corridor and cover the maximum 

achievable distance in 6-minutes under the supervision of study investigators with medical 

training and with experience in conducting the test300. At the end of 6-minutes, participants 

were asked to stop, and the distance walked was measured in meters. 

 

Surgical risk scores and frailty scores 

 

Both Euro Score II and the Society of Thoracic Surgeons risk scores were recorded301. As 

validated measures of frailty and comorbidity, both the Rockwood Frailty Score and the 

Charlson comorbidity index were recorded302.  

 

 

Clinical outcomes 

 

The study was not designed to assess the clinical outcome differences between the AS 

patients with and without T2DM, nevertheless patients were followed for a median of 13-

months post-AVR for clinical outcomes via Leeds Teaching Hospitals electronic health care 

records.  Clinical event rate of cardiovascular mortality after AVR, and separately event rates 

for composite of all-cause mortality, myocardial infarction, infective endocarditis, and heart 

failure hospitalization were assessed. For the composite clinical event outcomes all time-to-

event analyses were based on the first relevant unrefuted event: that is, an event of a 

particular type included in the analysis if it has been confirmed on the health care notes.  
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Sample size 

 

A priori sample size calculation was performed based on the pilot data of myocardial 

energetics and stress myocardial blood flow (MBF) obtained from 10 severe AS patients (5 

with and 5 without T2DM). This showed mean PCr/ATP in the group with T2DM comorbidity 

1.33±0.25 versus 1.71±0.28 in the isolated AS group. Assuming two-tailed paired t-test 

analysis (α=0.05 and β=0.90), calculations suggested that 9 patients in each group would be 

needed. A second a priori sample size calculation was performed for comparisons of stress 

MBF between the two groups (T2DM comorbidity: 1.28±0.66 versus isolated AS: 

1.89±0.68ml/min/g). Based on this pilot data assuming two-tailed paired t-test analysis 

(α=0.05 and β=0.90), calculations suggested that 25 patients in each group would be needed. 

A third priori sample size calculation was performed to detect a modest 13% improvement in 

PCr/ATP ratio in the AS patients with T2DM after AVR. Based on pilot data assuming two-

tailed paired t-test analysis (α=0.05 and β=0.8), 11 AS patients with T2DM would be needed 

to complete the study. These targets were exceeded in our study. 

 

Statistical analysis 

 

Statistical analysis was performed using GraphPad Prism software (version 9.0.0). All data 

were checked for normality using the Shapiro-Wilks test and presented as mean or median 

with 95% confidence intervals as appropriate. Categorical data are presented as numbers and 

percentages and compared with Pearson’s chi-square test. Comparisons between the 3 

groups were performed by 1-way ANOVA with post hoc Bonferroni corrections. Differences 

in non-parametric variables were assessed using a Kruskal-Wallis test. Student t-test was used 

for comparison of normally distributed datasets and Mann-Whitney U test was used for non-

parametric tests where data were obtained for only two groups. Comparisons between pre- 

and post-AVR measurements in patients with AS were performed with ANOVA with post hoc 

Bonferroni corrections. P≤0.05 was used as a threshold of significance.  

A 2-sided log-rank test was used to calculate average event rate ratios and confidence 

intervals over a median period of 13-months. Kaplan-Meier plots were constructed for time-

to-event analyses. 
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5.4 Results 
 
Participant demographics and clinical characteristics: 

 

Demographics, clinical, and biochemical data at baseline are shown in Table-1. 

Between May 2019, and April 2022, 95 participants with severe AS (30 with and 65 without 

T2DM comorbidity) and 15 healthy controls were recruited.  

 

Baseline 

Age and sex distributions were comparable between the groups (Table-1).  

The median surgical risk scores were similar between the AS patients with and without T2DM 

and patients were matched in AS severity. While frailty scores were similar, the Charlson index 

was higher in T2DM comorbidity group. Between the two AS groups, blood pressure 

measurements and heart rates were similar, but the BMI was higher in the T2DM comorbidity 

group in line with expectations. Resting heart rates were higher in both AS groups than 

healthy controls.  

AS patients with T2DM were receiving statin treatment at higher rates and reflecting this, 

they showed lower total and LDL cholesterol levels. The fasting glucose, HbA1c and circulating 

ketone levels were higher in AS patients with T2DM.  While none of the AS patients were in 

the anemic range, the haemoglobin levels were lower in AS patients with T2DM.   

Pre-operative 6-minute walk distance and plasma NT-proBNP levels did not differ significantly 

between the AS groups.   
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Table 5.1: Clinical Characteristics and biochemistry 
 

 

Variable 
Healthy 

Volunteers 
n=15 

Aortic stenosis 
without T2DM 

n=65 

Aortic stenosis 
with T2DM 

n=30 

P value 
 

Age, y 71(69,74) 71(69,74) 70(67,74) 0.93 
Female, n (%) 5(33) 27(42) 8(27) 0.14 

BMI, kg/m2 26(24,27)* 27(26,28)€ 31(29,33) <0.0001 

Heart rate, bpm 62(56,67)† 72(69,75) 69(63,74) 0.01 

Systolic BP, mmHg 136(129,143) 132(128,137) 131(123,139) 0.44 

Diastolic BP, mmHg 76(73,79) 77(75,79) 73(70,77) 0.14 
Creatinine, umol/L 73(70,77) 77(73,81) 81(74,87) 0.22 

Haemoglobin, g/L 149(145,152)* 143(139,147) 136(131,142) 0.004 

Haematocrit, L/L 0.45(0.44,0.47)* 0.44(0.43,0.46) 0.42(0.41,0.43) 0.008 

Total cholesterol, mmol/L 5.3(4.8,5.7)* 5.6(4.4,6.7)€ 4.2(3.9,4.6) 0.001 

HDL, mmol/L 1.7(1.6,1.9)* 1.6(1.5,1.7)€ 1.3(1.1,1.4) 0.0002 

LDL, mmol/L 2.9(2.6,3.3)* 2.9(2.6,3.2)€ 2.2(1.9,2.5) 0.007 

TG, mmol/L 1.3(1.0,1.5) 1.4(1.2,1.5) 1.9(1.4,2.4) 0.1 

HbA1c, mmol/mol 37(36,39)* 38(37,38)€ 56(50,61) <0.0001 

Glucose, mmol/L 5(4,5)* 5(4,5)€ 8(7,10) <0.0001 

Insulin, pmol/L 29[15-58]* 38[24-65]€ 86[47-145] 0.0002 

HOMA IR, Molar Units 0.79[0.41-1.39]* 1.31[0.6-2.17]€ 3.28[1.77-6.16] 0.0003 

FFA, mmol/L 0.48(0.44,0.51) 0.53(0.46,0.6) 0.51(0.42,0.59) 0.84 

D-3-Hydroxybutyrate, mmol/L - 0.14(0.09,0.18) 0.17(0.10,0.24) 0.02 

NT- proBNP, ng/L 42[35-66] * 377[181-2039]† 404[201-1019] <0.0001 

Medications 

ACEi - 5(8) 13(43) 0.0001 
ARB - 11(17) 3(11) 0.46 

Beta blocker - 17(27) 14(46) 0.09 

                         CCB - 16(25) 11(36) 0.15 

Loop diuretic - 10(16) 10(33) 0.28 

Statin - 26(41) 25(83) 0.0001 
ASA - 18(28) 11(37) 0.5 

DOAC - 12(19) 3(10) 0.14 

Metformin - - 16(59) - 
Sulfonylurea - - 6(22) - 

DPP4i - - 3(15) - 

GLP-1RA - - 0(0) - 
SGLT2i - - 3(11) - 

AS Clinical Details 

TTE Vmax, m/s - 4.5(4.4,4.7) 4.5(4.3,4.7) 0.95 

Duration severe AS, (months) - 8(7,10) 10(6,14) 0.5 
Bicuspid AV, n (%)  17(27) 4(13) 0.2 

STS Score  0.88[0.66-1.35] 0.97[0.7-1.2] 0.8 

Euro Score II - 0.89[0.72-1.22] 1.03[0.7-1.3] 0.24 

Rockwood Score - 2.1(1.9,2.4) 2.2(2.0,2.3) 0.81 

Charlson Comorbidity Index  3.7(3.4,4.0) 4.5(4.1,4.9) 0.002 
NYHA Class, (%)     

I  10(16) 4(13) 0.92 

II  41(64) 18(60) 0.67 
III  10(16) 8(27) 0.06 

IV  0(0) 0(0) - 

6 min walk test, m - 396(365,436) 360(306,415) 0.14 

Cardiovascular Past Medical History 

Stroke TIA, n(%) - 4(6) 2(1) 0.90 
PAF, n(%) - 7(11) 3(10) 0.70 

Hyperlipidemia, n (%) - 17(27) 12(40) 0.75 
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6months after AVR 

At 6-months post-AVR AS patients without T2DM demonstrated improved physical 

performance after AVR with a longer 6-minute walk distance compared to baseline 

(396(365,436) to 434(398,472) m, p=0.02). An improvement in exercise tolerance was not 

observed in AS patients with T2DM (360(306,415) to 331(267,393) m, p=0.45).  

Similarly, at 6-months post-AVR AS patients without T2DM displayed a statistically significant 

reduction in plasma NT-proBNP levels (377(181-2039) to 302(210-652) ng/L, p=0.04). Despite 

numerical reduction in median NT-proBNP level, this change in T2DM comorbidity group did 

not reach statistical significance (404(221-1019) to 333(121-809) ng/L, p=0.76) (Table-5.3). 

 

 

Cardiac geometry and function  

 

Baseline 

Baseline CMR results are shown in Table-2.  

At baseline all groups were comparable in terms of LV volumes, stroke volume index and 

ejection fraction. Diastolic function measured by peak longitudinal diastolic strain rate was 

significantly reduced in AS patients with T2DM compared to AS patients without T2DM 

(Figure-3A). There was no significant reduction in peak longitudinal diastolic strain rate in AS 

patients without T2DM compared to healthy controls pre-AVR.  

The LV wall thickness, mass, and concentricity index (LV mass: LV end diastolic volume ratio) 

were all higher in both AS groups compared to the healthy controls. There was no difference 

in LV mass, mass index or wall thickness between AS patients with and without T2DM (Table-

2).  

The RV ejection fraction was reduced in both AS groups compared to healthy controls. 

 

€ signifies p<0.05 between Aortic Stenosis patients with and without type 2 diabetes mellitus,  

* signifies p<0.05 between T2DM and AS group and HV, † signifies p≤0.05 between Iso-AS and HV. 

