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THESIS ABSTRACT  
 

Hypertrophic cardiomyopathy (HCM) is the most common inherited cardiac condition, 

typically associated with sarcomeric gene mutations. However, 40% of patients lack 

identifiable pathogenic variants, suggesting the role of other factors. This thesis 

investigates the interaction between selected genetic and non-genetic factors in HCM, 

focusing on the common cardiac comorbidities hypertension and obesity, and rare 

genetic variants known to mimic the HCM phenotype - the MT-TI:m.4300A>G 

mitochondrial variant. Through advanced imaging, biomarker analysis, and clinical 

data, this research aims to clarify the mechanisms influencing HCM phenotypes and 

improve diagnostic and therapeutic strategies. 
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CHAPTER 1: GENERAL INTRODUCTION 
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1.1 WHAT IS HYPERTROPHIC CARDIOMYOPATHY?  
 

Hypertrophic cardiomyopathy (HCM) is the most common inherited cardiac condition 

(1, 2). It is characterised by left ventricular hypertrophy (LVH). Its prevalence in the 

general population ranges from 0.2% to 1.4% (3, 4). Genetic testing typically identifies 

pathogenic variants in the cardiac muscle’s contractile unit, known as the cardiac 

sarcomere, inherited in an autosomal dominant manner (5).  

 

Clinically, symptoms vary, including chest pain, shortness of breath, palpitations, 

dizziness and syncope, though many patients are asymptomatic and are only 

identified through cascade genetic screening (1, 2). Electrocardiography (ECG) 

abnormalities such as LVH, ST-T changes, abnormal Q waves and deep T wave 

inversion are common but non-specific (1, 2).  

 

HCM is usually diagnosed by 2-dimensional (2D) transthoracic echocardiography 

(TTE),  with a LV end-diastolic wall thickness  ³15mm or ³13mm in patients with a 

pathogenic variant, excluding other causes of hypertrophy (1). Non-LVH features may 

include elongated mitral valve leaflets, intraventricular obstruction, systolic impairment 

and impaired diastolic function (6). Cardiac magnetic resonance (CMR) imaging, the 

gold standard modality for assessing cardiac structure and function, aids the 

diagnostic process in patients with poor quality TTE images, borderline HCM 

phenotypes, and/or phenocopies – conditions mimicking HCM but with a different 

genetic and pathophysiology mechanism (1, 2).  
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HCM carries a small but significant risk of progressive heart failure (HF) and/or sudden 

cardiac death (SCD), partially mitigated by primary prevention implantable 

cardioverter defibrillators (ICDs) in those deemed “high risk” for SCD via validated risk 

scores (1, 2). However, no curative therapy exists beyond cardiac transplantation for 

end-stage disease (1). This may be due to unresolved issues in the understanding of 

HCM, which I will discuss further.   
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1.2 THE SINGLE GENE-HYPOTHESIS 

 
The genetic basis for HCM was first identified in 1990 with a point variant in the Myosin 

Heavy Chain 7 (MYH7) gene in a family with LVH and sudden cardiac death (SCD) 

(7). This led to the hypothesis that HCM is a monogenic disorder or “disease of the 

sarcomere” (8). Although some of the variants confirmed as pathogenic in HCM have 

also been identified in those with dilated cardiomyopathy (DCM) (9). Active variant 

expression also fluctuates over time – some variants key in the early development of 

HCM may subsequently be inactive in later stages of the disease (9). Despite 

advances in genetic testing, at least 40% of patients, including those with a family 

history of HCM, are “gene-negative” i.e. they don’t have an identifiable pathogenic 

variant in sarcomere-related genes, raising further doubts about the monogenic model 

(1). HCM patients often have abnormalities in non-myocardial structures where 

sarcomere genes are not expressed, such as the mitral valve or coronary artery wall 

(10). Incomplete penetrance and variable HCM phenotypes, even among monozygotic 

twins, also complicate the picture (8, 11). 

 

The identification of sarcomere-related pathogenic variants is clearly still important. 

Compared to genotype negative patients, sarcomere-related pathogenic variants are 

associated with an earlier HCM diagnosis, and higher rate of major adverse cardiac 

events (MACE), independent of sex and race (12, 13).  

 

Patients with HCM likely exist on a clinical spectrum, from those with monogenic forms 

minimally influenced by external factors to those with common genetic traits that 
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predispose them to disease in the presence of modifiers, as often seen in the less 

investigated gene-negative HCM group (14, 15). How pathogenic and/or benign 

variants, epigenetic, environmental and inflammatory factors interact with one another, 

to what extent and when, to produce and evolve the clinical phenotype, remains 

unclear (particularly in “gene-negative” group) much like in DCM (10) (16) (17) (18, 

19). 
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1.3 MODIFIERS AND PHENOCOPIES IN HCM: INTRODUCTION 

1.3.1 MODIFIERS 
 

Common genetic variants significantly impact the HCM phenotype, especially in gene-

negative HCM, akin to conditions likely familial hypercholesterolaemia and Brugada 

syndrome (20) (21) (22) (23-25). However, data on the role of uncommon genetic 

and/or non-genetic or ‘environmental’ factors in modifying the HCM phenotype remain 

limited.  

 

HCM appears to be modified by age: older patients have a higher burden of LVH and 

HCM related complications such as atrial fibrillation and HF (26). As older patients 

also have a higher burden of modifiable cardiac risk factors such as hypertension and 

obesity, some hypothesise that HCM may represented an exaggerated form of cardiac 

ageing (15, 27, 28). 

 

Traditionally excluded from HCM prevalence studies, hypertension and obesity are 

now suspected as potential modifiers of the HCM phenotype, particularly in gene-

negative HCM, where they occur more frequently than in the general population (3, 4). 

These conditions challenge the diagnostic threshold of a maximum LV wall thickness 

(³15mm). For instance, hypertensive heart disease (HHD) often overlaps with HCM in 

wall thickness, and some patients may meet HCM criteria primarily due to these 

comorbidities (29). This underscores that need to delineate how much hypertrophy is 

attributable to HCM versus modifiable risk factors, especially since LVH due to 

hypertension or obesity is often reversible with appropriate treatment (30-32).  
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1.3.2 PHENOCOPIES  
 

Left ventricular hypertrophy (LVH) is a very common imaging finding (33-35). It’s 

unsurprising, therefore, that phenocopies are present in 10-15% of patients initially 

diagnosed with HCM (24). Examples include cardiac amyloidosis, and various 

mitochondrial cardiomyopathies (36) (37). While systemic features often guide 

clinicians to suspect phenocopies, not all phenocopies exhibit extra-cardiac 

manifestations, such as late onset Anderson Fabry Disease (AFD) or certain 

mitochondrial cardiomyopathies (38, 39) (40, 41).  

 

Advancements in biomarker assays, genetic testing and CMR sequences have 

improved differentiation between HCM and phenocopies (38, 39). However, CMR 

techniques like T1 mapping and late gadolinium enhancement (LGE) are not foolproof. 

For example, T1 values commonly overlap between HCM, hypertensive LVH and other 

phenocopies, reducing their discriminatory capacity unless values are markedly 

abnormal (38, 39, 42, 43). Similarly, while absent LGE may favour hypertensive LVH, 

50% of HCM patients lack LGE, and those with LGE do not always exhibit typical 

patterns of enhancement (44).  
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1.3.3 CHALLENGES IN MEASURING LVH 
 

MWT, which is used to diagnose HCM, is influenced by age, sex, ethnicity and body 

surface area (BSA) (45, 46). Studies suggest lowering diagnostic MWT thresholds 

(e.g. to 10 mm in Asian females) to enhance sensitivity without compromising 

specificity in certain populations (36) (45-47). However, MWT alone has limitations, 

including inter-modality variability between TTE and CMR (48-50).  

 

Alternatives like left ventricular mass (LVM), relative wall thickness (RWT), and 

septal/lateral wall thickness ratio have been proposed (6, 30, 51-55). In particular, a 

septal/lateral wall thickness ratio ³1.5 was highlighted alongside a MWT ³15mm in the 

original seminal paper on establishing the diagnostic criteria for HCM (56). While all 

these measures provide additional insights into LV geometry and phenocopy 

differentiation, they also face challenges in reproducibility and diagnostic accuracy (6, 

30, 51-55).  
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1.4 HYPERTENSION: MODIFIER OR PHENOCOPY IN HCM?  

 
Hypertension affects over one billion people globally, and is a leading cause of LVH, 

present in 36-41% of patients with hypertension (31, 35). The development of LVH in 

hypertension is driven by genetic, neurohormonal, immune, metabolic, vascular and 

mechanical stress mechanisms – pathways shared with HCM (22) (35) (57, 58) (57, 

59, 60). With at least 25% of HCM patients having concurrent hypertension, it is 

reasonable to hypothesise that hypertension serves as an environmental modifier of 

the HCM phenotype (23, 61-63).  

 

Some studies support this role, noting that hypertension can exacerbate LVH, 

increase fibrosis, and potentially worsen outcomes in patients with common 

sarcomeric variants, such as the MYBPC3 25-bp deletion prevalent in South Asians 

(15, 64). Other studies limit the influence of hypertension, concluding that it does not 

influence the severity or prognosis of fully developed HCM (61, 65).  

 

As for hypertensive LVH as an HCM phenocopy, hypertensive LVH remains a 

common differential for gene-negative HCM (44). CMR has been explored as a tool 

for differentiation, but results have been inconsistent (44) (66). Measurements such 

as MWT ³17mm, septum/lateral wall thickness ratio, global longitudinal strain (GLS) 

and tissue characterisation biomarkers, such as LGE burden or T1 values, show 

promise, although their limitations should be acknowledged (29). As mentioned 

before, MWT is influenced by several different factors and some MWT increasing 

comorbidities may lead to a false positive diagnosis of HCM (45, 46). Contrary to the 
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traditional view that hypertensive LVH is concentric, newer CMR studies demonstrate 

that up to 40% of hypertensive patients exhibit eccentric or asymmetric LVH, 

suggesting septal/lateral wall thickness alone may be insufficient for differentiation 

(67-71). GLS, LGE burden or T1 mapping are unreliable in distinguishing between 

HCM and hypertensive LVH when MWT exceeds 15 mm (67, 72).  

 

Some propose repeating CMR after intensive antihypertensive therapy to observe 

LVH regression as a diagnostic strategy (31). However, this approach is limited by 

factors such as baseline LV mass, blood pressure reduction, and the type and duration 

of therapy (31).  

 

This thesis seeks to clarify the dual role of hypertension as a potential modifier or HCM 

phenocopy, focusing on gene-negative cases. Key areas of inquiry include:  

• Does hypertension influence HCM progression or severity once the phenotype 

is established? 

• How reliably can imaging and clinical features distinguish hypertensive LVH 

from HCM? 

 

Understanding these dynamics is crucial for accurate diagnosis, risk stratification and 

personalised treatment, particularly in patients where hypertension may modify or 

mimic HCM.  
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1.5 OBESITY: MODIFIER OR PHENOCOPY IN HCM? 

 
In 2022, the World Health Organisation (WHO) reported that 1 in 8 people worldwide 

were living with obesity, if defined by a body mass index (BMI) ³30 kg/m2 (73). Obesity 

is associated with LVH, with one meta-analysis demonstrating an LVH prevalence 

within obesity (if defined by LVM) of 56% (74). Mechanistic contributors to LVH in 

obesity include haemodynamic factors, such as volume overload, and non-

haemodynamic factors, such as inflammation, neurohormonal activation, and pro-

hypertrophic signalling imbalances (75). Obesity may also cause LVH via LVH-

causing conditions with which its associated, such as hypertension, obstructive sleep 

apnoea and/or diabetes mellitus (DM) (75).  