AV indicates aortic valve;  AS, aortic stenosis; T2DM, type 2 diabetes mellitus; BMI, body mass index; bpm, 
beats per minute; HDL, high density lipoprotein; LDL, low density lipoprotein; TG, triglycerides; FFA, free fatty 
acids; ACEI, angiotensin converting enzyme inhibitor; ARB, angiotensin receptor blocker; CCB, calcium channel 

blocker; ASA, aspirin; DOAC, direct oral anticoagulant; DPP4i, dipeptidyl peptidase-4 inhibitor; GLP-1RA, 
glucagon-like peptide-1 receptor agonist; SGLT2i, sodium glucose co-transporter-2 inhibitor; V max, peak aortic 

forward flow velocity; TTE, trans-thoracic echocardiogram; CMR, cardiac magnetic resonance; TIA, transient 
ischemic attack; HTN, hypertension; PAF, paroxysmal atrial fibrillation;  
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Table 5.2: Baseline CMR and 31P-MRS findings 
 

 

 

 

Healthy 
Volunteers 

 
n=15 

Aortic stenosis 
without T2DM 

n=65 

Aortic stenosis 
with T2DM 

n=30 

*P value **P value 

LV end-diastolic volume indexed to BSA, mL/m2 78(69,87) 80(74,86) 92(80,105) 0.14 0.17 

LV end-systolic volume indexed to BSA, ml/m2 28(24,31) 32(26,37) 34(27,41) 0.28 0.34 

LV mass, g 102(87,117)* 146(136,157)† 170(148,193)  0.0001 0.44 

LV mass index, g/m2 55(47,62) 76(71,80) 80(72,89) 0.0003 0.99 

LV mass to LV end-diastolic volume, g/mL 0.66(0.58,0.73)* 0.99(0.92,1.05)† 0.98(0.89,1.1) <0.0001 0.99 

LV stroke volume, ml 95(82,109) 94(89,100) 103(95,111) 0.18 0.22 

Svi, ml/m2 52(48,54) 49(47,51) 50(46,53) 0.78  

LV ejection fraction, % 65(63,66) 64(61,67) 61(57,65) 0.41 0.31 

LV maximal wall thickness, mm 10(9,11)* 14(13,14)† 14(13,15) <0.0001 0.99 

RV end-diastolic volume indexed to BSA, mL/m2 83(76,90) 79(74,84) 78(71,85) 0.41 0.99 

RV end-systolic volume indexed to BSA, ml/m2 32(28,37) 37(33,40) 36(30,42) 0.62 0.99 

RV stroke volume, ml 97(86,107)† 82(77,87) 86(78,95) 0.02 0.83 

RV ejection fraction, % 62(58,65)* 55(52,57)† 55(51,59) 0.04 0.99 

LA biplane end-systolic volumes, mL 72(60,85) 95(81,108) 101(85,118) 0.13 0.99 

Biplane LA EF, % 59(51,66)* 45(41,50) 40(33,46) 0.004 0.26 

Peak longitudinal diastolic strain rate, s-1 0.79(0.68,0.9) 0.83(0.74,0.92) 0.66(0.57,0.75) 0.01 0.01 

Mean native T1, (ms) 1209(1163,1255) 1231(1209,1254) 1260(1231,1289) 0.13 0.38 

Extra cellular volume, (%) 25(24,26) 26(25,27) 27(25,29) 0.14 0.35 

Indexed extra cellular volume, ml/m2 13.9(11.1,16.6) * 17.9(16.4,19.4) 19.2(16,22) 0.03 0.99 

LGE, (%) - 3.2(2.5,3.9) 3.8(2.6,5) - 0.34 

PCr/ATP ratio 2.17(1.87,2.46)* 1.74(1.62,1.86)† 1.44(1.32,1.56) <0.0001 0.002 

Increase in RPP, % 25(17,30) 23(17,28) 25(17,32) 0.59 0.61 

Stress MBF, ml/min/g 2.14(1.69,2.58)* 1.67(1.5,1.84) 1.25(1.22,1.38) <0.0001 0.001 

Rest MBF, ml/min/g 0.67(0.58,0.73) 0.73(0.68,0.78) 0.68(0.59,0.75) 0.35 0.93 

MPR 3.8(2.3,5.3)* 2.4(2.2,2.7)† 1.8(1.6,2.0) <0.0001 0.02 

 

 

*P signifies ANOVA comparisons across the 3 study groups, **P signifies comparisons between severe aortic stenosis 
patients with and without type 2 diabetes mellitus with Bonferroni corrections 

* signifies p<0.05 between aortic stenosis and type 2 diabetes mellitus group and healthy volunteers; † signifies p≤0.05 
between isolated aortic stenosis patients and healthy volunteers. 

Values are means with 95% confidence intervals or percentages.  

BSA indicates body surface area; LV, Left ventricle; RV, right ventricle; LV, left ventricular; LA, left atrial; LA EF, left atrial 

ejection fraction; PCr, phosphocreatine; ATP, adenosine tri-phosphate; RPP, rate pressure product; Svi, stroke volume 

indexed to body surface area; MBF, myocardial blood flow; MPR, myocardial perfusion reserve. 
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Six months after AVR 

Six months after AVR, both AS groups displayed significant reductions in LV end diastolic 

volumes. Peak diastolic strain rate showed no improvements after AVR in AS patients with 

T2DM (Figure-3A).  

While no significant reduction in maximal LV wall thickness was detected in either AS group, 

there was an overall significant regression in LV mass after AVR in AS patients without T2DM 

(146(136,157) to 125(115,135) g, p=0.001) and in LV mass index (76(71,80) to 61(56,67) g/m2, 

p=0.002). 

The numeric reductions in LV mass after AVR did not reach statistical significance in AS 

patients with T2DM comorbidity (170(148,193) to 138(117,158) g, p=0.44), or in LV mass 

index (80(72,89) to 67(59,74) g/m2, p=0.19) (Table-3).  

 

Myocardial fibrosis and scar burden  

 

Baseline 

Comparing AS patients with and without T2DM, there was no significant difference in native 

T1 mapping, extra-cellular volume (ECV) fraction measurements, the indexed-ECV (total ECV 

of the myocardium indexed to body surface area) or in myocardial scar burden on LGE 

suggesting no detectable differences in CMR markers of myocardial fibrosis.  

 

Six months after AVR 

Neither AS group demonstrated a significant change in ECV fraction, indexed-ECV or 

myocardial scar burden. Following AVR there was a statistically significant reduction in native 

pre-contrast T1 mapping measurements in AS patients without T2DM (1231(1209,1254) to 

1198(1172,1224) ms, p<0.0001). A trend in the same direction was observed in AS patients 

with T2DM comorbidity native pre-contrast T1 mapping measurements (1260(1231,1289) to 

1207(1148,1266) ms, p=0.05) (Table-3). 
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Myocardial energetics  

 

Baseline  

Baseline 31P-MRS results are shown in Table-2.  

There was a stepwise decline in PCr/ATP ratio with the highest values in the healthy controls 

and the smallest in AS patients with T2DM (Healthy controls: 2.17(1.87,2.46) versus AS 

patients without T2DM:1.74(1.62,1.86) versus AS patients with T2DM:1.44(1.32,1.56), 

p<0.0001). While both AS groups demonstrated significantly lower values compared to 

healthy controls, the difference in energetics between the two AS groups was also statistically 

significant (Figure-3B).  

 

Six months after AVR 

While the AS patients without T2DM showed significant improvements in myocardial 

energetics post-AVR (1.74(1.62,1.86) to 2.11(1.79,2.43), p=0.0014), AS patients with T2DM 

comorbidity showed no improvements (1.44(1.32,1.56) to 1.30(1.07,1.53), p=0.47) (Table-3). 

(Figure-3B). 

 

 

 

Myocardial perfusion  

 

Baseline  

Changes in rate pressure product (RPP) from rest to stress, rest and stress MBF and 

myocardial perfusion reserve (MPR) measurements are summarized in Table-2. Participants 

from all groups demonstrated a similar increase in RPP during adenosine stress.  

Rest MBF values were comparable across the groups. However, in a similar pattern to 

energetics, there was a stepwise decline in global stress MBF with the highest values in the 

healthy controls and the lowest in AS patients with T2DM (Healthy controls: 2.14(1.69,2.58) 

versus AS patients without T2DM: 1.67(1.5,1.84) versus AS patients with T2DM: 

1.25(1.22,1.38), p<0.0001). While both AS groups demonstrated significant reductions 

compared to healthy controls, the difference in stress MBF between the two AS groups was 

also significant (Figure-3C). MPR was significantly reduced in AS group with T2DM compared 

to the AS patients without T2DM and the healthy controls.  
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Six months after AVR 

No significant change in rest MBF was seen. Post AVR both AS groups demonstrated 

significant improvements in stress MBF (Figure-3C) and MPR. Despite the improvements post-

AVR, AS patients without T2DM continued to display significantly higher stress MBF than the 

AS patients with T2DM comorbidity (AS patients without T2DM: 1.80(1.59,2.01) versus AS 

patients with T2DM: 1.48(1.29,1.66) ml/min/g, p= 0.03). (Table-3). 

 

 

Table 5.3: Longitudinal changes in CMR and 31P-MRS parameters, findings at baseline and 6 

months post aortic valve replacement 

 

 Aortic stenosis without  
T2DM 

 

Aortic stenosis with 
T2DM 

 

Variable Pre-AVR Post-AVR Pre-AVR Post-AVR 

NT- proBNP, ng/L 377 (181-2039) 302(210-652) 404(201-1019) 333(121-809) 

6 min walk test, m 360 (306,415) 434(398,472) 396(365,426) 331(267,393) 

LV EDVi, mL/m2 80(74,86) 73(68,78) 92(80,105) 74(66,83) 

LV ESVi, ml/m2 32(26,37) 27(23,30) 34(27,41) 32(25,39) 

LV mass, g 146(136,157) 125[115,135] 170(148,193) 138[117,158] 

LV mass to LV end-diastolic 
volume, g/mL 0.99(0.92,1.05) 0.88(0.83,0.93) 0.98(0.89,1.1) 0.93(0.85,0.99) 

LV mass index, g/m2 76(71,80) 61(56,67) 80(72,89) 67(59,74) 

LV maximal wall thickness, 
mm 14(13,14) 13(12,14) 14(13,15) 14(13,14) 

SVI, ml/m2 49(47,51) 47(44,50) 50(46,53) 42[38,46] 

LV EF, % 64(61,67) 64(60,67) 61(57,65) 59(53,64) 

RV EF, % 55(52,57) 55(52,57) 55(51,59) 55[49,61] 

LA biplane ESV, mL 95(81,108) 97(80,114) 101(85,118) 96[76,115] 

Biplane LA EF, % 45(41,50) 44(37,51) 40(33,46) 37(29,45) 

Peak longitudinal diastolic 
strain rate, s-1 0.83(0.74,0.92) 0.82(0.68,0.97) 0.66(0.57,0.75) 0.68(0.59,0.76) 

Mean native T1, (ms) 1231(1209,1254) 1198(1172,1224) 1260(1231,1289) 1207(1148,1266] 

ECV, (%) 26(25,27) 26(25,27) 27(25,29) 28(26,30) 

Indexed ECV, ml/m2 17.9(16.4,19.4) 16.7(15.3, 18.2) 19.2(16.9,22.8) 18.7(16.2, 21.2) 
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Scar percentage on LGE, 
(%) 

3.22(2.54,3.9) 3.6(2.1,4.9) 3.8(2.6,5) 4.7(2.5,6.9) 

PCr/ATP ratio 1.74(1.62,1.86) 2.11(1.79,2.43) 1.44(1.32,1.56) 1.30(1.07,1.53) 

Stress MBF, ml/min/g 1.67(1.51,1.84) 1.80(1.59,2.01) 1.25(1.12,1.34) 1.48(1.29,1.66) 

Rest MBF, ml/min/g 0.73(0.68,0.78) 0.64(0.59,0.70) 0.68(0.6,0.75) 0.65(0.57,0.73) 

MPR 2.43(2.2,2.7) 2.70(2.5,3.0) 1.83(1.60,2.04) 2.30(1.9,2.8) 

 

Values are means with 95% confidence intervals or percentages.  

BSA indicates body surface area; LV, Left ventricle; RV, right ventricle; T2DM, type 2 diabetes mellitus; Iso-AS, isolated aortic stenosis; 

ECV, extracellular volume; iECV, indexed extracellular volume; LV, left ventricular; LA, left atrial; LA EF, left atrial ejection fraction; 

PCr, phosphocreatine; ATP, adenosine tri-phosphate; RPP, rate pressure product; Svi, stroke volume indexed to body surface area; 

MBF, myocardial blood flow; MPR, myocardial perfusion reserve. 
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Figure 5.3: Differences in (A) peak diastolic strain rate (-%), (B) myocardial energetics and (C) 

stress myocardial blood flow between the isolated aortic stenosis (AS) with and without type 
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2 diabetes mellitus (T2DM) within 1 month before and 6 months after aortic valve 

replacement (AVR). 

 

Clinical outcomes 

Incidence of clinical outcomes following aortic valve intervention in the AS groups are shown 

in Table 4. 

This preliminary study was not designed to detect clinical outcome differences between the 

AS patients with and without T2DM. However, participants were followed up for a median of 

13-months (IQR:10-26months) after surgical or transcatheter AVR. There was a total of 7 

clinical events in the study group. There was numerically a higher incidence of cardiovascular 

mortality in T2DM comorbidity group than the AS group without T2DM (Hazard ratio 7.6; 95% 

CI: 0.9-64, p=0.04). Cumulative incidence of the clinical events following AVR (a composite of 

all-cause death, heart failure hospitalization, infective endocarditis, myocardial infarction 

[embolic event 1-week post-AVR]) was significantly lower in AS group without T2DM (Hazard 

ratio: 7.3; 95% CI: 1.2-45, p=0.03, fig 4). 

 

 

 

 

 

 
Table 5.4: Clinical events following aortic valve replacement 
 

 

 
Clinical Outcomes Aortic stenosis without T2DM 

(n=65) 
Aortic stenosis with T2DM 

(n=30) 

Cardiovascular death, n (%) 

HF Hospitalization, n (%) 

1 (2) 

0 (0) 

3 (11) 

1 (4) 

Infective endocarditis, n (%) 0 (0) 1 (4) 

Myocardial infarction, n (%) 0 (0) 1 (4) 
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Figure 5.4: Kaplan-Meier curve showing probability of event free survival of composite 
clinical endpoints of all-cause death, heart failure hospitalization, infective endocarditis, 
myocardial infarction, p=0.03. 

 
 

 
 
 

5.5 Discussion 
 
In this prospective longitudinal study of severe symptomatic AS patients undergoing AVR by 

surgical or transcatheter approach, comorbidity with T2DM was associated with residual 

myocardial abnormalities and continued limitations in exercise capacity after AVR. 

Specifically, patients with T2DM comorbidity showed no improvements in myocardial 

energetics or diastolic function after AVR, and exercise capacity did not improve in this group. 

Moreover, despite significant improvements in myocardial perfusion after AVR, stress MBF 

remained significantly lower in patients with T2DM comorbidity compared to AS patients with 

no T2DM.   

Our findings indicate that effectiveness of AVR was attenuated in reversing myocardial 

alterations and improving clinical outcomes by comorbid T2DM even in patients with no other 

significant comorbidities such as renal dysfunction or concomitant coronary artery disease 

which are also common in patients with AS. By contrast AVR was highly effective in AS patients 
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with no T2DM comorbidity, with both perfusion and energetics returning to the normal range 

and exercise tolerance improving. With a relatively small number of events and a short 

duration of follow-up, our finding that the AS patients with T2DM experienced higher clinical 

event rates should not be overstated. 

In line with our findings, prior studies tracking changes in perfusion in AS patients showed 

that AVR is associated with restoration of myocardial perfusion with improved 

microcirculatory function resulting from the relief of mechanical obstruction and left 

ventricular mass regression in isolated AS patients without accompanying significant 

epicardial coronary artery stenosis252,303.  However, here we also show that combined effects 

of T2DM and AS on MBF result in a greater reduction in stress perfusion indices before AVR.   

Myocardial energetic compromise, indicated by a decreased PCr/ATP ratio, is a predictor of 

mortality287, linked to contractile dysfunction287,304, and is a well-recognized complication of 

T2DM179,180 and severe AS75,303. Moreover, previous studies showed that after AVR, there is 

restoration of myocardial energetics which is in line with our findings in AS patients with no 

T2DM with 21% relative increase in mean PCr/ATP ratio from pre-AVR measurements75,303. 

However, here we show, even after AVR, AS patients with T2DM comorbidity display no 

improvements in energetics.  

 

Clinical perspectives 

In a recent editorial, Otto et al likened treatment of AS by only surgical or transcatheter AVR, 

to treating coronary artery disease only with coronary revascularization, underscoring the 

importance of primary and secondary prevention with lifestyle behaviors and medications, 

rather than just mechanical intervention to relieve obstruction with end-stage disease305. Our 

findings support this assertion and suggest that a more patient-centered approach to the 

treatment of AS may be needed which sufficiently embraces the complexities imposed by 

cardiometabolic comorbidities in patients with AS. AS patients with T2DM comorbidity may 

require more intensive lifestyle and diabetes control strategies during earlier stages of 

valvular dysfunction to protect the myocardium from an eventual double insult from the 

adverse effects of concomitant T2DM and AS. Sufficiently powered future clinical trials are 

needed to test if such prevention strategies yield reductions in clinical outcomes and improve 

myocardial recovery after AVR in severe AS patients with these comorbidities.  
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Limitations 

This study had several limitations. A small sample recruited at a single site increases the risk 

of bias and type I error, while the study may be underpowered to identify subtle correlations 

with clinical outcomes. Due to the cross-sectional nature of the study causality of the 

observed differences cannot be inferred. This preliminary study was not designed to detect 

clinical outcome differences between the AS patients with and without T2DM, but it was 

powered to detect differences in imaging assessed surrogate markers. Despite this, a higher 

clinical event rate was detected during the initial 13-month follow-up period post-AVR.  A 

larger study with a longer follow-up duration will be required to confirm the significance of 

the observed clinical outcome differences. As such, this study should be considered 

preliminary and exploratory but does support a need for future work. The complexity of the 

imaging protocol may limit its widespread use, but if feasible larger multicenter studies with 

extended follow-up, may have the potential to track perfusion and energetics changes and 

evaluate their influence on clinical outcomes after AVR. 

 
 

5.6 Conclusion 
 
 

Our findings suggest that combined myocardial alterations with antagonistic reductions in 

myocardial energetics, perfusion and subclinical LV systolic performance may explain the 

increased clinical risk seen in patients with combined severe AS and DM. Given the combined 

insult on the myocardium, increased rates of clinical events and poorer functional recovery, 

further work is needed to assess if earlier valve replacement or medical therapy targeted at 

reversing microvascular or metabolic dysfunction has prognostic benefit in this large subset 

of patients. 
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Chapter 6 

The Mitochondrial Bioenergetic Phenotype 
in Type 2 Diabetes 
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6.1 Abstract 
 
Background: 

 

High resolution respirometry (HRR) techniques is the reference technique for ex-vivo 

assessment of mitochondrial respiratory function. Previous studies in humans with type 2 

diabetes mellitus (T2DM) using HRR have shown deficiency in mitochondrial respiration at 

complex II and III in the electron transport chain. In a population, where potentially 

confounding significant coronary artery disease was excluded at baseline, we sought to test 

the hypothesis that the presence of T2DM in subjects with severe AS would be associated 

with impaired mitochondrial oxidative capacity.  

 

 

Methods: 

 

This was a single centre, prospective cohort study in which sixty-seven participants, (23 with 

and 44 without T2DM) awaiting aortic valve intervention were prospectively recruited. Thirty-

five patients with severe AS (15 with and 20 without T2DM) donated intraoperative biopsies 

to measure mitochondrial oxidative capacity. Discrepancy between the number of 

participants recruited and samples obtained can be seen due to the impact of the COVID-19 

pandemic on staff access to research laboratories.  

Myocardial tissue was excised from the right atrial appendage, transported on ice in a biopsy 

preservation solution within 10 minutes of excision for high resolution respirometry (HRR) 

analysis and gene testing using real time quantitative polymerase chain reaction (qPCR). 