 

Obesity is prevalent in HCM, affecting 20-40% of patients (76). A South Korean 

registry showed that each 1 kg/m2 BMI increase led to a 6.3% higher risk of developing 

HCM (77). Even after the HCM phenotype is established, obesity appears to influence 

disease severity, with obese HCM patients showing a higher MWT and burden of atrial 

arrhythmias and myocardial fibrosis (78). However, studies on obesity’s association 

with ventricular arrhythmias are conflicting, with many reporting a paradoxical 

decrease in ventricular arrhythmia burden with an increasing BMI (76).  

 

The differentiation of obesity-associated LVH from HCM is less studied compared to 

hypertensive LVH. In one study of 764 patients with obesity but no hypertension, 

obesity was significantly associated with increased wall thickness, with every 10 kg/m2 

increment linked to a 1.0 mm and 0.8 mm increase in basal septal wall thickness in 

males and females, respectively (79). Notably, no patient in this cohort had a 
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MWT>14mm, suggesting that a MWT >14mm should prompt consideration of 

alternative diagnoses, such as HCM (79). Septal/wall thickness ratio, GLS and tissue 

characterisation including extracellular volume (ECV) haven’t demonstrated a good 

discriminatory capacity between HCM and obesity LVH in studies thus far (75) (80) 

(81). Both eccentric and concentric LV remodelling has been reported in obesity (75). 

GLS is decreased in patients with obesity, though comparisons with obese and non-

obese HCM are lacking (80). ECV has shown inconsistent results in obesity LVH (81).  

 

The overlap between obesity and HCM raises critical diagnostic and therapeutic 

questions:  

• How does obesity influence the HCM phenotype evolution and prognosis? 

• Can imaging or clinical markers reliably distinguish obesity-associated LVH 

from HCM?  
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1.6 HYPERTENSION AND OBESITY: ADDITIVE OR SYNERGITIC EFFECT IN 
HCM? 
 
When evaluating the HCM phenotype, it is important to consider the potential additive 

and/or synergistic effects of hypertension and obesity.  

 

These comorbidities likely significantly interact, particularly in the development and 

progression of LVH (82). Antihypertensive therapies reduce LVM but this is blunted in 

hypertensive patients with obesity, requires substantial weight loss first before LVM 

can decrease, likely due to myocardial fat infiltration and the resistance of adipocytes 

and fibroblasts to changes in loading conditions (35) (83-86). In patients with diabetes 

mellitus, sodium glucose transporter 2 inhibitors (SGLT-2i) led to significantly more 

weight loss, and significantly lower blood pressure, epicardial fat (a source of 

inflammatory adipokines), and LVM (87).  

 

In HCM, the interplay between hypertension and obesity remains unclear. The ESC 

EurObservational Research Program (EORP) Cardiomyopathy/Myocarditis registry 

found hypertension and obesity were prevalent in HCM patients. Compared to HCM 

patients without hypertension and obesity, patients with HCM, hypertension and 

obesity had an older age at presentation, worse diastolic function, more cardiac 

symptoms, a higher atrial fibrillation prevalence, and greater LVH and provocable 

LVOT gradients (78). The HCM-VAr Risk model, developed using machine learning 

on 700 cases, identified systolic and diastolic blood pressure, BMI and non-obstructive 

HCM as predictors of increased ventricular arrhythmia risk (88). This model 

outperformed using traditional risk factors alone in predicting SCD (88). However, 
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neither the EORP registry nor the HCM-Var study explored whether the effects of 

hypertension and obesity in HCM are synergistic or merely additive on HCM outcomes 

over time.   

 

The complex interplay between hypertension, obesity and HCM raises critical 

questions:  

• Are the effects of hypertension and obesity on HCM truly synergistic or simply 

additive? 

• How do these combined comorbidities influence long-term outcomes in HCM 

patients?  
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1.7 MITOCHONDRIAL VARIANTS: MODIFIER OR PHENOCOPY IN HCM? 
 
Mitochondria, critical for cellular metabolism and ATP synthesis, possess their own 

maternally inherited DNA (mtDNA), which can acquire variants affecting energy-

dependent tissues like the heart (“mitochondrial cardiomyopathy”), brain and skeletal 

muscle (89). Mitochondrial cardiomyopathy frequently presents with LVH, as seen in 

≈23% of patients with mitochondrial variants in a large international registry (90). 

 

In HCM, mitochondria play a significant role in pathogenesis (91-95). Abnormal 

mitochondrial structure and function have been observed in both gene-positive and 

gene-negative HCM, with more severe dysfunction linked to sarcomeric variants and 

advanced LV systolic dysfunction (92, 96, 97). While data on the impact of 

mitochondrial variants in HCM remain limited, a small case series suggests that 

mtDNA variants, such as A4300G, may modify the HCM phenotype, contributing to 

further mitochondrial dysfunction and disease severity (98). 

 

Most mitochondrial cardiomyopathies present as part of syndromic diseases, such as 

Mitochondrial encephalomyopathy, Lactic acidosis, and Stroke-like episodes 

(MELAS) or Leigh Syndrome, distinguishing them from HCM where systemic features 

are limited, if present at all (90). Most mtDNA variants are heteroplasmic, where only 

a subset of mtDNA is affected. However, the A4300G mtDNA variant is homoplasmic, 

making genotype-phenotype correlations more consistent (40) (41, 98, 99). Limited 

reports (which lack advanced cardiac imaging) suggest a pattern of symmetrical, non-

obstructive LVH and systolic impairment, similar to mitochondrial cardiomyopathies, 



Dr Mohammed Abid Akhtar: MRes Thesis 
 

 28 

but with notable differences such as the absence of extra-cardiac features leading to 

diagnostic overlap with HCM in A4300G mtDNA patients with LVH (41, 98, 99). 

 

Further study of the A4300G mutation is essential to clarify if represents a unique 

cardiac condition, part of the non-sarcomere gene-positive HCM spectrum or a subset 

of mitochondrial cardiomyopathy.  
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1.8 HYPOTHESES AND RESEARCH AIMS 
 

1.8.1 HYPOTHESES 
 

 
i. Hypertension and obesity phenotypes both modify and are phenocopies of 

gene- HCM but not gene+ HCM. 

 

ii. A4300G patients with LVH have a unique clinical, CMR and energetics profile 

compared to HCM and mitochondrial cardiomyopathies. 
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1.8.2 RESEARCH AIMS 
 
My studies aim to assess patients with obesity, hypertension, HCM and/or the 

m.4300A<G mtDNA variant using blood tests, ECG, imaging and outcome data. The 

goal is to determine whether hypertension, obesity or the m.4300A>G can alter or 

mimic the HCM phenotype.  
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1.9 THESIS OUTLINE  

Chapter 1 describes the background of my research, including any gaps in the 

literature and how my research plans to address them. Chapter 2 outlines the general 

methods employed to answer these research questions. Chapter 3 presents the 

prospectively collected serum biomarkers, CMR and 31P-MRS findings of a HCM 

cohort at our centre. The relationship between genetic status, history of hypertension, 

SBP, DBP, BMI, myocardial wall thickness and LV geometry are analysed. Chapter 4 

presents the prospective CMR analysis of retrospective data from patients with 

hypertension and/or obesity. The relationship between SBP, DBP, BMI, myocardial 

wall thickness and LV geometry are analysed. Chapter 5 presents the serum 

biomarkers, ECG, CMR, 31P-MRS and outcome findings of patients with the A4300G 

mtDNA variant at our centre and compares their findings to our HCM cohort from 

Chapter 3. Finally, in Chapter 6, the key findings from my studies are summarised, 

and future research projects, in the identification of common and rare modifiers and/or 

phenocopies of the HCM phenotype, are discussed.  
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CHAPTER 2: GENERAL METHODS 
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2.1 ETHICS APPROVAL  
 
All studies have local research ethics committee (REC) approval – their respective 

REC numbers are: 20/NW/0275 (TEMPEST), 12/LO/1979 (SARC-HCM), 

06/Q1605/113 (Oxford Family Blood Pressure Study). All patients gave written 

informed consent, conforming to the Declaration of Helsinki (fifth revision, 2000), prior 

to participating in our studies.  

 

2.2 GENERAL INCLUSION AND EXCLUSION CRITERIA 
 

2.2.1 INCLUSION CRITERIA 
 

Subjects were eligible for inclusion in the study if they fit the below criteria: 

 

i) Aged between 18 and 80 years and  

ii) They have one of the following conditions: hypertrophic cardiomyopathy 

(HCM), hypertension, obesity and/or a carrier of the A4300G mtDNA 

variant. The diagnostic criteria used for each of these conditions will be 

included in the relevant results chapter.  

 

2.2.2 EXCLUSION CRITERIA  
 

Subjects were excluded from the study if they had one of the below:  

 

i) Pacemaker or implantable cardioverter defibrillator (ICD) 

ii) Persistent Atrial Fibrillation 
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iii) Previously documented myocardial infarction or severe coronary artery 

disease   

iv) An unstable, severe comorbidity, such as end-stage heart failure, liver or 

renal disease  

v) Pregnancy or lactation  

vi) Contraindications to MRI (including the presence of metallic implants or 

foreign bodies)  

 

2.3 INVESTIGATIONS 
 

2.3.1 CLINICAL ASSESSMENT   
 

Heart rate, blood pressure, height and weight, clinical history, physical examination 

were performed, and findings recorded at each visit.  

 
Heart rate was measured by direct palpation of the radial artery for 1 minute. Blood 

pressure was measured using an automated sphygmomanometer (General Electric 

Dinamap™ Carescape™ V100) that has been calibrated in our department (Oxford 

Centre for Clinical Magnetic Resonance Research and Oxford University Hospitals 

NHS Trust).  Height was measured in centimetres to the nearest whole number. Body 

weight was measured in kilograms to the nearest 0.1 kilogram. Height and weight 

measurements were performed without shoes being worn. Clinical history and 

physical examination findings were undertaken as per our local protocol.   
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2.3.2 12-LEAD ECG 
 
 
A resting 12-lead ECG was performed with a Phillips PageWriter TC30 ECG Machine 

and analysed using the Minnesota Code Classification system: measurements 

included the presence of sinus rhythm or atrial fibrillation, and the PR interval, QRS 

duration and QTc interval, measured in milliseconds (100).  

 

2.3.3 24-HOUR 2-CHANNEL ECG MONITORING  
 
 
Ambulatory ECG monitoring was performed using LifeSignals single-use patches. 

Following adequate skin preparation, the patch was applied on the left side of the 

chest between the sternum and the left mid-clavicular line, at the level of the second 

or third intercostal space (101). Patients were instructed to wear the patch for 24 

hours, after which they would remove the monitor and send it to the Central Core Lab 

for analysis using the HE/LX analysis software (version 6.0c, Northeast Monitoring 

Inc.). Measurements included the number of non-sinus supraventricular or ventricular-

origin heart beats per 1000 beats and the presence of non-sustained ventricular 

tachycardia or atrial fibrillation (including the number of episodes) (101). 

 

2.3.4 BLOOD TESTING  
 
 
Venous blood samples were taken via venepuncture for serum haemoglobin, 

haematocrit, urea and electrolytes, high sensitivity troponin I (hs-cTn), and iron levels.  

These samples were analysed in our local haematology and biochemistry unit except 
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for serum hs-cTn which was centrifuged and stored refrigerated (4-8°C) before being 

sent to Manchester University NHS Foundation Trust for analysis. 

 

2.3.5 31PHOSPHORUS MAGNETIC RESONANCE SPECTROSCOPY  
 

2.3.5.1 31P-MRS ACQUISITION  
 
 
31P cardiac MRS was also performed to estimate the phosphocreatine to ATP 

(PCr/ATP) ratio – a proven non-invasive surrogate marker of myocardial energetics 

(102, 103). Patients were scanned supine, with a dual tuned 11 cm, transmit/receive 

loop, radio-frequency coil placed over the heart (see Figure 1) (101). A set of coronal 

localisers confirmed the location of the coil (see Figure 2), and a series of inversion 

recovery scans were acquired at the frequency of a phenyl phosphonic acid fiducial, 

which is attached to the coil (101). The excitation frequency was set from -250 Hz from 

phosphocreatine (PCr), i.e. between ɣ- and α- adenosine triphosphate (ATP) to cover 

the entire 31P spectrum (101). Localisation of the cardiac signal was achieved with a 

depth resolved surface coil spectroscopy (DRESS) sequence previously reported and 

validated by our group (see Figure 2) (102). The resulting spectrum was checked on 

the system to ensure an adequate signal was obtained (see Figure 3) 
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Figure 1:  Dual-tuned 31P/1H surface coil from Rapid Biomedial, with four cod-liver 

capsules and one reference fiducial containing phenylphosphonic acid (PPA). The 

patient is scanned supine with both arms down by their side (Image reproduced with 

permission from Dr Azlan Abds Samat).  
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Figure 2: Panel A = Localiser images to ensure the coil is parallel to the chest wall 

and the septum is at the centre of the coil. Panel B = Vertical long axis, horizontal long 

axis, and short axis pilots to position saturation bands on to cover the muscle, but not 

fat, on the chest wall, as well as the liver (Image reproduced with permission from Dr 

Azlan Abds Samat).  
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Figure 3: The resonances, separated by chemical shift in parts per million (ppm), 

obtained at the end of the 31P-MRS that correspond to the signal intensity of a, b, and 

g subunits of ATP, phosphocreatine (PCr), and 2,3-diphosphoglycerate (2,3-DPG) 

(Image reproduced with permission from Dr Azlan Abds Samat).  
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2.3.5.2 31P-MRS ANALYSIS 
 
PCr/ATP ratios were quantified using MATLAB (MATLAB 2022b, The MathWorks, 

Inc., Natick, MA, USA). The spectrum from the DRESS slab was fitted using a custom 

implementation of AMARES (the Advanced Method for Accurate, Robust, and Efficient 

Spectral fitting) in the Oxford Spectroscopy Analysis or “OXSA” semi-automated 

spectroscopy postprocessing pipeline (see Figure 4) (104). The fitting used prior 

knowledge specifying 11 Lorentzian amplitudes (including α-, β-, γ-ATP, PCr, 

phosphodiesterase (PDE), and 2 x 2,3-diphosphoglycerate (DPG)).  

 

The fitted amplitudes were automatically corrected for blood contamination by 

subtracting 30% of the average of the two 2,3-DPG signals from each ATP amplitude. 

The remaining PCr and ATP signals were also then automatically corrected for the 

effects of partial saturation using the flip angle at the centre of the voxel (calculated 

using Biot-Savart law and inputs about coil loading and position) and literature T1 

values. The quality of the spectra and the fit were independently assessed by a senior 

MRS expert (LV) in a blinded fashion (see Figure 5). 
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Figure 4: The custom Oxford Spectroscopy Analysis or “OXSA” semi-automated 

spectroscopy postprocessing pipeline to obtain the 31P-MRS spectrum.  
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Figure 5: Fitting of the spectrum from the previous figure, factoring in prior knowledge, 

blood contamination and the effects of partial saturation.  
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2.3.6 CARDIOVASCULAR MAGNETIC RESONANCE IMAGING 
 
CMR is the gold standard imaging modality for cardiac structure and function. Prior to 

the CMR, a venous blood sample for serum haematocrit (and subsequent extracellular 

volume analysis) was drawn and sent to our local clinical haematology laboratory 

where they were analysed according to standardised protocols.  

 

Standard safety checks in line with our departmental procedures were also undertaken 

prior to CMR imaging, which was performed with a protocol that included: 

 

i) cine imaging to assess cardiac biventricular volumes, function and mass  

 

In addition, patients in Chapter 3 and 5 underwent:  

 

ii) pre contrast T1 (using modified look-locker inversion recovery or MOLLI 

sequence on a three LV slice short-axis images) to assess diffuse fibrosis 

and post contrast T1 to assess extracellular volume.  

iii) late gadolinium enhancement (LGE) imaging using Gadoterate meglumine 

contrast (Dotarem; Guerbet, Aulnay-sous-Bois, France) given at a dose of 

0.15mmol/kg, via hand injection, to assess focal fibrosis. Each bolus was 

followed by a 10 ml saline flush. Patients with an estimated glomerular 

filtration rate <30ml/min did not, however, receive contrast.  

 

Patients in Chapter 3 and 5 under CMR at 3 Tesla (Prisma, Siemens Healthineers, 

Erlangen, Germany), whereas patients in Chapter 4 underwent CMR at 1.5 Tesla 
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(Siemens Healthineers, Erlangen, Germany). In Chapters 3 and 5, where CPET 

and/or 31P-MRS was performed, CMR was performed before the CPET, and after 31P-

MRS. 

 

All CMR images were anonymised and then analysed by myself using cvi42 (Circle 

Cardiovascular Imaging, Inc, Calgary, Canada) in accordance with Society for 

Cardiovascular Magnetic Resonance (SCMR) guidelines (105). 
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2.3.6.1 CINE IMAGING  
 

2.3.6.1.1 CINE ACQUISITION  
 
Prior to cine imaging acquisition, orthogonal, T2 True Fast Imaging with Steady State 

Precession (TRUEFISP), 2-, 4- and short axis chamber localisers were performed. 

Steady state free-precession (SSFP) breath-hold cine was then used to acquire end-

expiration 4-chamber, 2-chamber, 3-chamber, LVOT long-axis (perpendicular to the 

3-chamber cine), coronal LVOT, ventricular short-axis views of the LV (using 8 mm 

slices with no inter-slice gap) and bi-atrial short axis views of the LA (using 6 mm slices 

and no inter-slice gap), as shown in Figure 6 and as previously described (106).  

 

Scan parameters alongside a full protocol of the CMR acquisition can be found in the 

appendix. 
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Figure 6: The horizontal long axis (HLA), vertical long axis (VLA), left ventricular outflow tract (LVOT) and short axis (SA) cine images 

and how they were formed from their respective pilots (with the dotted lines representing the localiser line) (Image reproduced with 

permission from Dr Azlan Abds Samat).
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2.3.6.1.2 CINE ANALYSIS 
 
Left atrial and ventricular mass, volumes and function 

The epicardial and endocardial borders on the LV short axis were manually contoured 

at end-diastole as previously described, with the papillary muscles and trabecular 

tissue excluded in the endocardial border as part of volumetric and mass assessment 

(105). The indexed values for atrial, LV and RV end-diastolic volume (EDV), end-

systolic (ESV) volume, stroke volume (SV), ejection fraction (EF) and mass were 

automatically generated from the cvi42 software. Left atrial anteroposterior diameter 

was measured in the 3-chamber view in end-systole as this method is required for the 

ESC SCD risk score (107). Maximal wall thickness was measured in end-diastole (as 

identified by closure of the mitral valve), taking care to avoid inappropriate inclusion of 

RV and LV trabeculations, as well as papillary structures (48). 

 

Left ventricular qualitative assessment  

The presence of systolic anterior motion of the mitral valve (SAM), significant valvular 

heart disease or an LV apical aneurysm were assessed on the 4-, 2- and 3- chamber 

views as well as the LV short axis view.  

 

Left atrial and ventricular strain  

LV strain assessment was assessed by contouring the LV, end-systolic and end-

diastolic, endocardial and epicardial LV short axis, 4- and 2- chamber borders. LA 

strain was assessed by contouring the end-diastolic and end-systolic epicardial and 

endocardial borders of the LA in both the 2- and 4- chamber views, excluding the LA 

appendage and pulmonary veins. The post-processing software automatically 
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calculated the GLS, and LA (reservoir, conduit, and booster) strain values using a 

validated technique (105).  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 7: Endocardial (red) and epicardial (green) contours were manually drawn for 

each short-axis slice in the end-diastolic phase (with the same taking place for end-

systole – image not shown). Maximal wall thickness (yellow dashed line) assessed 

manually in end-diastole, ensuring to avoid any inappropriate inclusions such as 

LV/RV trabeculations or papillary muscle. Myocardial mass in diastole, as well as 

LV/RV volumetrics and function were automatically calculated by the cvi42 software.  
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Figure 8: Endocardial (red) and epicardial (green) LV contours were manually drawn 

in the end-diastolic and end-systolic vertical long axis (VLA) and horizontal long axis 

(HLA) cine slices, with automatic calculation of the LV global longitudinal strain (GLS) 

via the cvi42 software.  
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Figure 9: Panel A = Endocardial (red) and epicardial (green) LA contours were 

manually drawn in the end-diastolic and end-systolic vertical long axis (VLA) and 

horizontal long axis (HLA) cine slices, with automatic calculation of LA strain via the 

cvi42 software. Panel B = The values for the reservoir, conduit, and booster LA strain 

were manually abstracted from this graph using a validated technique (105).  
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2.6.2 PHASE CONTRAST IMAGING  
 
Phase contrast imaging can be used to quantify blood flow passing through the LVOT 

(108). The LVOT gradient is estimated using Bernoulli’s principle (108). An LVOT 

gradient >30mmHg indicates significant resting LVOT obstruction although TTE 

remains the gold standard for haemodynamic measurement, particularly as CMR 

underestimates flow velocity in HCM (108). 

 

2.6.2.1 PHASE CONTRAST IMAGE ACQUISITION  
 
A free-breathing 3-chamber phase encoded velocity map is performed, copied to the 

position of the 3-champer SSFP cine, with the velocity encoding (VENC) set to 2.0 

m/s. This is followed by a free breathing LVOT short-axis phase-encoded velocity map, 

where the slice is positioned perpendicular to the LVOT long axis SSFP, at the site of 

the apparent highest LVOT velocity, or in the absence of an aliasing signal, at the tips 

of the aortic valve leaflets. The lowest possible VENC is used where aliasing is not 

expected to occur. In the presence of aliasing, the VENC was at least 1.0 m/s higher 

than that at which the aliasing occurred.  

 

2.6.2.2 PHASE CONTRAST IMAGE ANALYSIS  
 
The phase contrast images were analysed in cvi42 using the “2D flow” module. In the 

3-chamber phase-encoded velocity-map, an area of interest was circled either just 

below the aortic valve, in the LVOT, or where there is aliasing in the LVOT. 

Background correction was performed as previously described (108). In the LVOT 

short-axis phase-encoded velocity-map, the flow in the aortic valve orifice was 
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manually circled in each slice, with background correction applied, to detect the aortic 

regurgitant fraction, and velocity max.  
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Figure 10: Panel A = 2D flow phase velocity map of the left ventricular outflow tract 

with no aliasing present (LVOT); Panel B = Velocity measured in the left ventricular 

outflow tract (LVOT) by outlining (red circle) the LV area just distal to the aortic valve 

in each slice of the phase velocity map, with background saturation applied; Panel C 

= the resulting flow velocity throughout the cardiac cycle.  
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2.6.3 LATE GADOLINIUM ENHANCEMENT (LGE) 
 

2.6.3.1 LGE ACQUISITION  
 
An inversion time scout was acquired six minutes after administration of the 

gadolinium-based contrast agent. Its position was copied from the position of mid-LV 

short axis SSFP cine. Using the inversion time scout, the time at which the greatest 

blood pool and myocardial image contrast was noted as the optimal inversion time.  

 

The ventricular short-axis LGE imaging was then performed, with each 8 mm slice 

(with no inter-slice gap) copied to the positions of the ventricular short-axis SSFP cine 

slices, so that both images are directly comparable. Each slice was performed using 

a breath-hold segmented gradient echo phase sensitive inversion recovery motion 

corrected sequence. The inversion time was adjusted by 10 milliseconds as necessary 

depending on the blood pool and myocardial image contrast seen on the previous 

slice. Typical scan parameters were as follows: [TR/TE/TI = 3.1/1.22 ms/subject-

specific ms; R = 2; flip angle = 65°; matrix = 150 x 260, field of view 425x300 mm, as 

previously described (108).  