 

Results: 

 

Patients with and without T2DM were matched for age, sex, systolic and diastolic blood 

pressure, and measures of AS severity. Patients with T2DM displayed significantly increased 

BMI and divergent fasting lipid parameters reflective of increased statin use. HbA1c, serum 

insulin and fasting glucose were expectantly higher in subjects with T2DM with increased 

HOMA-IR levels confirming increased insulin resistance. 
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There was no significant absolute difference in maximal, non-physiological, mitochondrial 

respiration with uncoupling with CCCP (AS without T2DM: 34(28,39) versus AS with T2DM: 

29(23,35) pmol/[s*mg], p=0.52, fig 2). Isolated activity at complex II with ROT also did not 

show any significant absolute difference in mitochondrial respiration (AS without T2DM: 

12.7(10,15) versus AS with T2DM: 11.9(9,15) pmol/[s*mg], p=0.63). There was a significant 

negative correlation between subject HbA1c level and both maximal un-coupled 

mitochondrial respiration (r=-0.386, p=0.03, fig 4), and mitochondrial respiration isolated at 

complex II (r=-0.418, p=0.02, fig 5). Decreased complex II activity was also seen to correlate 

with serum fasting glucose levels in the presence of LCFA (p=0.03). 

 

 

Conclusion: 

 

These findings suggest even in the absence of coronary artery disease, worsening T2DM 

control is associated with reduced mitochondrial oxidative capacity with impaired ETC activity 

at complex II. These findings support previous work done in the field and may go some way 

to explain to explain the energetic impairment and adverse prognostic association seen in 

subjects with combined severe AS and T2DM. 
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6.2 Introduction 
 
Mitochondrial oxidative phosphorylation 
 

Mitochondria are the ‘work horses’ of cells generating ATP via oxidative phosphorylation 

(oxphos), this is achieved via a series of complexes which are present in the inner 

mitochondrial membrane (table 1).  

 

Table 6.1: Respiratory chain complexes  
 

 

Complex I NADH dehydrogenase 

Complex II Succinate dehydrogenase  

Complex III Cytochrome C reductase 

Complex IV Cytochrome C oxidase  

Complex V ATP synthase 
 

 

Complex I which is the first enzyme of the respiratory chain oxidises NADH, which is generated 

via the tricarboxylic acid (TCA) cycle in the mitochondrial matrix, and then uses the two 

electrons to reduce ubiquinone to ubiquinol (Co-enzyme Q). Ubiquinol is then re-oxidised by 

cytochrome bc1 complex (III) and transports electrons to reduce molecular oxygen to water 

at complex V. The redox energy released by this process drives the transfer of protons from 

the mitochondrial matrix to the periplasmic space which then generates the proton motive 

forces across the inner mitochondrial membrane at complex I, III IV. Complex V then uses this 

force to produce ATP from ADP and inorganic phosphates77,306,307 (Fig 1). 
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Figure 6.1: Schematic representation of the mitochondrial electron transport chain. Adapted 
from Zhao et al. Mitochondrial electron transport chain, ROS generation and uncoupling. 
International Journal of Molecular Medicine; 2019. ADP represent adenosine diphosphate, 
ATP; adenosine triphosphate, CoQ; Co enzyme Q.  
 

 

 

High resolution respirometry  
 

High resolution respirometry (HRR) allows for a reproducible, ex-vivo assessment of 

myocardial mitochondrial oxidative phosphorylation (oxphos), and thus compliments non-

invasive measures of myocardial energetics such as 31P-MRS.  

The non-coupled state of maximum respiration is experimentally induced via use of 

uncouplers to collapse the proton gradient across the inner mitochondrial membrane and 

measure the capacity of the electron transport chain (ETC). Substrate control with electron 

entry isolated at complex I (pyruvate and malate) or complex II (succinate and rotenone) 

restricts capacity allowing for specific assessment of different ETC complexes.  

A closed chamber with polarographic oxygen sensers monitors the O2 and CO2 concentrations 

in incubation medium over time, allowing for calculation of the oxygen consumption rate 

(OCR), used as a direct correlate of mitochondrial respiration308,309.  
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Oxygen flux represents basal or substrate saturated respiration before adding ADP, ADP 

stimulated coupled respiration with octanoyl, glutamate and succinate (state III) and maximal 

non-physiological uncoupled respiration after adding the uncoupling agent CCCP. 

HRR is a well-established technique for assessment of mitochondrial function and has been 

used previously to investigate the energetic impairment in heart failure and diabetes44,310.  

 

Impaired mitochondrial function in diabetes 
 

Impaired myocardial energy metabolism is a well-established feature of the T2DM 

phenotype39,180,247,311. The mitochondria can be seen as a central confluence upon which 

many of the dysregulated metabolic pathways seen in T2DM converge, and thus have 

garnered increasing interest in understanding the aetiology of diabetic cardiomyopathy. 

Mitochondrial dysfunction has been closely linked to insulin resistance312-314 and studies 

utilising skeletal muscle biopsies show reduced maximal ADP stimulated respiration (state 3) 

and ETC function in subjects with T2DM315,  a deficiency that has interestingly been shown to 

reverse with exercsise313.  

Work by Montaigne and colleagues in 2014 using HRR analysis of right atrial myocardial 

samples in patients with T2DM undergoing coronary artery bypass grafting (CABG) 

demonstrated increased myocardial oxidative stress, with impaired ETC complex II and III 

activity compared to non-diabetic controls, independent of obesity44. However, the authors 

recognised the potential confounding factor of ischemia in this group of T2DM patients with 

significant concomitant coronary artery disease44. Given the nature of human myocardial 

sample acquisition, establishing robust control groups remains challenging, in this study we 

aimed to assess the impact of diabetes on myocardial mitochondrial function in subjects with 

severe AS, in the absence of significant coronary artery disease or LV systolic dysfunction.  

 

 
 

6.3 Methods 
 
Study Design and Oversight 

 

This was a single centre prospective cohort study which complied with the declaration of 

Helsinki and was approved by the National Research Ethics Committee (Ref:18/YH/0168). 
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The study was co-funded by the Wellcome Trust (Grant 207726/Z/17/Z) and Diabetes UK 

(18/0005870).  

 

 
 
Participants 
 

Participants enrolled in the DAS study (Ref:18/YH/0168) in the surgical cohorts were 

consented for excision of myocardial tissue during aortic valve replacement. All patients had 

a diagnosis of severe AS based on peak aortic forward flow velocity of greater than 4 m/s on 

valve clinic echocardiography. Sixty-seven participants, (23 with and 44 without T2DM) 

awaiting aortic valve intervention were prospectively recruited. Thirty-five patients with 

severe AS (15 with and 20 without T2DM) donated intraoperative biopsies to measure 

mitochondrial oxidative capacity. Data collection was completed between April 2019 and 

April 2022. Discrepancy between number of subjects recruited and tissue samples donated 

can be seen predominantly due to the impact of the COVID-19 pandemic, limiting research 

staff access to cardiac theatres between April 2020 – September 2020.  AS patients with T2DM 

comorbidity had an established T2DM diagnosis according to World Health Organization 

criteria and they were free of known diabetes complications298. Significant coronary artery 

disease, defined as luminal stenosis >50%, was excluded with x-ray coronary angiography in 

all subjects prior to enrollment.  

 

 

Exclusion criteria 
 

Participants were excluded if they had known previous myocardial infarction, flow-limiting 

coronary artery disease, known LV systolic dysfunction (LVEF <50%), more than mild 

bystander valve disease, significant renal impairment [estimated glomerular filtration rate 

(eGFR)<30mL/min/1.73m2], permanent atrial fibrillation, or any contraindication to CMR 

scanning. All patients listed for AVR had flow-limiting coronary atheroma excluded by invasive 

angiography and prior myocardial infarction excluded by late gadolinium enhancement 

imaging. 
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Myocardial Tissue Samples 

 

Myocardial tissue was excised from the right atrial appendage by the cardiothoracic surgeon 

performing surgical AVR immediately preceding central venous cannulation and prior to 

cardioplegia. Samples were immediately immersed in a biopsy preservation solution (BIOPS) 

and transported on ice to the laboratory within 10-minutes of excision.  

 

 

 

High Resolution Respirometry  

 

Myocardial tissue was removed using anatomical forceps under microscopic guidance. Tissue 

was placed into relaxing and biopsy preservation solution for high-resolution respirometry 

(BIOPS316).  Tissue was permeabilized with freshly prepared saponin (50 μg·mL-1) and washed 

in mitochondrial respiration medium, MiR05317. 

Functional studies were performed using high-resolution respirometry Oxygraph-2k (O2k, 

Oroboros Instruments, Innsbruck, Austria) with a polarographic oxygen electrode and two 2 

mL chambers containing MiR05. 

Oxygen concentration and flux were simultaneously recorded and analysed by Dat lab 

software (Datlab Version 6.1, Oroboros Instruments, Innsbruck, Austria). Reagents were 

added through a small capillary tube in the chamber using Hamilton syringes (Oroboros 

Instruments, Innsbruck, Austria).  Mitochondrial substrate or inhibitors were added into 

respiration medium in a step-by-step manner to determine flux through the mitochondrial 

complexes of AS patients with and without diabetes. Complex I fatty acid utilization was 

measured using palmitoyl-carnitine (0.4 mM) in conjunction with malate (0.5 mM). Complex 

I-linked substrate state was induced in mitochondrial preparations by addition of NADH-

generating substrates glutamate (10 mM) and pyruvate (5 mM). ADP (2.5 mM) was added to 

trigger oxidative phosphorylation limited by β-oxidation. Cytochrome c (10 μM) was used to 

test the integrity of the outer membrane. Maximisation of electron flux through complex I 

and complex II was achieved through addition of succinate (10 mM). Maximal respiration was 

determined by uncoupling the mitochondrial with CCCP (5 μM). Rotenone (0.5 μM) was 

added to inhibit complex I, resulting in a rate of oxidative phosphorylation limited by complex 

II. Antimycin A (12.5 μM) was used to inhibit complex 5 to determine background respiration.  



 120 

 

 

 

 
 

  
 

 
Figure 6.2: Schematic representation of the mitochondrial substrates and inhibitors used 
during high resolution respirometry and their respective actions on the mitochondrial 
complexes involved in oxidative phosphorylation. Adapted from; Chen, YR and Zweier, Jl. 
Cardiac mitochondria and reactive oxygen species generation. Circulation Research; 2014 
 

 

Gene Testing 

 

Myocardial expression of the following genes (Table 1) was measured using real time 

quantitative polymerase chain reaction (qPCR). Whereby detection of the PCR product was 

monitored by measuring the real time increase in fluorescence. The threshold cycle (CT) of 

each target product was determined, the CT is the number of PCR cycles required for the 

fluorescence signal to exceed the detection threshold value.  
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Table 1: Myocardial gene expression measured using real time quantitative polymerase 

chain reaction (qPCR) and their respective functions. 