 

2.6.3.2 LGE ANALYSIS  
 
Quantitative analysis of LGE was performed using cvi42 software. The endocardial 

and epicardial borders for each phase-sensitive inversion recovery (PSIR) slice were 

contoured, with a reference region of interest (ROI) drawn, where possible, in a 

myocardial area with a normal myocardial intensity signal.  A signal intensity threshold 

at six standard deviations (6 SD) above the mean intensity of a reference region sited 
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was set as per the established practice of LGE assessment in patients with HCM 

(109). Cvi42 then automatically processed the weight of LGE in grams, as well as the 

percentage of the total myocardium that had a signal intensity five standard deviations 

above the ROI signal intensity. The LGE pattern was also visually classified for the 

presence of a possible myocardial infarction or myocarditis to inform the parent team 

of the patient for further investigation and management. 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 11: Endocardial and epicardial contours were manually drawn, with a 

reference region of interest (ROI) with normal myocardial intensity is chosen as a 

‘remote’ region (blue contour). Focal enhancement (seen in yellow) was estimated 

from the extent of the enhanced myocardial pixels (defined as a signal intensity > 6 

standard deviations above ROI).  
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2.6.4 T1 MAPPING, T2 MAPPING, AND EXTRACELLULAR VOLUME  
 

2.6.4.1 MAPPING ACQUISITION  
 
Native and post-contrast T1 mapping was acquired using a breath-hold Siemens 

MOLLI sequence, as previously described (110). Two sequences were available, as 

part of the Siemens package, depending on whether the patient had an R-R interval 

greater or less than 700 milliseconds, therefore the appropriate sequence was chosen 

for each patient.  

 

T2 mapping was acquired using a breath-hold Siemens Myomaps SSFP sequence as 

previously described (TR/TE = 3/1.3 ms, R = 2, flip angle = 20°, Matrix = 192 x 42, 

field of view = 360 x 270 mm, slice thickness = 8 mm) (110). For T1 and T2 maps, a 

basal, mid, and apical ventricular short axis slice was acquired, with one slice gap in 

between each slice.  

 

2.6.4.2 MAPPING AND ECV ANALYSIS  
 
The endocardial and epicardial borders of the basal, mid and apical LV short axis 

slices were manually contoured for the SSFP T1 and T2 images in our cvi42 post 

processing software. The contours were conservatively drawn, staying well away from 

blood pool and/or fat, to avoid partial volume loss. The global T1 value was then 

provided by the cvi42 software.  

 
ECV was calculated from the Native and post-contrast T1 maps and the serum 

haemotocrit obtained before scanning using the following formula:  

(1−Hct)×(ΔR1myocardium/ΔR1blood), where Hct is the hematocrit level, and ΔR1 
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represents the change in T1 relaxivity (R1=1/T1) pre and post contrast T1 (111). A 

raised global T1 or T2 value was defined as per reference ranges obtained from our 

local department: For T1 values, the expected range is 1131 ± 20 ms in males and 

1166 ± 20 ms in females; for T2 values, the expected range is 39.7 ± 2 ms in males 

and 41.2 ± 2.0 ms in females.  
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Figure 12: Panel A = the method by which I obtained T1 and T2 maps by obtaining a base, mid, and apical LV slice for each, 

with adequate shimming to limit artefacts. Panel B = the resulting contoured (endocardial and epicardial) Modified Look-Locker 

inversion recovery (MOLLI) map (T1 map) with an American Heart Association 17 segment model with their respective 

segmental T1 values.
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2.6.5 CARDIOPULMONARY EXERCISE TESTING  
 

2.6.5.1 CPET ACQUISITION  
 
CPET is the gold standard for assessing a patient’s exercise capacity. CPET was 

performed on a seated stationary cycle ergometer (Ergoline GmbH, Bitz, Germany) 

using an incremental protocol consisting of three minutes of unloaded cycling, followed 

by a 15W/min ramp aiming for a respiratory exchange ratio (RER) ≥ 1.1 Continuous 

respiratory gases were collected using the same metalyzer utilised in spirometry. 

Manual blood pressure data and peripheral oxygen saturation values was recorded at 

regular intervals with continuous heart rate and 12-lead ECG recording.   

 

2.6.5.2 CPET ANALYSIS  
 
CPET output data was automatically generated using the Metasoft studio software 

with the Peak VO2 calculated using the Wasserman weight algorithm (112).  
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2.6.6 STATISTICAL ANALYSIS  
 
All statistical tests were performed using IBM SPSS Statistics (Version 29.0 Armonk, 

NY:IBM Corp).  

 
Continuous variables are presented as mean ± SD or median (interquartile range or 

IQR), and categorical variables were presented as frequencies (percentages). For all 

statistical tests, a p value of >0.05 was taken as the cut-off for significance.  

 
For discrete data, normality was assessed using the Shapiro-Wilk 2 tailed test and 

visual inspection of the histogram. Differences between groups were analysed using 

independent samples t test, Mann Whitney U-tests, or one-way analysis of variance 

(ANOVA) with post hoc Kruskal-Wallis test, depending on whether data were 

parametric or non-parametric. For independent samples t tests, the Levene’s test was 

used to test the assumption of equal variances among subgroups and the two-sided 

p value was used. Pearson or Spearman rank correlation was used to assess 

correlation between two variables. The Jonckheere-Terpstra test was also performed 

to assess trends in ordered groups.  

 
For categorical data, differences between groups were analysed using the chi square 

test or Fischer’s exact test – the latter being used if the frequency in any subgroup 

was <5.  

 
A partial correlation test was used to assess the strength and direction of the 

relationship between two variables while controlling for the effect of one or more other 

variables. A bivariate correlation analysis was also performed. 
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To assess how much predictors such as a patient’s SBP, DBP or BMI contributed 

towards each myocardial wall thicknesses, MWT and LV geometry, a linear regression 

analysis was performed. For each mode, regression coefficients (b), R2 value and p-

values (via ANOVA testing) were calculated. The unstandardised regression 

coefficients provided the relative contribution of the independent variable e.g. SBP to 

the dependent variable e.g. septal wall thickness. The R2 value indicated the 

proportion of variance in the dependent variable e.g. septal wall thickness explained 

by the independent variable e.g. SBP.  

 

Receiver Operating Characteristic (ROC) analysis was performed to evaluate the 

discriminatory ability of any predictive variables. The area under the curve (AUC) was 

calculated to assess the diagnostic accuracy of a potential model. Sensitivity, 

specificity and optimal cut-off values were determined using the Youden index.  
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CHAPTER 3: CHARACTERISING THE HCM 

PHENOTYPE 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Dr Mohammed Abid Akhtar: MRes Thesis 
 

 63 

3.1 ABSTRACT  
 
Objective: Hypertrophic cardiomyopathy (HCM) is a genetic cardiac disorder 

characterized by asymmetric left ventricular hypertrophy (LVH) and is associated with 

arrhythmias, heart failure, and sudden cardiac death. This study investigates the 

influence of obesity, hypertension, and genetic status on myocardial structure and 

function in HCM patients. 

 
Methods: We conducted a single-centre observational study including 32 HCM 

patients from the TEMPEST trial and 76 HCM patients from the SARC-HCM study. 

Systolic and diastolic blood pressure (SBP and DBP) quartiles, as well as BMI 

quartiles, were used to assess relationships with clinical parameters, including high-

sensitivity cardiac troponin I (hs-cTnI), myocardial wall thickness, LV geometry, and 

arrhythmia burden.  

 
Results: The HCM cohort (n=108) was middle-aged (56 [15] years), predominantly 

male (78%), with high obesity (39%) and treated hypertension (31%) rates. Most had 

non-obstructive HCM (90% NYHA I), increased maximal LV wall thickness (19 [8] mm) 

and mass (LVMI 81 [35] g/m²), reduced global longitudinal strain (-14 ± 3%), impaired 

myocardial energetics (PCr/ATP 1.6 [0.3]), and mild LGE burden (5 [15] g). Higher 

SBP correlated with concentric remodelling (decreased septal wall thickness, 

p=0.040; increased lateral wall thickness, p=0.006; decreased septal/lateral wall 

thickness ratio, p=0.016), increased LVM (p=0.013), decreased LVESV (p=0.017) and 

increased LVEF (p=0.003), while increasing DBP was associated with increased 

lateral wall thickness (p=0.012) and decreased septal/lateral (p<0.001) and 

anterior/inferior (p=0.011) ratios. Higher BMI was associated with an increased inferior 
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wall thickness (p=0.019), LVM (p<0.001), hs-cTnI (p=0.002), and decreased GLS 

(p=0.004). In gene-negative participants, an increasing SBP was significantly 

associated with a decreasing septal wall thickness (p=0.03), anterior wall thickness 

(p=0.01), and LVESV (p=0.003) as well as an increasing LVEF (p=0.002) and an 

increasing DBP was significantly associated with a decreased anterior/inferior wall 

thickness ratio (p=0.02) (there was no significant associations with an increasing BMI). 

Gene-positive participants demonstrated an increased lateral wall thickness (p=0.01) 

with an increasing SBP; an increasing DBP was significantly associated with an 

increasing LVM (p=0.04) and increasing BMI was significantly associated with a 

decreasing LVEF (p=0.03) and increasing LVESV (p=0.01). When just comparing the 

two groups, compared to gene-positive participants, gene-negative participants were 

older (p<0.001), had more hypertension (p<0.001), diabetes mellitus (p<0.001), and 

atrial fibrillation (p=0.022), higher DBP (p=0.005), a more concentric LV (p<0.001) and 

a thicker inferior wall (p=0.009). A ratio >1.56 moderately discriminating genotypes 

(AUC=0.66). Significant BMI×SBP (p=0.002) and BMI×DBP (p<0.001) interactions 

exacerbated septal/lateral ratio reduction. 

 
Conclusions: This study reveals two distinct HCM pathways: (1) gene- HCM: 

dominated by hypertension driven concentric remodelling and (2) gene+ HCM: 

characterised by genetic hypertrophy and modified towards a heart failure phenotype 

by obesity.  

 
The septal/lateral ratio provides a potentially clinically actionable imaging biomarker 

that can aid in genotype prediction where genetic testing is unavailable, monitoring 
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therapeutic response to BP/weight interventions and stratifying patients for targeted 

management.  
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3.2 INTRODUCTION  
 

Hypertrophic cardiomyopathy (HCM) is a genetic condition characterized by abnormal 

thickening of the heart muscle, which can lead to various adverse cardiac outcomes 

(1, 36, 37). The clinical presentation of HCM is influenced by multiple factors, including 

hypertension, obesity, and genetic predispositions (1, 36, 37). Understanding how 

these factors interact with the disease's pathology is crucial for optimising patient 

management and treatment strategies. 

 

Hypertension is known to exacerbate left ventricular hypertrophy (LVH) and adversely 

affect left ventricular (LV) geometry (113, 114) (115) (116). Hypertension can lead to 

increased myocardial wall thickness and more concentric hypertrophy, which may 

contribute to worsened cardiac function and increased risk of arrhythmias (113, 114) 

(115) (116). Similarly, obesity has emerged as a possible modifier of LVH and/or HCM, 

with higher body mass index (BMI) linked to greater myocardial wall thickness, higher 

levels of cardiac biomarkers, and increased fibrosis (35) (83, 84).  

 

Furthermore, the role of genetic status in HCM adds an additional layer of complexity. 

Pathogenic sarcomeric variants in HCM can influence the disease's progression and 

response to environmental factors such as blood pressure and obesity, leading to 

different clinical presentations and outcomes (1) (8, 11) (9) (14).  