 

  
                       Gene Tested                               Function 

  

                          ACADL Oxidation of short chain fatty acids  

  

                          CPT1  Mitochondrial enzyme, catalyses transfer of acyl 
group of LCFA-CoA from co-enzyme A to l-
carnitine   

                              

                          CD36 Scavenger receptor for LCFA uptake 

  

                          GLUT-4 Insulin mediated glucose uptake 

  

                          PDK4 Inhibits flux of glucose metabolite intermediates 
into the citric acid cycle 

 

 
 

Statistical Analysis  

 

Statistical analysis was performed using GraphPad Prism software (version 9.0.0). All data 

were checked for normality using the Shapiro-Wilks test and presented as mean or median 

with 95% confidence intervals as appropriate. Categorical data are presented as numbers and 

percentages and compared with Pearson’s chi-square test. Differences in non-parametric 

variables were assessed using a Kruskal-Wallis test. Student t-test was used for comparison 

of normally distributed datasets and Mann-Whitney U test was used for non-parametric tests 

where data were obtained for only two groups. Correlations analyses were performed using 

Pearson correlation calculation for parametric data and Spearman calculation for non-

parametric data. P ≤0.05 was used as a threshold of significance.  
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6.4 Results 
 
 
Participant demographics and clinical characteristics: 
 
Demographics, clinical, and biochemical data at baseline prior to AVR are shown in Table-2. 

Subjects with and without T2DM were well matched for age, sex and hemodynamic 

parameters at rest. BMI was significantly higher in the T2DM cohort, with lower serum total 

cholesterol (TC) and low-density lipoprotein (LDL) levels reflective of increased guideline 

directed statin therapy in this group. HbA1c, serum insulin and fasting glucose were 

expectantly higher in subjects with T2DM with increased HOMA-IR levels confirming 

persisting increased insulin resistance.  

There was no significant difference in markers of AS severity (peak aortic forward flow velocity 

or plasma NT-pro-BNP level), renal function, plasma FFA or ketone levels. No significant 

difference was seen in LV mass, however LVEF was significantly reduced in subjects with 

T2DM, albeit with both groups still within normal range.  

 

Table 6.2: Demographics and clinical characteristics  

 

 

 
Variable AS without T2DM 

N=20 

AS with T2DM 

N= 15 

P value  

Age, y 68(65-70) 67(63,71)   0.68 

 

Female, n (%) 

 

9(45) 

 

6(40) 

 

 

BMI, kg/m2 

 

28(27,29) 

 

31(29,34) 

 

  0.006 

 

Heart rate, bpm 

 

73(69,77) 

 

70(63,77) 

 

  0.28 

 

Systolic BP, mmHg 

 

132(127,136) 

 

130(119,140) 

 

  0.46 

 

Diastolic BP, mmHg 

 

78(76,80) 

 

76(71,81) 

 

  0.38 

 

Creatinine, umol/L 

 

77(72,82) 

 

81(71,90) 

 

  0.65 
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Haemoglobin, g/L 

 

148(144,151) 

 

139(132,145) 

 

  0.02 

 

Total cholesterol, 
mmol/L 

 

5.8(4.3,7.3) 

 

4.3(3.8,3.7) 

 

  0.01 

 

HDL, mmol/L 

 

1.5(1.4,1.7) 

 

1.2(1.0,1.4) 

 

  0.002 

 

LDL, mmol/L 

 

3.0(2.6,3.3) 

 

2.2(1.9,2.6) 

 

  0.02 

 

TG, mmol/L 

 

1.3(1.2,1.5) 

 

2.1(1.3,2.8) 

 

  0.07 

 

HbA1c, mmol/mol 

 

37(36,38) 

 

57(49,64) 

 

<0.0001 

 

Glucose, mmol/L 

 

5.2(4.9,5.4) 

 

8.2(6.6,9.7) 

 

<0.0001 

 

Insulin, pmol/L 

 

61(43,80) 

 

126(63,188) 

 

0.0006 

 

HOMA IR, Molar Units 

 

2.0(1.3,2.6) 

 

5.5(2.5,8.6) 

  

0.0004 

 

FFA, mmol/L 

 

0.51(0.43,0.59) 

 

0.48(0.37,0.58) 

 

0.71 

 

D-3-Hydroxybutyrate, 
mmol/L 

 

0.14(0.09,0.18) 

 

0.14(0.09,0.20) 

  

 0.05 

    

NT- proBNP, ng/L 301[131-1317] 265[174-504]   0.85 

 

TTE Vmax, m/s 

 

4.5(4.3,4.6) 

 

4.4(4.3,4.6) 

 

  0.94 

 

Rockwood Score 

 

1.98(1.8,2.2) 

 

2.1(2.0,2.2) 

 

  0.47 

 

Charlson Comorbidity 
Index 

 

3.2(2.9,3.5) 

 

4.0(3.6,4.3) 

 

 0.006 

 

LV mass, g 

 

150(137,163) 

 

169(140,197) 

 

0.16 

 

LV mass index, g/m2 

 

76(70,81) 

 

80(69,90) 

 

0.49 

 

LV ejection fraction, % 

 

65(62,69) 

 

61(56,66) 

 

0.04 
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Myocardial mitochondrial function  

 
There was no significant difference in maximal, non-physiological, mitochondrial respiration 

with uncoupling with CCCP (AS without T2DM: 34(28,39) versus AS with T2DM: 29(23,35) 

pmol/[s*mg], p=0.52, fig 3). Isolated activity at complex II with ROT also failed to show any 

significant absolute difference in mitochondrial respiration (AS without T2DM: 12.7(10,15) 

versus AS with T2DM: 11.9(9,15) pmol/[s*mg], p=0.63, fig 4).  

 

 
 
Figure 6.3: Difference in maximal mitochondrial respiration with CCCP un-coupling between 
groups with and without T2DM.  
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Figure 6.4: Difference in maximal mitochondrial respiration isolated at complex II with 
rotenone in patients with and without T2DM. 

 

 

 

 

 

 
Correlations  

 

With the LCFA palmitate as fuel source, there was a significant negative correlation between 

subject HbA1c level and both maximal un-coupled mitochondrial respiration (r=-0.386, 

p=0.03, fig 5), and mitochondrial respiration isolated at complex II (r=-0.418, p=0.02, fig 6). 

Decreased complex II activity was also seen to correlate with serum fasting glucose levels in 

the presence of LCFA (p=0.03). Of note significant correlation was not observed when the 

medium chain FA (MCFA) octanoyl was used as substrate.  
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Figure 6.5: Correlation between serum HbA1c level and maximal un-coupled mitochondrial 
respiration with CCCP. 
 

 

 

 
 
Figure 6.6: Correlation between serum HbA1c level and mitochondrial respiration isolated at 
complex II with ROT.  

 
 
No significant correlation was observed between HOMA-IR and mitochondrial respiration 

with ROT or CCCP. There was significant positive correlation between serum LDL level and 

complex II activity, when activated by succinate (p=0.03).  
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There was a trend towards increased expression of ACADL with increased HbA1c level which 

did not reach significance (p=0.17), however increased ACADL expression was observed with 

increasing serum fasting glucose (p=0.017), (fig 7).  
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Figure 7: Correlation between relative expression of ACADL and serum HbA1c and fasting 

glucose, (individuals with diagnosis of T2DM can be seen in red). 

 

 

Increased HbA1c level was also seen to confer reduced expression of CD36, (p=0.02). No 

significant difference was observed between individuals with and without T2DM and 

expression of CPT1a or PDK4.  

 
 
 

 

 

6.5 Discussion 
 
To our knowledge this is the first study using HRR to assess myocardial mitochondrial function 

in patients with T2DM where significant coronary artery disease was specifically excluded at 

baseline. Our results suggest worsening T2DM control, with increasing serum HbA1c and 

fasting glucose levels, to be associated with reduced mitochondrial ETC activity at complex II. 

Interestingly no correlation was observed between mitochondrial function and insulin 

resistance (HOMA-IR). These findings support recent work by Zweck and colleagues, in heart 
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transplant recipients, which showed both overt T2DM and impaired fasting glucose to be 

associated with impaired mitochondrial respiration at complex II with succinate but not 

medium chain fatty acid substrate in isolation318. Similar results were also shown in previous 

work by Montaigne et al, in patients with T2DM and coronary artery disease, and suggests 

chronic hyperglycaemia rather than insulin resistance leads to mitochondrial dysfunction in 

diabetes44.  In rodent models hyperglycaemia has been shown to lead to dynamin related 

protein 1( DrP-1) induced mitochondrial fission and apoptosis 319, and post translational 

modifications of proteins involved in mitochondrial dynamics have been observed in high 

glucose conditions, with resultant mitochondrial dysfunction and fragmentation320,321.  

Myocardial mitochondrial dysfunction in T2DM with early respirometry techniques was first 

described in 2009322. However, teasing out the specific underlying mechanism has proved 

challenging, especially in the context of confounding ischaemic heart disease and the 

presence of obesity in the majority of  individuals with T2DM. Work by Montaigne et al 

showed mitochondrial dysfunction at complex II and III in the ETC to be independent of BMI 

status, with increased fragmentation of the mitochondrial network and reduced expression 

of the mitofusion protein 1( MFN1)44. Our results support the assertion of impairment in 

complex II activity in T2DM leading to reduced mitochondrial function, interestingly these 

findings were only seen with palmitate substrate as fuel source, suggesting there may be less 

efficient utilisation of long chain fatty acid in diabetes, leading to substrate oxidation and 

phosphorylation uncoupling. Decreased mitochondrial oxphos in subjects with overt left 

ventricular systolic dysfunction has been shown in the context of medium chain fatty acid 

oxidation310, therefore the mitochondrial dysfunction seen in T2DM may represent an early 

stage of metabolic adaptation in which an inherent lipotoxic environment and preferential 

long chain fatty acid  substrate use becomes maladaptive, leading to sequential mitochondrial 

fragmentation, fission and dysfunction. Our findings of progressive decline in maximal 

uncoupled oxphos with worsening diabetic control, increased acyl-CoA dehydrogenase long 

chain (ACADL) gene expression in a state of hyperglycaemia and preferential use of long chain 

fatty acid in a high LDL environment may also support this theory. Further work is needed to 

assess if targeted interventions aimed at reducing the chronic hyperglycaemic state yield any 

improvements in mitochondrial function.  

 

Limitations  
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This work can be seen to have several important limitations, significant discrepancy between 

number of recruits and samples obtained may introduce unforeseen selection bias and 

resultant underpowering of the sample size. This may account for the lack of a significant 

absolute difference in mitochondrial function between subjects with and without T2DM, 

despite non-T2DM cohort showing numerically higher respiration and previous studies 

suggesting significant reduction in T2DM44,318. Although patients were matched for age, blood 

pressure and AS severity, with significant coronary artery disease excluded in all patients, the 

role of additional confounding factors, particularly obesity must be considered. Equally the 

cohort with isolated severe AS cannot be seen as a truly normal control group and represents 

a cohort with significant, potentially confounding metabolic disturbances323.   