 

This study aims to elucidate the interactions between hypertension, obesity, and 

genetic status in patients with HCM by analysing the effects of systolic (SBP) and 
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diastolic blood pressure (DBP) quartiles, body mass index (BMI), and genetic status 

on myocardial wall thickness, LV geometry, and clinical outcomes via the use of serum 

cardiac biomarkers, cardiac magnetic resonance (CMR) imaging and 31-Phosphorus 

magnetic resonance spectroscopy (31P-MRS).  
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3.3 METHODS  
 

3.3.1 PATIENTS 
 
This is a single centre observational study. The prospectively collected data consists 

of 32 HCM patients that I recruited and scanned as part of a multicentre randomised 

control trial, TEMPEST (see Appendix I for further details), and 76 HCM patients who 

have been recruited by my colleague, Dr Zakariye Ashkir (ZA) as part of his 

observational study, SARC-HCM, where I assisted in research visits (101). All data 

analysis of the images, statistics and data presentation of these additional 76 patients, 

for this thesis, were performed by me. 

 
The TEMPEST trial and SARC-HCM studies generally had the same inclusion and 

exclusion criteria. All patients with HCM, as defined by the European Society of 

Cardiology (ESC) guidelines, were included. Additional inclusion criteria were a 

minimum wall thickness of 15mm and a left ventricular ejection fraction (LVEF) >50%. 

Those with a history of or planned septal reduction therapy (SRT), severe coronary 

artery disease and/or valvular heart disease, current pregnancy or lactation or 

absolute contraindication to CMR were excluded from participation in either study.  

 
“Treated hypertension” was defined as patients who were receiving at least one anti-

hypertensive medication, with a history of consistent SBP/DBP recordings <140/90 

mmHg and/or a label of “treated” or “controlled hypertension” in their clinical letter. 

Obesity was defined as a BMI >30 kg/m2.  
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Patients in both studies were identified using research databases, inherited cardiac 

conditions (ICC) clinics and clinical magnetic resonance imaging (CMR) lists. Their 

recruitment took place between the 18th of October 2021 and the 21st of December 

2023. The recruitment pathway for my TEMPEST cohort and the SARC-HCM study 

are detailed in Figure 13.  
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Figure 13: Amended STROBE (Strengthening The Reporting of Observational 

Epidemiological studies) diagram detailing recruitment process and numbers for the 

overall study.  
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3.3.2 STUDY PROTOCOL  
 
All patients underwent a 12-lead electrocardiogram (ECG), ambulatory ECG, blood 

tests, CMR (3 Tesla scanner, Siemens Healthineers, Erlangen, Germany) and 31P-

MRS. In addition, patients recruited as part of the TEMPEST trial underwent 

cardiopulmonary exercise testing (CPET). The study protocol for patients from the 

TEMPEST trial and the SARC-HCM study are found below in Figure 14. Details on 

how these images were acquired are present in Chapter 2.  
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Figure 14:  Study protocol for the overall study. Abbreviations: BP, blood pressure; CMR, cardiac magnetic resonance; ECG, 

electrocardiogram; HR, heart rate; LA, left atrium; LGE, late gadolinium enhancement;   31P-MRS, 31Phosphorus Magnetic Resonance 

Spectroscopy;
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3.3.3 REFERENCE RANGES 
 
In this chapter, I used our departmental ‘expected’ or ‘normal’ reference ranges to 

identify which of our values were out of range (see Table 1). In the absence of this 

information, e.g. for global longitudinal strain (GLS) or MWT, I used reference ranges 

from the literature (see Table 1).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Dr Mohammed Abid Akhtar: MRes Thesis 
 

 74 

Table 1: Reference ranges for variables used.  

 
Variable 

 

“Normal” range Reference 

Male Female  

BMI (kg/m2)  18.5 – 24.9 (117) 

SBP (mmHg) 90 – 129 (118) 

DBP (mmHg) 60 – 80 (118) 

hs-cTnI (ng/l) £34 £17 * 

LVEDV (ml) 106 – 214  86 – 178  (50) 

LVEDVI (ml/m2) 50 – 108 50 – 96 (50) 

LVESV (ml)    26 – 82 22 – 66 (50) 

LVESVI (ml/m2)    15 – 30  13 – 25  (50) 

LVEF (%)  57 – 77  (50) 

LVM (g)  92 – 176  56 – 140  (50) 

LVMI (g/m2)  49 – 85  41 – 81  (50) 

GLS (%) >-18 (119) 

LGE (g) / LGEI (g/m2)  0 (120) 

RVEDV (ml) 118 – 250  77 – 201  (50) 

RVEDVI (ml/m2)  60 – 110 55 – 105  (50) 

RVEF (%)  52 – 72 51 – 71  (50) 

RVESV (ml) 41 – 117  24 – 84  (50) 

RVESVI (ml/m2) 25 – 60  20 – 50  (50) 

Rest PCr/ATP 2.1 ± 0.2 * 

ESC SCD Risk score (%) <4 (121) 

*Departmental reference ranges were used. Abbreviations: BMI, body mass index; DBP, diastolic blood pressure; ESC SCD 
risk score, European Society of Cardiology Sudden Cardiac Death risk score; GLS, global longitudinal strain; hs-cTnI, high 
sensitivity cardiac troponin I; LGE, late gadolinium enhancement; LGEI, late gadolinium enhancement index; LVEDV, left 
ventricular end diastolic volume; LVEDVI, left ventricular end diastolic volume index; LVEF, left ventricular ejection fraction; 
LVM, left ventricular mass; LVMI, left ventricular mass index; SBP, systolic blood pressure. LVESV, left ventricular end systolic 
volume; LVEF, left ventricular ejection fraction; PCr/ATP, phosphocreatine/adenosine triphosphate; RVEDV, right ventricular 
end diastolic volume; RVEDVI, right ventricular end diastolic volume index; RVEF, right ventricular ejection fraction; RVESV, 
right ventricular end systolic volume; RVESVI, right ventricular end systolic volume index. 
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3.3.4 IMAGE ANALYSIS 
 
Details on how the acquired images were analysed are present in Chapter 2.  

 

3.3.5 STATISTICAL ANALYSIS 
 
In this study, the Jonckheere-Terpstra (JT) test was employed to assess statistically 

significant trends across the various quartiles. The JT test is a non-parametric method, 

ideal for detecting monotonic trends in ordinal data, making it well-suited for evaluating 

directional patterns across different patient subgroups. 

 
For analysing trends between categorical variables, the Chi-Square test for linear-by-

linear association was used. This combination of statistical methods ensured a robust 

analysis of the relationships between clinical and myocardial characteristics across 

different HCM patient subgroups and quartiles. 

 
In addition to these tests, simple linear regression analysis was conducted to evaluate 

the relationships between continuous variables such as myocardial wall thickness and 

SBP, DBP, or BMI. Furthermore, Receiver Operating Characteristic (ROC) analysis 

was used to assess the discriminative ability of certain variables, such as the 

septal/lateral wall thickness ratio, in distinguishing between gene-positive and gene-

negative HCM patients. Further details of the evaluation of data distribution and the 

differences between subgroups are described in Chapter 2. 
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3.4 RESULTS  
 
As there were no significant differences between the TEMPEST and SARC-HCM 

cohort, I will be presenting the results of the combined cohort. This will include the 

baseline demographics, followed by a per quartile SBP, DBP, and BMI analysis 

(including a gene positive and negative subgroup analysis).  
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3.4.1 OVERALL RESULTS OF THE COMBINED COHORT 
 
Table 2 summarises the cohort characteristics (n=108): predominantly male, middle-

aged, with a high prevalence of obesity and treated hypertension. The cohort 

demonstrated characteristic features of HCM, with preserved biventricular volumes 

and systolic function but significantly increased left ventricular maximal wall thickness 

(LV MWT) and mass/index (LVM/LVMI). Majority of cases were non-obstructive with 

a high-normal SBP and DBP. Reduced GLS and myocardial energetics (as measured 

by phosphocreatine/adenosine triphosphate ((PCr/ATP)) on 31P-MRS) were observed 

alongside a mild burden of late gadolinium enhancement (LGE) burden. Ventricular 

arrhythmias were infrequent, and most patients fell into the low-risk category 

according to the European Society of Cardiology Sudden Cardiac Death (ESC SCD) 

risk scores.  
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Table 2: The mean/median results for the combined cohort.  

  Combined cohort (n=108) 

Age 
Sex  
   Male, n (%) 
   Female, n (%)  

56 [15] 
 

84 (78) 
24 (22) 

BMI (kg/m2) 
Hypertension, n (%) 
Diabetes Mellitus, n (%) 
Obesity, n (%) 
Atrial Fibrillation, n (%) 
Genotype positive, n (%) 
Genotype negative, n (%) 
Obstruction, n (%) 
SAM, n (%) 
LV apical aneurysm, n (%) 
NYHA class I, n (%) 
SBP (mmHg) 
DBP (mmHg) 
hs-cTnI (ng/L) 
Rest PCr/ATP 
Septal wall thickness (mm) 
Lateral wall thickness (mm) 
Anterior wall thickness (mm) 
Inferior wall thickness (mm) 
MLVWT (mm) 
Septal/lateral wall thickness ratio 
Anterior/inferior wall thickness ratio 
LVM (g) 
LVMI (g/m2) 
LVEDV (ml) 
LVEDVI (ml/m2) 
LVESV (ml) 
LVESVI (ml/m2) 
LVEF (%) 
GLS (%) 
LGE (g)  
LGEI (g/m2)  
RVEF (%)  
RVEDV (ml) 
RVEDVI (ml/m2) 
RVESV (ml)  
RVESVI (ml/m2) 
Ventricular arrhythmia, n (%) 
ESC SCD Risk (%) 

28 [8] 
33 (31) 
7 (7) 

42 (39) 
6 (6) 

51 (47) 
56 (52) 
12 (11) 
5 (10) 
0 (0) 

97 (90) 
135 [24] 
76 ± 9 
13 [13] 
1.6 [0.3] 
17 ± 5 
11 [7] 
12 [6] 
10 [4] 
19 [8] 

1.9 ± 0.6 
1.1 [0.4] 
163 [60] 
81 [35] 

151 ± 35 
75 ± 16 
35 [18] 
17 [8] 
74 ± 7 
-14 ± 3 
5 [15] 
3 [8] 

69 ± 8 
152 ± 34 
77 [18] 
49 ± 21 
24 ± 11 
25 (28) 
2 [0.5] 

Abbreviations: BMI=body mass index, DBP=diastolic blood pressure, ESC= European Society of Cardiology, GLS=global longitudinal strain, hs-cTnI=high 
sensitivity cardiac troponin I, LGE=late gadolinium enhancement, LGEI=late gadolinium enhancement index, LV=left ventricle, LVEDV=left ventricular end 
diastolic volume, LVEDVI=left ventricular end-diastolic volume index, LVESV=left ventricular systolic volume, LVESVI=left ventricular end systolic volume 
index, LVEF=left ventricular ejection fraction, LVM=left ventricular mass, LVMI=left ventricular mass index, MLVWT = maximal left ventricular wall thickness, 
NYHA=New York heart association,  PCr/ATP=phosphocreatine/adenosine triphosphate, RVEDV=right ventricular end diastolic volume, RVEDVI=right 
ventricular end diastolic volume index, RVEF=right ventricular ejection fraction, RVESV=right ventricular end systolic volume, RVESVI=right ventricular end 
systolic volume index, SBP=systolic blood pressure, SCD= sudden cardiac death risk. Data presented as mean ±SD, median [IQR] or n (%).  
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3.4.2 BLOOD PRESSURE AND BMI STRATIFICATION  
 
I analysed the relationship between clinical variables and SBP and DBP quartiles. 

Quartile 1 represents the lowest 25% of SBPs in our cohort, while quartile 4 represents 

the highest 25%.  