 

 

6.6 Conclusion 
 

In this study using high resolution respirometry to assess myocardial mitochondrial function 

in patients with severe AS with and without T2D, worsening diabetic control and chronic 

hyperglycaemia was associated with impaired maximal uncoupled and complex II 

mitochondrial respiration in the presence of palmitate These findings may go some way to 

explain the impairment in myocardial energetics seen in diabetes and the adverse prognostic 

association seen in patients with combined severe AS and T2DM 
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Chapter 7 

 

Type 2 diabetes is associated with 
sarcopenic obesity in subjects with severe 
aortic stenosis and with residual 
impairment in post operative exercise 
capacity following aortic valve replacement 
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7.1 Abstract 

 
Background and aims:  
 
Due to the obesity epidemic type 2 diabetes mellitus (T2DM) and severe aortic stenosis (AS) 

are increasingly frequent co-morbidities and the presence of T2DM has been shown to 

adversely impact on post-procedural morbidity and mortality in patients undergoing both 

surgical and transcatheter aortic valve replacement. T2DM is a major cause of functional 

decline amongst older adults, with insulin playing a key role in skeletal muscle signalling 

pathways and muscle growth. Low skeletal muscle mass has previously been shown to be 

predictive of mortality, prolonged hospital stay and functional decline in patients undergoing 

trans-catheter aortic valve replacement for severe AS. In this single centre prospective 

longitudinal study, we sought to test the hypothesis that the presence of DM co-morbidity is 

severe AS patients would increase sarcopenia, impair functional exercise capacity, and 

attenuate recovery following aortic valve replacement.   

 
 
Methods: 
 
Ninety-five participants, 65 with severe AS in isolation (Iso-AS) and 30 with combined severe 

AS and T2DM (AS-DM) awaiting aortic valve intervention were prospectively recruited. 15 

age matched healthy volunteers served as a control group. Subjects underwent MR imaging 

to allow quantitative assessment of thigh skeletal muscle mass and 6-minute walk test 

evaluation of functional exercise capacity within 1-month prior to and 6-months post aortic 

valve replacement. Patients were followed up for a median of 13 months for survival 

outcomes and length of hospital stay via electronic records.  

 
 
Results: 
 
Groups were matched in age, sex distributions, median surgical risk scores, clinical frailty 

scores and AS severity. Pre-AVR both AS groups with and without DM co-morbidity displayed 

significantly reduced skeletal muscle mass indexed to BMI (p=0.0004) compared to healthy 

controls. Whilst no significant difference in skeletal muscle mass or 6-minute walk test 

between AS groups was observed at baseline, at 6-months post AVR, patients with DM 

comorbidity showed significantly reduced skeletal muscle mass (Iso-AS: 103[97,110] cm/m2 
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vs AS-DM: 95[87,103] cm/m2, p=0.02) and did not show significant improvement in 6-minute 

walk test distance compared to subjects with isolated AS (Iso-AS:396[365,436] to 

434[398,472]m, p=0.02, AS-DM: 360[306,415] to 331[267,393]m, p=0.45). 

Whilst skeletal muscle mass at baseline was not predictive of all-cause mortality, negative 

correlation was observed with post operative length of hospital stay (r=-0.72, p=0.001). 

 
Conclusions: 
 
Following aortic valve replacement patients with comorbid type 2 diabetes display increased 

sarcopenia and impairment of functional exercise capacity, the impact of sarcopenia may go 

some way to explain the increased morbidity seen in AS patients with DM following AVR. 

 
  



 133 

7.2 Introduction 
 

Aortic stenosis (AS) is the most common degenerative valve disease in the developed world, 

with a prevalence of 12% in patients over 75 years127,324 . With ageing demographics, the 

burden of AS on global health systems is expected to continue to increase126. In parallel, 

sarcopenia, a syndrome of progressive and generalised loss of skeletal muscle mass and 

strength, is highly prevalent in geriatric populations325,326. Low skeletal muscle mass has been 

shown to impact on post-operative outcomes in a variety of conditions and to be predictive 

of mortality, prolonged hospital stay and functional decline in patients undergoing trans-

catheter aortic valve replacement (TAVR) for severe AS327-330. Therefore, identification of 

additional prognostic markers for AS patients at increased risk of sarcopenia may offer the 

opportunity for targeted risk factor modulation.  

Due to the obesity epidemic type 2 diabetes mellitus (T2DM) and severe AS are increasingly 

frequent co-morbidities and the presence of T2DM has been shown to adversely impact on 

post-procedural morbidity and mortality in patients undergoing both surgical and 

transcatheter aortic valve replacement, however the reasons behind this are not fully 

understood 331-334. T2DM is a major cause of functional decline amongst older adults, with 

insulin playing a key role in skeletal muscle signalling pathways and muscle growth 335-337.  

The development of insulin resistance leads to decreased skeletal muscle mass in T2DM 

patients, with worsened glycaemic control linked to increased rates of sarcopenia338,339. In 

addition, the use of insulin sensitisers has been shown to attenuate muscle loss amongst 

T2DM patients340.  

An expanding body of evidence advocates increased utilisation of cardiac magnetic resonance 

imaging (MRI) in patient with severe AS to allow for more refined risk stratification 

135,139,141,170,341. Single slice MRI of the thigh muscle cross sectional area (CSA) has been shown 

to correlate closely with whole body skeletal muscle mass (SMM) and sarcopenia in both 

normal weight individuals and those with sarcopenia in the presence of elevated body mass 

index (BMI) the so called sarcopenic obesity syndrome inherent to T2DM 342,343. Therefore, 

the additional assessment of baseline SMM in patients undergoing cardiac MRI prior to aortic 

valve replacement (AVR) may allow for quick effective identification of patients with 

sarcopenia who are at increased risk of post operative morbidity and prolonged hospital stay, 

without the use of ionising radiation.  
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In this single centre prospective longitudinal study we sought to test the hypothesis that the 

presence of T2DM co-morbidity is severe AS patients would increase sarcopenia, impair 

functional exercise capacity and attenuate recovery following AVR.  MRI assessments were 

supported by 6-minute walk tests, biochemical and clinical outcome analysis. 

 

 

7.3 Methods 

 
Study Design and Oversight 

This single-centre, longitudinal prospective cohort study complied with the Declaration of 

Helsinki and was approved by the National Research Ethics Committee (Ref:18/YH/0168). The 

study was co-funded by the Wellcome Trust (Grant 207726/Z/17/Z) and Diabetes UK 

(18/0005870). This was a sub-study as part of the DAS study described fully in chapter 5. 

 

Participants 

 

Adult patients with severe AS who had been referred for surgical or transcatheter AVR were 

eligible for inclusion. Eligibility criteria, recruitment pathway and CONSORT diagram, 

methodological details with the exception of leg muscle imaging are provided earlier in 

Chapter 5.  

 

 

Magnetic resonance imaging  

 

All scans were performed on a Siemens 3T Magnetom Prisma system (Erlangen, 

Germany).  Both thigh muscles were scanned in the supine position using built-in posterior 

and anterior coils. Thigh imaging was performed after participants had been supine for more 

than 15 min to minimise the impact of fluid shifts. Coil position was standardised with the iso-

centre over the mid-thigh, 20cm below the femoral head, for all participants. Three slices 

(proximal, mid and distal thigh) were obtained (slice thickness 10mm, TR 665ms, TE 11ms, FA 

160 °, matrix 348x512, figure 1) with an acquisition time of 2 minutes.  
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Figure 1: Segmentation method of MRI muscle CSAs at the A: (proximal), B: (medial), and 
C: (distal) ends of the left thigh. 
 

 

 

 

The muscles selected for segmentation were the anterior muscles compartment, four heads 
of the QUAD (the rectus femoris (RF), vastus lateralis (VL), vastus intermedius (VI), and vastus 
medialis (VM)),and the sartorius (SA)). The four muscles composing the posterior 
compartment, hamstrings muscles (biceps femoris short head (BFB), biceps femoris long head 
(BFL), semitendinosus (ST) and semimembranosus (SM)). And medial muscles compartment, 
adductors (adductor longus, magnus and pectineus together (add m, add L) and gracilis (GR).  
 

 

Quantitative analysis of MRI data 

 

All MR image analysis was performed blinded to participant details by AA with contours 

subsequently reviewed by NJ and EL, also blinded to participant details, using cvi42 software 

(Circle Cardiovascular Imaging, Calgary, Canada). The CSA of the thigh muscles in all slices 

were measured by manual tracing just inside the muscle fascial lines to exclude non-muscular 

elements (figure 2) 342,344. 

Total muscle CSA (cm2) was calculated by addition of muscle CSA across the three slices and 

then indexed to height, body surface area (BSA) and BMI as previously described 345,346. 

Skeletal muscle volume (cm3) was calculated by multiplying tissue CSA and slice thickness 

(10mm), volume units were then converted to mass (kg) by multiplying by an assumed 

constant density for adipose tissue free skeletal muscle (1.04 kg/L) 347.  

 

Six-minute walk test 
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The participants were instructed to walk along a 30-meter corridor and cover the maximum 

achievable distance in 6-minutes under the supervision of study investigators with medical 

training and with experience in conducting the test. At the end of 6-minutes, participants 

were asked to stop, and the distance walked was measured in meters226. 

 

Surgical risk scores and frailty scores 

 

Both Euro Score II and the Society of Thoracic Surgeons risk scores were recorded301. As 

validated measures of frailty and comorbidity, both the Rockwood Frailty Score and the 

Charlson comorbidity index were recorded348.  

 

Clinical outcomes 

 

The study was not designed to assess the clinical outcome differences between the AS 

patients with and without T2DM, nevertheless patients were followed for a median of 13-

months post-AVR for clinical outcomes via Leeds Teaching Hospitals electronic health care 

records.  Clinical event rate of cardiovascular mortality after AVR, and separately event rates 

for composite of all-cause mortality and length of hospital stay were calculated.  