 

3.4.2.1 SYSTOLIC BLOOD PRESSURE TRENDS  
 
Higher SBP quartiles had significantly greater prevalences of diabetes mellitus, 

obesity, and atrial fibrillation, along with a higher burden of cardiac symptoms and 

ventricular arrhythmias (all p<0.001). Higher SBP quartiles were associated with 

progressive concentric LV remodelling, evidenced by decreasing septal/lateral wall 

thickness ratios as shown in Figure 17. This geometric change, illustrated in Figures 

16 and 35, was driven by opposing trends in septal and lateral wall thicknesses, 

accompanied by increasing LV mass and ejection fraction (Figure 18). Figure 19 

confirms no significant associations between SBP and myocardial fibrosis or 

energetics.   
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Table 3: Jonckheere-Terpstra Test results for trends in different parameters across 
systolic blood pressure (SBP) quartiles.  
 

Category Quartile 1 Quartile 2 Quartile 3 Quartile 4 P value 

Age (years) 48 [18] 55 [17] 56 [13] 61 [10] 0.026 

BMI (kg/m2)  26 [7]  28 [6]  27 [6]  28 [6]  0.877 

SBP (mmHg)  113 [14] 127 [3]  133 [4]  151 [20]  <0.001 

DBP (mmHg)  68±7 73±12 76±8 81±9 <0.001 

hs-cTnI (ng/l) 10 [18]  13 [36] 8 [10]  13 [11] 0.589 

Septal wall thickness (mm) 18±5 16±4 15±6  15±5 0.040 

Lateral wall thickness (mm) 9 [6]  11 [4]  13 [5] 13 [8] 0.006 

Anterior wall thickness (mm) 13 [11] 12 [3] 13 [7]  10 [4] 0.232 

Inferior wall thickness (mm) 10 [4]  10 [4] 10 [4] 10 [4] 0.859 

MWT (mm) 20 [9] 18 [4]  18 [7]  19 [4]  0.966 

LVM (g) 130 [47] 135 [64] 149 [52] 175 [44] 0.013 

Septal/lateral wall thickness ratio 2 [1.2] 1.6 [0.8] 1.7 [0.6] 1.6 [1.2] 0.016 

Anterior/inferior wall thickness ratio 1 [0.3] 1.1 [0.3]  1.1 [0.3]  1.1 [0.4]  0.652 

LVEDV (ml) 156±29 162±30 164±31 151±37 0.657 

LVESV (ml) 50 [15] 49 [18] 46 [28]  37 [23] 0.017 

LVEF (%)  68±6 69±7 70±8 74±6 0.003 

LVGLS (%) -16 [3] -16 [7] -16 [6]  -14 [4]  0.839 

LGE (g) 9 [14]  6 [14]  5 [15]  5 [14] 0.291 

Rest PCr/ATP  1.7±0.3 1.7±0.3 1.5±0.4 1.5±0.4 0.104 

Abbreviations: BMI=body mass index, DBP=diastolic blood pressure, LVGLS= left ventricular global longitudinal strain, hs-
cTnI=high sensitivity cardiac troponin I, LGE=late gadolinium enhancement, LV=left ventricle, LVEDV=left ventricular end diastolic 
volume, LVESV=left ventricular systolic volume, LVEF=left ventricular ejection fraction, LVM=left ventricular mass, MWT = maximal 
wall thickness, PCr/ATP=phosphocreatine/adenosine triphosphate, SBP=systolic blood pressure. Data presented as mean ±SD, 
median [IQR] or n(%).  
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Figure 14: Differences in age and BMI per systolic blood pressure (SBP) quartiles. The Jonckheere-Terpstra Test for assessing 
statistically significant trends is reported: Age, p=0.026; BMI, p=0.877. * = p<0.05, ** = p<0.01, *** = p<0.001. Abbreviations: BMI, 
body mass index. 
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Figure 15: Differences in high sensitivity cardiac troponin I (hs-cTnI) per systolic blood 
pressure (SBP) quartiles. No statistically significant trend between quartiles was 
observed (p=0.589).  Abbreviations: hs-cTnI, high sensitivity cardiac troponin I. 
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Figure 16: Differences in myocardial wall thicknesses 
and mass per systolic blood pressure (SBP) quartiles. 
No statistically significant relationships between 
quartiles were observed except for septal wall 
thickness, lateral wall thickness and LVM (Septal wall 
thickness, p=0.040; Lateral wall thickness, p=0.006; 
Anterior wall thickness, p=0.232; Inferior wall thickness, 
p=0.859; MWT, p=0.966; LVM, p=0.013). * = p<0.05, ** 
= p<0.01, *** = p<0.001. Abbreviations: MWT, maximal 
wall thickness; LVM, left ventricular mass.  
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Figure 17: Differences in LV geometry per systolic blood pressure (SBP) quartiles. The Jonckheere-Terpstra Test for assessing 
statistically significant trends is reported: Septal/lateral wall thickness ratio, p=0.016; Anterior/inferior wall thickness ratio, p=0.652.  * 
= p<0.05, ** = p<0.01, *** = p<0.001. 
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Figure 18: Differences in LV volumes and function per systolic blood pressure (SBP) quartiles. The Jonckheere-Terpstra Test for 
assessing statistically significant trends is reported: LVEDV, p=0.657; LVESV, p=0.017; LVEF, p=0.003. * = p<0.05, ** = p<0.01, *** 
= p<0.001.  Abbreviations: LVEDV, left ventricular end diastolic volume; LVESV, left ventricular end systolic volume; LVEF, left 
ventricular ejection fraction.  
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Figure 19: Differences in LV strain and fibrosis per systolic blood pressure (SBP) quartiles. No statistically significant trends were 
observed (LVGLS, p=0.839; LGE, p=0.291). Abbreviations: LVGLS, left ventricular global longitudinal strain; LGE, late gadolinium 
enhancement. 
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Figure 20: Differences in myocardial energetics per systolic blood pressure (SBP) 
quartiles. No statistically significant trend was observed (p=0.104). Abbreviations: 
PCr/ATP, phosphocreatine/adenosine triphosphate.  
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3.4.2.2 DIASTOLIC BLOOD PRESSURE TRENDS  
 
Higher DBPs were significantly more likely to be male and exhibited greater 

prevalences of diabetes mellitus, obesity, and atrial fibrillation (all p<0.001). These 

patients showed higher rates of LVOT obstruction, SAM, cardiac symptoms, and 

ventricular arrhythmias (all p<0.001). Increasing DBP showed associations with 

concentric remodelling patterns, particularly through lateral wall thickening (Figure 23) 

and reduced septal/lateral wall thickness ratios (Figure 24). The anterior/inferior wall 

thickness ratio also decreased with higher DBPs (Figure 37), suggesting generalised 

geometric changes. LV mass showed particularly strong associations with higher 

DBPs (Figure 25). Figures 21-27 demonstrate no significant associations between 

DBP and age, BMI, hs-cTnI level, septal, anterior, inferior and maximal myocardial 

wall thicknesses, LV volumes, function, fibrosis burden or myocardial energetics.  
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Table 4: Jonckheere-Terpstra Test results for trends in different parameters across 
diastolic blood pressure (DBP) quartiles.  
 

Category Quartile 1 Quartile 2 Quartile 3 Quartile 4 P value 

Age (years) 52 [21]  56 [20] 54 [11] 57 [12] 0.547 

BMI (kg/m2)  27 [10]  27 [5] 28 [10]  27 [6]  0.615 

SBP (mmHg)  123 [22]  128 [21] 133 [26] 135 [15]  <0.001 

DBP (mmHg)  62 [5] 71 [3]  79 [4]  86 [5]  <0.001 

hs-cTnI (ng/l) 11 [13] 9 [13] 12 [14] 9 [21] 0.982 

Septal wall thickness (mm) 17±6 15±5 16±5 15±5 0.170 

Lateral wall thickness (mm) 9 [6] 11 [7] 14 [6] 13 [7] 0.012 

Anterior wall thickness (mm) 12 [6] 10 [6]  13 [7]  11 [4]  0.655 

Inferior wall thickness (mm) 10 [5] 9 [3] 10 [7] 11 [3] 0.240 

MWT (mm) 18 [2] 18 [9]  19 [7] 19 [4]  0.472 

LVM (g) 144 [67] 129 [61] 182 [68] 163 [49] 0.002 

Septal/lateral wall thickness ratio 2.2 [1.2] 2 [1]  1.6 [0.7] 1.5 [0.3] <0.001 

Anterior/inferior wall thickness ratio 1.2 [0.4]  1.1 [0.3]  1.1 [0.4] 1 [0.3] 0.011 

LVEDV (ml) 172±35 146±30 153±29 165±30 0.810 

LVESV (ml) 55±21 44±15 40±9 51±19 0.335 

LVEF (%)  69±8 70±7 73±6 70±7 0.184 

LVGLS (%) -16 [1] -15 [7] -14 [5] -15 [6] 0.816 

LGE (g) 6 [13]  6 [13] 7 [15]  10 [21] 0.675 

Rest PCr/ATP  1.6±0.4 1.6±0.3 1.6±0.3 1.7±0.4 0.624 

Abbreviations: BMI=body mass index, DBP=diastolic blood pressure, LVGLS= left ventricular global longitudinal strain, hs-cTnI=high 
sensitivity cardiac troponin I, LGE=late gadolinium enhancement, LV=left ventricle, LVEDV=left ventricular end diastolic volume, 
LVESV=left ventricular systolic volume, LVEF=left ventricular ejection fraction, LVM=left ventricular mass, MWT = maximal wall 
thickness, PCr/ATP=phosphocreatine/adenosine triphosphate, SBP=systolic blood pressure. Data presented as mean ±SD, median 
[IQR] or n(%). 
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Figure 21: Differences in age and BMI per diastolic blood pressure (DBP) quartiles. No statistically significant trends were observed 
(Age, p=0.547; BMI, p=0.615). Abbreviations: BMI, body mass index. 
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Figure 22: Differences in hs-cTnI levels per diastolic blood pressure (DBP) quartiles. 
No statistically significant trend was observed (p=0.982). Abbreviations: hs-cTnI, high 
sensitivity cardiac troponin I. 
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Figure 23: Differences in myocardial wall thickness cardiac per diastolic blood pressure (DBP) 
quartiles. The Jonckheere-Terpstra Test for assessing statistically significant trends is reported: 
Septal wall thickness, p=0.170; Anterior wall thickness, p=0.655; Lateral wall thickness, p=0.012; 
Inferior wall thickness, p=0.240; MWT, p=0.472. * = p<0.05, ** = p<0.01, *** = p<0.001. Abbreviations: 
MWT, maximal wall thickness. 
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Figure 24: Differences in LV geometry per diastolic blood pressure (DBP) quartiles. 
The Jonckheere-Terpstra Test for assessing statistically significant trends is reported:   
Septal/lateral wall thickness ratio, p<0.001; Anterior/inferior wall thickness ratio 
p=0.011. * = p<0.05, ** = p<0.01, *** = p<0.001.      
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Figure 25: Differences in LV volumes, function and mass per diastolic blood pressure (DBP) quartiles. The Jonckheere-Terpstra 
Test for assessing statistically significant trends is reported: LVEDV, p=0.810; LVESV, p=0.335; LVEF, p=0.184; LVM, p=0.002. * = 
p<0.05, ** = p<0.01, *** = p<0.001. Abbreviations: LVEDV, left ventricular end diastolic volume; LVESV, left ventricular end systolic 
volume; LVEF, left ventricular ejection fraction; LVM, left ventricular mass.  
 



Dr Mohammed Abid Akhtar: MRes Thesis 
 

 95 

 

 

 

 

 

 

 

 

 

 

Figure 26: Differences in LV strain and fibrosis burden per diastolic blood pressure (DBP) quartiles. No statistically significant trends 
were observed (LVGLS, p=0.816; LGE, p=0.675). Abbreviations: LVGLS, left ventricular global longitudinal strain; LGE, late 
gadolinium enhancement.  
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Figure 27: Differences in myocardial energetics per diastolic blood pressure (DBP) 
quartiles. No statistically significant trend was observed (p=0.624). Abbreviations: 
PCr/ATP, phosphocreatine/adenosine triphosphate.  
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3.4.2.3 BMI TRENDS 
 
Higher BMI quartiles showed significantly greater prevalences of male sex, diabetes 

mellitus, atrial fibrillation, cardiac symptoms, and ventricular arrhythmias (all p<0.001). 

These patients exhibited progressive cardiac remodelling with increasing BMI, 

including elevated hs-cTnI levels (Figure 29), greater inferior wall thickness and left 

ventricular mass (Figure 30), and reduced septal/lateral wall thickness ratio (Figure 

31) and global longitudinal strain (Figure 32). Notably, Figure 28 shows BMI was not 

associated with age or blood pressure changes, while Figures 30-33 confirm no 

significant relationships with other wall segments, ventricular volumes, ejection 

fraction, fibrosis burden, or myocardial energetics. 
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Table 5: Jonckheere-Terpstra Test results for trends in different parameters across 
body mass index (BMI) quartiles.  
 

Category Quartile 1 Quartile 2 Quartile 3 Quartile 4 P value 

Age (years) 52 [22] 60 [12] 54 [16]  58 [14]  0.368 

BMI (kg/m2)  24 [2]  27 [1]  29 [3]  36 [6]  <0.001 

SBP (mmHg)  128 [24] 131 [15]  128 [11] 133 [28] 0.801 

DBP (mmHg)  75±13 74±18 75±7 75±10 0.660 

hs-cTnI (ng/l) 7 [13] 8 [9]  11 [9] 20 [38] 0.002 

Septal wall thickness (mm) 15±4 16±7 17±5 16±5 0.275 

Lateral wall thickness (mm) 12 [9] 11 [7] 12 [4] 12 [7] 0.427 

Anterior wall thickness (mm) 12 [7] 10 [4] 12 [8] 13 [5] 0.218 

Inferior wall thickness (mm) 9 [3] 10 [3] 10 [3] 11 [6] 0.019 

MWT (mm) 18 [5] 17 [3]  19 [8] 20 [5] 0.058 

LVM (g) 125 [59] 144 [62] 157 [61] 183 [78] <0.001 

Septal/lateral wall thickness ratio 1.9 [1] 1.5 [1.2] 1.7 [0.8] 1.6 [1] 0.075 

Anterior/inferior wall thickness ratio 1.1 [0.4]  1.1 [0.3]  1 [0.3]  1.1 [0.4] 0.874 

LVEDV (ml) 151±27 157±24 162±31 164±44 0.106 

LVESV (ml) 44±12 44±13 48±15 53±25 0.067 

LVEF (%)  70±6 72±6 71±5 69±10 0.400 

LVGLS (%) -16 [4] -16 [3]  -16 [5] -12 [5] 0.004 

LGE (g) 8 [11]  1 [11] 5 [8] 21 [20] 0.097 

Rest PCr/ATP  1.7±0.3 1.7±0.8 1.6±0.3 1.6±0.4 0.367 

Abbreviations: BMI=body mass index, DBP=diastolic blood pressure, LVGLS= left ventricular global longitudinal strain, hs-cTnI=high 
sensitivity cardiac troponin I, LGE=late gadolinium enhancement, LV=left ventricle, LVEDV=left ventricular end diastolic volume, 
LVESV=left ventricular systolic volume, LVEF=left ventricular ejection fraction, LVM=left ventricular mass, MWT = maximal wall 
thickness, PCr/ATP=phosphocreatine/adenosine triphosphate, SBP=systolic blood pressure. Data presented as mean ±SD, median 
[IQR] or n(%). 
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Figure 28: Differences in age, systolic blood pressure (SBP) and diastolic blood pressure (DBP) per body mass index (BMI) quartiles. 
No statistically significant trends were observed (Age, p=0.368; SBP, p=0.801; DBP, p=0.660). Abbreviations: SBP, systolic blood 
pressure; DBP, diastolic blood pressure.   
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Figure 29: Differences in hs-cTnI levels per body mass index (BMI) quartiles. The 
Jonckheere-Terpstra Test for assessing statistically significant trends is reported 
(p=0.002). Abbreviations: hs-cTnI, high sensitivity cardiac troponin I. * = p<0.05, ** = 
p<0.01, *** = p<0.001. 
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Figure 30: Differences in LV myocardial wall thickness and mass 
per body mass index (BMI) quartiles. The Jonckheere-Terpstra 
Test for assessing statistically significant trends is reported: 
Lateral wall thickness, p=0.427; Septal wall thickness, p=0.275; 
Anterior wall thickness, p=0.218; Inferior wall thickness, p=0.019; 
MWT, p=0.058; LVM, p<0.001. Abbreviations: LVM, left 
ventricular mass; MWT, maximal wall thickness. * = p<0.05, ** = 
p<0.01, *** = p<0.001 
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Figure 31: Differences in LV geometry per body mass index (BMI) quartiles. No statistically significant trends were observed 
(Septal/lateral wall thickness ratio, p=0.075; Anterior/inferior wall thickness ratio, p=0.874).* = p<0.05, ** = p<0.01, *** = p<0.001. 
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Figure 32: Differences in LV volumes, function, and fibrosis 
burden per body mass index (BMI) quartiles. The 
Jonckheere-Terpstra Test for assessing statistically 
significant trends is reported: LVEDV p=0.106; LVESV 
p=0.067; LVEF p=0.400; LVGLS p=0.004; LGE p=0.097). 
Abbreviations: LVEDV, left ventricular end diastolic volume; 
LVESV, left ventricular end systolic volume; LVEF, left 
ventricular ejection fraction; LVGLS, left ventricular global 
longitudinal strain; LGE, late gadolinium enhancement. * = 
p<0.05, ** = p<0.01, *** = p<0.001. 
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Figure 33: Differences in LV myocardial energetics per body mass index (BMI) 
quartiles. No statistically significant trend was observed (p=0.367). Abbreviations: 
PCr/ATP, phosphocreatine/adenosine triphosphate.  
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3.4.3 BLOOD PRESSURE AND BMI ASSOCIATIONS WITH VENTRICULAR 
GEOMETRY  
 
To evaluate how blood pressure and body mass index influence cardiac structure, we 

performed linear regression analyses with myocardial wall thickness and left 

ventricular geometric parameters as dependent variables, and systolic blood pressure 

(SBP), diastolic blood pressure (DBP), or body mass index (BMI) as independent 

variables. As shown in Figures 34-39, each regression model displays the correlation 

coefficient (R) representing relationship strength and direction, the unstandardized 

beta coefficient (B) quantifying the magnitude of change in cardiac parameters per unit 

change in blood pressure or BMI, and the statistical significance (p-value) derived from 

ANOVA testing. This approach allowed us to precisely quantify how hemodynamic 

and metabolic factors impact specific aspects of ventricular remodelling in HCM. 

3.4.3.1 THE RELATIONSHIP BETWEEN SBP AND MYOCARDIAL WALL 
THICKNESS AND LV GEOMETRY 
 
Linear regression analysis revealed no significant relationship between SBP and 

either anterior wall thickness, inferior wall thickness or anterior/inferior wall thickness 

ratio (see Figures 34 and 35). However, there was a significant positive association 

between SBP and septal and lateral wall thickness as well as the septal/lateral wall 

thickness ratio, indicating that for every 10 mmHg increase in SBP, there was a 0.8mm 

decrease in septal wall thickness, a 0.9mm increase in the lateral wall thickness and 

a 0.1 decrease in the septal/lateral wall thickness ratio (see Figure 35). 
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Figure 34: Linear regression analysis between SBP and myocardial wall thicknesses. The correlation (r), p-value and the regression 
coefficient or unstandardised B-, where the p value was <0.05, of each linear regression is included on the graph. Abbreviations: SBP, 
systolic blood pressure.  
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Figure 35: Linear regression analysis between SBP and myocardial wall thickness. The correlation (r), p-value and the regression 
coefficient or unstandardised B-, where the p value was <0.05, of each linear regression is included on the graph. Abbreviations: 
SBP, systolic blood pressure. 
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3.4.3.2 THE RELATIONSHIP BETWEEN DBP AND MYOCARDIAL WALL 
THICKNESS AND LV GEOMETRY 
 
Linear regression analysis did not demonstrate a significant relationship between DBP 

and the thickness of the septal, anterior or inferior walls (see Figure 36). However, a 

significant association was found between DBP, lateral wall thickness, septal/lateral 

wall thickness ratio, and anterior/wall thickness ratio: for every 10 mmHg increase in 

DBP, there was a 0.9 mm increase in lateral wall thickness, a 0.2 decrease in 

septal/lateral wall thickness ratio, and a 0.1 decrease in anterior/inferior wall thickness 

ratio (see Figures 36-37).  
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Figure 36: Linear regression analysis between DBP and myocardial wall thickness. The correlation (r), p-value and the regression 
coefficient or unstandardised B-, where the p value was <0.05, of each linear regression is included on the graph. Abbreviations: 
DBP, diastolic blood pressure. 
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Figure 37: Linear regression analysis between DBP and LV geometry. The correlation (r), p-value and the regression coefficient or 
unstandardised B-, where the p value was <0.05, of each linear regression is included on the graph. Abbreviations: DBP, diastolic 
blood pressure.
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3.4.3.3 THE RELATIONSHIP BETWEEN BMI, MYOCARDIAL WALL THICKNESS 
AND LV GEOMETRY 
 
In the linear regression analysis, no significant associations were found between BMI 

and myocardial wall thickness or the anterior/inferior thickness ratio (see Figure 38 

and 39). However, linear regression analysis between BMI and the septal/lateral wall 

thickness ratio demonstrated a significant relationship, suggesting that for every kg/m² 

increase in BMI, there is a 0.027 decrease in the septal/lateral wall thickness ratio, 

making the LV more concentric (see Figure 39). 
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Figure 38: Linear regression analysis between BMI and myocardial wall thickness. The correlation (r), p-value and the regression 
coefficient or unstandardised B-, where the p value was <0.05, of each linear regression is included on the graph. Abbreviations: 
BMI, body mass index. 
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Figure 39: Linear regression analysis between BMI and LV geometry. The correlation (r), p-value and the regression coefficient or 
unstandardised B-, where the p value was <0.05, of each linear regression is included on the graph. Abbreviations: BMI, body mass 
index. 
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3.4.4 THE RELATIONSHIP BETWEEN SBP, DBP AND BMI IN OUR HCM 
COHORT 
 
To investigate whether BMI and SBP have synergistic effects in combination, I 

performed interaction statistics using regression models. Wall thickness parameters 

served as the dependent variable, and SBP, BMI, DBP and their interaction terms as 

the independent variables.  

 
There was no statistically significant interaction between BMI and SBP for septal wall 

thickness (p=0.479), anterior wall thickness (p=0.486), lateral wall thickness 

(p=0.252), and maximal wall thickness (p=0.743), or the anterior/inferior wall thickness 

ratio (p=0.296). However, a statistically significant interaction between BMI and SBP 

was found for inferior wall thickness (B=0.05, p=0.007) and septal/lateral wall 

thickness ratio (B=-0.04, p=0.002). 

 
Similarly, there was no statistically significant interaction between BMI and DBP for 

septal wall thickness (p=0.133), lateral wall thickness (p=0.807), anterior wall 

thickness (p=0.403) or maximal wall thickness (LVMWT) (p=0.630). However, a 

statistically significant interaction between BMI and DBP was observed for inferior wall 

thickness (B=0.04, p=0.006), septal/lateral wall thickness ratio (p<0.001), and 

anterior/inferior wall thickness ratio (B=0.02, p=0.024). 
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3.4.5 THE DIFFERENCE BETWEEN GENE- VS GENE+ HCM CASES IN OUR 
COHORT 
 
Table 6 and Figure 40 summarise the differences between participants with a gene-

positive (gene+) HCM patients and gene-negative (gene-) HCM patients. Compared 

to the gene+ group, gene-HCM patients were older, more likely to be male, and had a 

higher BMI, along with a greater burden of hypertension, diabetes mellitus, and atrial 

fibrillation. Their inferior wall thickness and DBP were also significantly higher than 

those of gene-positive HCM patients. Conversely, gene- HCM patients had a 

significantly lower MWT, septal/lateral wall thickness ratio, and anterior/inferior wall 

thickness ratio, indicating a more concentric LV. While gene- HCM patients had 

numerically higher SBP and LVMI, these differences did not reach statistical 

significance. 