 

 

Statistical analysis 

 

Statistical analysis was performed using GraphPad Prism software (version 9.0.0). All data 

were checked for normality using the Shapiro-Wilks test and presented as mean or median 

with 95% confidence intervals as appropriate. Categorical data are presented as numbers and 

percentages and compared with Pearson’s chi-square test. Comparisons between the 3 

groups were performed by 1-way ANOVA with post hoc Bonferroni corrections. Differences 

in non-parametric variables were assessed using a Kruskal-Wallis test. Student t-test was used 

for comparison of normally distributed datasets and Mann-Whitney U test was used for non-

parametric tests where data were obtained for only two groups. Comparisons between pre- 

and post-AVR measurements in patients with AS were performed with ANOVA with post hoc 

Bonferroni corrections. P≤0.05 was used as a threshold of significance.  
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A 2-sided log-rank test was used to calculate average event rate ratios and confidence 

intervals over a median period of 13-months. Kaplan-Meier plots were constructed for time-

to-event analyses. 

 
 
7.4 Results 

 
Participant demographics and clinical characteristics: 
 
Demographics, clinical, and biochemical data at baseline are shown in Table-1. 

Between May 2019, and April 2022, 95 participants with severe AS (30 with and 65 without 

T2DM comorbidity) and 15 healthy controls were recruited.  

 

Baseline 

Age and sex distributions were comparable between the groups (Table-1).  

The median surgical risk scores were similar between the AS patients with and without T2DM 

and patients were matched in AS severity. While frailty scores were similar, the Charlson index 

was higher in T2DM comorbidity group. Between the two AS groups, blood pressure 

measurements and heart rates were similar, but the BMI was higher in the T2DM comorbidity 

group in line with expectations. Resting heart rates were higher in both AS groups than 

healthy controls.  

AS patients with T2DM were receiving statin treatment at higher rates and reflecting this, 

they showed lower total and LDL cholesterol levels. The fasting glucose, HbA1c and circulating 

ketone levels were higher in AS patients with T2DM.  While none of the AS patients were in 

the anemic range, the haemoglobin levels were lower in AS patients with T2DM.  Plasma NT-

proBNP levels did not differ significantly between the AS groups.   

 

Six months after AVR 

6-months post-AVR AS patients without T2DM displayed a statistically significant reduction in 

plasma NT-proBNP levels (377(181-2039) to 302(210-652) ng/L, p=0.04). Despite numerical 

reduction in median NT-proBNP level, this change in T2DM comorbidity group did not reach 

statistical significance (404(221-1019) to 333(121-809) ng/L, p=0.76). 
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Table 1: Clinical Characteristics and biochemistry 
 

 

Variable 
HV 

n=10 

AS without 
T2DM 
n=65 

T2DM and AS 
n=30 

P value 

Age, y            69(65,73) 71(69,74) 70(67,74) 0.76 

Female, n (%)            4(40) 27(42) 8(27) 0.22 
Height,m 1.71(1.66,1.75) 1.69(1.67,1.71) 1.71(1.67,1.75) 0.77 

BMI, kg/m2 26(24,27)* 27(26,28)€ 31(29,33) 0.007 

Heart rate, bpm 62(56,67)† 72(69,75) 69(63,74) 0.009 

Systolic BP, mmHg 136(129,143) 132(128,137) 131(129,134) 0.43 

Diastolic BP, mmHg 76(73,79) 77(75,79) 73(69,77) 0.14 
Creatinine, umol/L 73(70,77) 77(73,81) 82(75,89) 0.13 

Haemoglobin, g/L 149(145,152)* 143(139,147) 138(132,143) 0.01 

Haematocrit, L/L 0.45(0.44,0.47)* 0.44(0.43,0.46) 0.42(0.41,0.44) 0.02 

Total cholesterol, mmol/L 5.3(4.8,5.7)* 5.6(4.4,6.7)€ 4.2(3.9,4.5) 0.0008 

HDL, mmol/L 1.7(1.6,1.9)* 1.6(1.5,1.7)€ 1.3(1.4,1.5) 0.0003 

LDL, mmol/L 2.9(2.6,3.3)* 2.9(2.6,3.2)€ 2.3(1.9,2.5) 0.01 

TG, mmol/L 1.3(1.0,1.5) 1.4(1.2,1.5) 1.8(1.3,2.3) 0.24 

HbA1c, mmol/mol 37(36,39)* 38(37,38)€ 56(50,61) <0.0001 

Glucose, mmol/L 5(4,5)* 5(4,5)€ 9(7,10) <0.0001 

Insulin, pmol/L 29[15-58]* 38[24-65]€ 86[47-145] 0.0002 

HOMA IR, Molar Units 0.79[0.41-1.39]* 1.31[0.6-2.17]€ 3.28[1.77-6.16] 0.0003 

FFA, mmol/L  0.48(0.44,0.51) 0.53(0.46,0.6) 0.51(0.42,0.59) 0.84 

D-3-Hydroxybutyrate, mmol/L                - 0.14(0.09,0.18) 0.17(0.10,0.24) 0.02 

NT- proBNP, ng/L     42[35-66] * 377[181-2039]† 404[224-1066] <0.0001 

Medications 

ACEi - 5(8) 11(41) 0.0002 

ARB - 11(17) 3(11) 0.46 
Beta blocker - 17(27) 12(44) 0.09 

CCB - 16(25) 11(41) 0.13 

Loop diuretic - 10(16) 7(26) 0.25 
Statin - 26(41) 22(81) 0.0003 

ASA - 18(28) 10(37) 0.4 
DOAC - 12(19) 2(7) 0.17 

Metformin - - 16(59) - 

Sulfonylurea - - 6(22) - 
DPP4i - - 3(15) - 

GLP-1RA - - 0(0) - 
SGLT2i  - - 3(11) - 

AS Clinical Details 

TTE Vmax, m/s - 4.5(4.4,4.7) 4.6(4.4,4.7) 0.92 

Duration severe AS, (months) - 8(7,10) 10(6,14) 0.5 

Bicuspid AV, n (%)  17(27) 3(11) 0.1 
STS Score  0.88[0.66-1.35] 0.97[0.69-1.16] 0.9 

                Euro Score II - 0.89[0.72-1.22] 1.03[0.9-1.3] 0.16 

Rockwood Score  - 2.1(1.9,2.4) 2.2(2.0,2.3) 0.81 
Charlson Comorbidity Index  3.7(3.4,4.0) 4.5(4.1,4.9) 0.002 

NYHA Class, (%)     
I  10(16) 4(15) 0.92 

II  41(64) 16(59) 0.67 

III  10(16) 6(22) 0.07 

IV  0(0) 0(0) - 

           6 min walk test, m 
                     

- 396(365,436) 360(306,415) 0.14 
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Skeletal muscle: 

 

Baseline 

Baseline MRI results are shown in table-2. 

There was no significant difference in un-indexed skeletal muscle CSA or mass between the 

groups, however both AS groups with and without T2DM co-morbidity displayed significantly 

reduced skeletal muscle mass indexed to BMI (p=0.0004). At baseline T2DM participants did 

not show significantly lower SMM versus isolated AS patients. Expectantly, male participants 

showed significantly increased SM CSA (male: 12[11,12]m/kg/m2, female:8[8,9]m/kg/m2, 

p=0.0001).  

 

Six months after AVR 

Longitudinal changes in skeletal muscle measurements are shown in table-3. 

6-months post AVR AS patients with T2DM co-morbidity showed significantly reduced 

skeletal muscle CSA versus patients with isolated AS. This was apparent when SM CSA was 

indexed to both height (Iso-AS: 103[97,110] cm/m2 vs AS-DM: 95[87,103] cm/m2, p=0.02) 

and BMI (Iso-AS: 11[10,12]m/kg/m2 vs AS-DM: 9[8,10] m/kg/m2, p=0.03), figure-3.  

 

 

 

                   SAVR, n (%)  46(73) 22(71) 0.87 
                   TAVI, n (%)  17(27) 9(29) 0.75 
  Length of hospital stay, (days)  7(6,8) 8(6,10) 0.77 

Cardiovascular Past Medical History 

Stroke TIA, n(%) - 4(6) 2(7) 0.9 

PAF, n(%) - 7(11) 2(7) 0.64 
Hyperlipidemia, n (%) - 17(27) 11(41) 0.73 

     

 

€ signifies p<0.05 between T2DM and AS group and Iso-AS, * signifies p<0.05 between T2DM and AS group and HV, † 
signifies p≤0.05 between Iso-AS and HV. 

AV indicates aortic valve;  AS, aortic stenosis; T2DM, type 2 diabetes mellitus; BMI, body mass index; bpm, beats per minute; HDL, 
high density lipoprotein; LDL, low density lipoprotein; TG, triglycerides; FFA, free fatty acids; ACEI, angiotensin converting enzyme 
inhibitor; ARB, angiotensin receptor blocker; CCB, calcium channel blocker; ASA, aspirin; DOAC, direct oral anticoagulant; DPP4i, 

dipeptidyl peptidase-4 inhibitor; GLP-1RA, glucagon-like peptide-1 receptor agonist; SGLT2i, sodium glucose co-transporter-2 
inhibitor; V max, peak aortic forward flow velocity; TTE, trans-thoracic echocardiogram; CMR, cardiac magnetic resonance; TIA, 

transient ischemic attack; HTN, hypertension; PAF, paroxysmal atrial fibrillation;  
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6-minute walk test 

 

Baseline 

Pre-operative 6-minute walk test distance did not differ significantly between AS groups with 

and without T2DM (Iso-AS: 396[365,436]m vs AS-DM: 360[306,415]m, p=0.14).  

 

 
Six months after AVR 
 
At 6-months post-AVR AS patients without T2DM demonstrated improved physical 

performance after AVR with a longer 6-minute walk distance compared to baseline 

(396(365,436) to 434(398,472) m, p=0.02). An improvement in exercise tolerance was not 

observed in AS patients with T2DM (360(306,415) to 331(267,393) m, p=0.45).  

 

 
 
 
Table 2: Baseline differences in skeletal muscle  
 

 

BMI indicates body mass index;  CSA, cross-sectional area; SMM, skeletal muscle mass; 

€ signifies p<0.05 between T2DM and AS group and Iso-AS, * signifies p<0.05 between T2DM and AS group and 
HV, † signifies p≤0.05 between Iso-AS and HV. 

 

 

 

 

Table 3: Longitudinal changes in skeletal muscle and clinical parameters following AVR 
 

 

 

Variable 
HV 

n=10 
AS without T2DM 

n=65 
T2DM and AS 

n=30 
P value 

                

Thigh SM CSA, cm2 343(285,402) 297(276,318) 303(277,329) 0.23 

     
Thigh SMM, Kg 3.6(3,4.2) 3.0(2.8,3.3) 3.2(2.9,3.4) 0.26 

     

Thigh SM CSA/height, cm/m2 200(170,230) 175(163,186) 178(165,190) 0.18 
 

Thigh SM CSA / BMI, cm/kg/m2 
 

13(11,16) 
 

11(10,12) 
 

10(9,11)* 

 
0.01 

 
SMM, indexed to height, Kg/m2 

 
1.2(1.1,1.4) 

 
1.1(0.9,1.3) 

 
1.0(0.9,1.1) 

 
0.18 

 
SMM, indexed to BMI 

 
0.14(0.12,0.16) 

 

011(0.10,0.12)† 

 

0.10(0.08,0.11)* 

 
0.0004      
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 Aortic stenosis without  
T2DM 

 

Aortic stenosis with 
T2DM 

 

Variable Pre-AVR Post-AVR Pre-AVR Post-AVR 

NT- proBNP, ng/L 377 (181-2039) 302(210-652) 404(201-1019) 333(121-809) 

6 min walk test, m 360 (306,415) 434(398,472) 396(365,426) 331(267,393) 

Thigh SM CSA, cm2 297(276,318) 298(275,321) 303(277,329)      275(243,307) 

    Thigh SM CSA / BMI, 
cm/kg/m2 

11(10,12) 11(10,12) 10(9,11)            9(8,10) 

Thigh SMM, Kg 3.0(2.8,3.3) 3.0(2.7,3.3) 3.2(2.9,3.4) 2.9(2.5,3.2) 

SMM, indexed to height, 
Kg/m2 

1.1(0.9,1.3) 1.1(1.0,1.1) 1.0(0.9,1.1) 0.9(0.7,1.0) 

SMM, indexed to BMI    0.11(0.10,0.12) 0.11(0.10,0.12) 0.10(9,11) 0.09(0.08,0.10) 

     

 

Values are means with 95% confidence intervals or percentages.  BMI indicates body mass index;  CSA, cross-sectional 
area; SMM, skeletal muscle mass; 
 
 
 

Figure 3: Baseline differences in skeletal muscle cross sectional area indexed to body mass 
index between healthy volunteers, isolated aortic stenosis and combined aortic stenosis 
and type two diabetes. 
 

 

 

 

 

 

 

Clinical outcomes 

 

Healthy volunteers Isolated AS AS and DM

0

5

10

15

20

S
k
e
le

ta
l 
m

u
s
c
le

 C
S

A
, 
c
m

/k
g

/m
2

0.01

0.730.07



 142 

Length of hospital stay did not differ significantly between the AS groups with and without 

T2DM (Iso-AS: 7[6,8] days vs AS-DM:8[6,10] days, p=0.77). 

This preliminary study was not designed to detect clinical outcome differences between the 

AS patients with and without T2DM. However, participants were followed up for a median of 

13-months (IQR:10-26months) after surgical or transcatheter AVR. There was numerically a 

higher incidence of cardiovascular mortality in T2DM comorbidity group than the AS group 

without T2DM (Hazard ratio 7.6; 95% CI: 0.9-64, p=0.04).  

 

Correlations  

 

No association was seen between SMM and all-cause mortality, regardless of indexing metric, 

however a negative correlation was observed between SMM and length of hospital stay (r=-

0.72, p=0.001). In addition, a positive correlation was seen between SMM and 6-minute walk 

test distance (r=0.78, p=0.002).  

Whilst no significant correlation was observed between SMM and HbA1c (p=0.06) or fasting 

glucose (p=0.24) a modest negative correlation was seen between insulin resistance 

measured by HOMA-IR and SMM (r=-0.23, p=0.04).  

 

 

 

Multiple regression analysis  

  
The correlation between insulin resistance (HOMA-IR) and SMM was also seen when 

adjusting for the variables of age and sex (β-0.002, SE 0.0009, p=0.04). Older age was 

associated with lower SM CSA (p=0.001), however CFS did not show significant relationship 

with SMM (p=0.32).  

 
7.5 Discussion 

 
In this prospective longitudinal study of severe symptomatic AS patients undergoing AVR by 

surgical or transcatheter approach, comorbidity with T2DM was associated with sarcopenia 

and residual impairment in functional exercise capacity at 6-months post AVR compared to 
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patients without T2DM. Of note both AS groups with and without T2DM co-morbidity 

displayed relative sarcopenia at baseline compared to age matched healthy controls, but 

whilst AVR appeared highly effective at improving exercise capacity in isolated AS patients, 

this was not seen in those with co-morbid T2DM.  A negative correlation was observed 

between insulin resistance, as measured by HOMA-IR, and skeletal muscle mass, suggesting 

that the post operative recovery of skeletal muscle mass and function may be jeopardised by 

increasing insulin resistance in patients with T2DM co-morbidity.  

 

Diabetes and sarcopenia 

 

Normal ageing is associated with significant changes in body composition with reduction in 

skeletal muscle mass of up to 40% between the ages 20-70 years349. However, the additional 

presence of insulin resistance in ageing populations hastens skeletal muscle loss and 

functional decline. Sarcopenic obesity, the presence of relative sarcopenia in individuals with 

increased adiposity, represents a confluence of ageing demographics and the obesity 

epidemic350. The prevalence of sarcopenic obesity is as high as 20% in individuals over the age 

of 80 years and results in a vicious cycle of loss of muscle mass, mobility, and increased insulin 

resistance350,351. With increasing use of transcatheter AVR in elderly populations, the impact 

of sarcopenic obesity on post operative functional recovery may be increasingly significant. 

 

Whilst several neurohormonal, immunological, nutritional and exercise related factors 

contribute to age related decline in lean muscle mass, there are intrinsic metabolic 

derangements inherent to the DM phenotype that exacerbate muscle loss. Firstly, DM is 

characterised by decreased mitochondrial oxidative capacity in both cardiac and skeletal 

myocytes 36,38,352. Insulin and mitochondria are interdependent, through the inhibitory effects 

of insulin on FOXO1, with insulin signalling therefore crucial to maintaining the integrity of 

the mitochondrial electron transport chain (ETC)353. Additionally, chronic exposure to reactive 

oxygen species (ROS) in DM may alter mitochondrial function and lead to insulin resistance353. 

Lower mitochondrial capacity has been shown to be closely linked to exercise impairment 354. 

It is also seen that the response to oxidative stress is impaired in aged mitochondria, 

compounding the impact of co-morbid DM in elderly populations 355. Secondly, 

intramyocellular lipid accumulation which contributes to skeletal muscle ageing, is 

exacerbated in DM with increased circulating free fatty acids and impaired beta-oxidation356. 
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Thirdly, a synergistic relationship between myocellular lipid accumulation and 

proinflammatory pathways has been observed356. 

 

Clinical perspective  

 

Our results highlight several clinically relevant new findings, firstly severe AS patients with 

DM comorbidity display significantly impaired recovery of functional exercise capacity at 6 

months following AVR, therefore residual sarcopenic obesity and functional limitation may 

account for some of the worsened morbidity seen in DM patients following aortic valve 

intervention331,332,334.  Secondly, although caution must be exercised over inferences 

regarding causality, our results suggest a link between increasing sarcopenia and insulin 

resistance in AS patients, suggesting a potential role for targeted medical therapy and lifestyle 

intervention in DM patients prior to cardiac surgery. However further larger studies are 

needed to fully assess if targeted interventions have prognostic benefit in this group. Thirdly, 

with increasingly refined risk stratification in patients with severe AS to evaluate those that 

may benefit from earlier intervention, assessment of sarcopenia using MRI or 6-minute walk 

test, or the presence of diabetes co-morbidity may be incorporated into traditional surgical 

risk and frailty scoring systems. Interestingly in our cohort Rockwood score was not seen to 

correlate significantly with skeletal muscle mass, suggesting use of additional imaging or 

functional assessments of frailty may be beneficial in AS patients. 

 

Limitations 
 

This work had several limitations. A small sample recruited at a single site increases the risk 

of bias and type I error, while the study may be underpowered to identify subtle correlations 

with clinical outcomes. Due to the cross-sectional nature of the study causality of the 

observed differences cannot be inferred. 

Sarcopenia is a complex process defined by both skeletal muscle loss and functional 

impairment. Whilst 6-minute walk test was used for assessment of functional exercise 

capacity in this cohort, the influence of additional confounding factors, such as cardiovascular 

function, on 6-minute walk test distance must be considered.  

The cost and complexity of analysis may limit the wider application of MR imaging to assess 

SM mass in AS patients pre-operatively.  
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Chapter 8 

General Conclusions 
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To the best of my knowledge, this work has shown for the first time that co-morbid T2DM is 

associated with exacerbated reductions in myocardial PCr/ATP ratio inherent to severe aortic 

stenosis and hypertrophic cardiomyopathy and leads to a worsening of coronary 

microvascular function with reductions in global stress myocardial blood flow. Detrimental 

impacts were also seen in myocardial scar burden in patients with HCM and T2DM, and an 

additive worsening of systolic and diastolic left ventricular contractile function. These findings 

may go some way to explain the increased morbidity and mortality in subjects with co-morbid 

HCM and T2DM195. These results also demonstrate deleterious, residual myocardial 

alterations in patients with severe AS and T2DM, which persist at least six months following 

aortic valve replacement and may account for the increased post procedural cardiovascular 

mortality observed in this cohort178. Overall, however, as these studies are observational, it is 

not possible to fully determine whether the observed associations between high-energy 

phosphate metabolism, perfusion and cardiac structural and functional changes are causal.  

The findings in this work relied heavily upon use of cardiac 31P-MRS, despite its longstanding 

use within the field of cardiac metabolic research, its wider clinical application is yet to be 

established.  This work demonstrates a modified, shortened, free-breathing supine 31P-MRS 

protocol which it is hoped may allow for the increased use of the technique in a wider patient 

group.  

Ultimately this work demonstrates the potential power of both CMR and cardiac 31P-MRS as 

tools to identify sub-clinical structural, functional, and metabolic derangements that may 

allow for more refined identification of high-risk patients with cardiometabolic co-

morbidities.  

However, the answers provided by this thesis must be seen to provoke several further 

questions, larger multi-centre studies are needed to fully establish both the causality of the 

associations described, and if targeted therapeutic interventions, aimed at reversing the 

energetic impairment or improving myocardial perfusion, yield any tangible benefit in-terms 

of patient outcomes. It also remains to be shown that the adoption of advanced MR imaging 

biomarkers into traditional risk scoring systems for HCM and AS, will allow identification of 

individuals at increased risk of adverse events.  
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It is hoped that the results of this work may represent an early step towards a more holistic 

approach towards the treatment of AS and HCM, one that fully recognises the importance of 

cardiometabolic co-morbidity. 
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