 
There were no significant differences between the two groups regarding other CMR 

parameters, resting myocardial energetics, troponin levels, or ventricular arrhythmia 

burden on ambulatory ECG monitoring. Both groups also had a similar, low-risk ESC 

SCD risk classification. 
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Table 6: Differences between Gene- vs gene+ HCM patient subgroups. 
 
  Gene- 

(n=56) 
Gene+ 
(n=51) 

P value 

 
Age (years) 
Sex  
   Male, n (%) 
   Female, n (%)   

 
61 [11] 

 
48 (86) 
8 (14) 

 
51 [17] 

 
36 (71) 
15 (29) 

 
<0.001 

 
0.047 

BMI (kg/m2) 
Hypertension, n (%) 
Diabetes Mellitus, n (%) 
Obesity, n (%) 
Atrial Fibrillation, n (%) 
 
Obstruction, n (%) 
NYHA class I, n (%) 
 
Systolic blood pressure (mmHg) 
Diastolic blood pressure (mmHg) 
  
Troponin (ng/L) 
 
Rest PCr/ATP 
 
Maximum LV wall thickness (mm) 
Septal/lateral wall thickness ratio 
Anterior/inferior wall thickness ratio 
Septal wall thickness (mm) 
Lateral wall thickness (mm) 
Anterior wall thickness (mm) 
Inferior wall thickness (mm) 
LV Mass index (g/m2) 
LVEDVI (ml/m2) 
LVESV (ml) 
LV EF (%) 
Global longitudinal strain (%) 
Late gadolinium enhancement (g)  
 
Ventricular arrhythmia, n (%) 
ESC SCD Risk (%) 

28 [6] 
26 (4) 
7 (13) 

24 (43) 
6 (12) 

 
6 (11) 

49 (88) 
 

130 ± 13 
81 [18] 

 
6 [15] 

 
1.7 ± 0.4 

 
18 [4] 

1.5 [0.7] 
1 [0.4]  
16 ± 7 
13 ± 4  
11 [4] 
11 [4] 

77 ± 16 
84 ± 11 
54 ± 15 
68 ± 5 
-16 ± 3 
6 (14) 

 
10 (20) 
2 [0.2] 

27 [6] 
6 (12) 
0 (0) 

17 (33) 
0 (0) 

 
6 (12) 

47 (92) 
 

122 ± 11 
70 [7] 

 
8 [26] 

 
1.8 (0.5) 

 
20 [7] 

2.1 ± 0.7  
1.1 [0.4] 
16 ± 6 
10 [7] 
12 [7] 
9 [3]   

62 ± 12 
80 ± 12 
51 ± 15 
67 ± 7 
-15 ± 3 
8 (18) 

 
15 (37) 
2.3 [0.3] 

0.030 
<0.001 
0.009 
0.208 
0.022 

 
0.552 
0.725 

 
0.065 
0.005 

 
0.572 

 
0.342 

 
0.045 

<0.001 
0.004 
0.793 
0.136 
0.909 
0.009 
0.062 
0.971 
0.983 
0.168 
0.199 
0.147 

 
0.071 
0.698 

Abbreviations: BMI=body mass index, DBP=diastolic blood pressure, ESC= European Society of Cardiology, GLS=global 
longitudinal strain, hs-cTn=high sensitivity cardiac troponin, LGE=late gadolinium enhancement, LV=left ventricle, 
LVEDVI=left ventricular end-diastolic volume index, LVESV=left ventricular systolic volume, LVEF=left ventricular ejection 
fraction, LVMI=left ventricular mass index, MWT = maximal wall thickness, NYHA=New York heart association,  
PCr/ATP=phosphocreatine/adenosine triphosphate, SBP=systolic blood pressure, SCD= sudden cardiac death risk. Data 
presented as mean ±SD or median [IQR].  
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Figure 40: Significant findings in genetic subgroup analysis of our cohort. * = p<0.05, ** = p<0.01, *** = p<0.001. Abbreviations: BMI, 
body mass index; DBP, diastolic blood pressure; MWT, maximal wall thickness.  
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3.4.6 HCM GENETIC SUBGROUP LINEAR REGRESSION ANALYSIS BETWEEN 
SBP, DBP, BMI AND THE PARAMETERS IN OUR STUDY 
 
I then performed a linear regression analysis between the various parameters in my 

study, including myocardial wall thickness, function and fibrosis, and SBP, DBP and 

BMI for the genotype positive and negative subgroups respectively.  

 

3.4.6.1 HCM GENETIC SUBGROUP LINEAR REGRESSION FOR SBP  
 
In the gene- HCM subgroup, the only statistically significant associations with an 

increasing SBP were a decreasing septal wall thickness, anterior wall thickness and 

LVESV and an increasing LVEF (Figures 41 and 43). In the gene+ HCM subgroup, 

an increasing SBP was associated with an increased lateral wall thickness (Figures 

41, 42 and 43). 
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Figure 41: Linear regression analysis between SBP and myocardial wall thickness in the gene+ and gene- HCM subgroups with the 
correlation (r) and statistical significance (p) values included. Abbreviations: MWT, maximal wall thickness; SBP, systolic blood 
pressure.
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Figure 42: Linear regression analysis between SBP and LV geometry in the gene+ and gene- HCM subgroups with the correlation 
(r) and statistical significance (p) values included. Abbreviations: SBP, systolic blood pressure. represents the gene+ HCM subgroup 
and represents the gene- HCM subgroup.  
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Figure 43: Linear regression analysis between SBP and LV mass, volumes, function and fibrosis in the gene+ and gene- HCM 
subgroups with the correlation (r) and statistical significance (p) values included.  Abbreviations: GLS, global longitudinal strain; LGE, 
late gadolinium enhancement; LVEDV, left ventricular end diastolic volume; LVEF, left ventricular ejection fraction; LVESV, left 
ventricular end systolic volume; LVM, left ventricular mass; SBP, systolic blood pressure. 
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3.4.6.2 HCM GENETIC SUBGROUP LINEAR REGRESSION FOR DBP  
 
In the gene- HCM subgroup, the only statistically significant associations with an 

increasing DBP were a decreasing anterior/inferior wall thickness ratio and an 

increasing LVM (Figures 44 and 45). In the gene+ HCM subgroup, there were no 

statistically significant associations with an increasing DBP (Figures 44, 45 and 46). 
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Figure 44: Linear regression analysis between DBP and myocardial wall thickness in the gene+ and gene- HCM subgroups with the 
correlation (r) and statistical significance (p) values included. Abbreviations: DBP, diastolic blood pressure; MWT, maximal wall 
thickness.   
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Figure 45: Linear regression analysis between DBP and LV geometry in the gene+ and gene- HCM subgroups with the correlation 
(r) and statistical significance (p) values included. Abbreviations: DBP, diastolic blood pressure.  
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Figure 46: Linear regression analysis between DBP and LV mass, volumes, function, strain and fibrosis in the gene+ and gene- 
HCM subgroups with the correlation (r) and statistical significance (p) values included. Abbreviations: DBP, diastolic blood pressure; 
GLS, global longitudinal strain; LGE, late gadolinium enhancement; LVEDV, left ventricular end diastolic volume; LVEF, left 
ventricular ejection fraction; LVESV, left ventricular end systolic volume; LVM, left ventricular mass.
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3.4.6.3 HCM GENETIC SUBGROUP LINEAR REGRESSION FOR BMI 
 
In the gene- HCM group, there was no statistically significant trends (Figures 47, 48 

and 49). In the gene+ HCM group, as BMI increases, there is a significant increase in 

LVESV and a significant decrease in LVEF (Figures 47 and 49).  
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Figure 47: Linear regression analysis between BMI and myocardial wall thickness in the gene+ and gene- HCM subgroups with the 
correlation (r) and statistical significance (p) values included. Abbreviations: BMI, body mass index; MWT, maximal wall thickness. 
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Figure 48: Linear regression analysis between BMI and LV geometry in the gene+ and gene- HCM subgroups with the correlation (r) 
and statistical significance (p) values included. Abbreviations: BMI, body mass index. 
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Figure 49: Linear regression analysis between BMI and LV geometry in the gene+ and gene- HCM subgroups with the correlation 
(r) and statistical significance (p) values included.  Abbreviations: BMI, body mass index; GLS, global longitudinal strain; LGE, late 
gadolinium enhancement; LVEDV, left ventricular end diastolic volume; LVEF, left ventricular ejection fraction; LVESV, left ventricular 
end systolic volume; LVM, left ventricular mass;
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3.4.7 SEPTAL/LATERAL WALL THICKNESS RATIO DISCRIMINATES BETWEEN 
GENE+ AND GENE- HCM 
 
To explore the potential for differentiating between gene+ and gene- HCM patients 

using LV geometry, I conducted a Receiver Operating Characteristic (ROC) analysis 

to determine an optimal cutoff point for the septal/lateral wall thickness ratio that 

maximizes the ability to discriminate between the two groups (see Figure 50). 

 
At a septal/lateral wall thickness ratio of 1.124, the sensitivity was 0.957, with a 1-

specificity of 0.788, resulting in a Youden’s index of 0.168. This suggests a low 

discriminating capability at this cutoff. However, at a higher septal/lateral wall 

thickness ratio of 1.56, while sensitivity dropped to 0.848, 1-specificity improved to 

0.404, yielding a higher Youden’s index of 0.44, along with a Gini index of 0.511 and 

a C-statistic of 0.66. These values suggest moderate discriminatory ability at a 

septal/lateral wall thickness ratio of 1.56 to identify gene+ HCM patients from gene- 

HCM patients. 
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Figure 50: Receiver Operator Characteristic (ROC) analysis to differentiate gene+ 
HCM from gene- HCM using septal/lateral wall thickness ratio. Abbreviations: SP ratio, 
septal/posterior or lateral wall thickness ratio.  
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3.5 DISCUSSION  
 

3.5.1 THE EFFECT OF SYSTOLIC BLOOD PRESSURE (SBP) AND DIASTOLIC 
BLOOD PRESSURE (DBP) AS MODIFIERS IN HCM  
 

3.5.1.1 THE HCM COHORT AS A WHOLE’S RESPONSE TO INCREASING SBP 
AND DBP 
 
 
Across the entire HCM cohort, increasing SBP and DBP was associated with a more 

concentric LV. In addition, an increasing SBP was associated with an increasing LV 

mass and systolic function, and an increasing DBP was associated with increased wall 

thickness.  

 
While concentric LVH is classically linked to hypertension, its role in HCM is less 

studied. Our finding of obesity-associated concentric LV remodelling in HCM conflicts 

with prior reports (122, 123). Our finding highlights that not at all HCM patients have 

the typical asymmetric LVH morphology and provides a potential reason as to why this 

is the case (113). In addition, we report, for the first time, an association between 

increased DBP and increased inferior wall thickness – prior work focusing only on 

septal and/or anterior hypertrophy.  

 

3.5.1.2 GENE+ AND GENE- HCM RESPONSES TO INCREASING SBP AND DBP  
 
Interestingly, associations differed by genotype. In gene negative HCM patients, 

increasing DBP was associated with a more concentric LV (as assessed the 

anterior/inferior wall thickness ratio) and an increased LVM. Increasing SBP correlated 

with a decreasing septal and anterior wall thickness and LVESV, as well as an 

increasing LVEF.  



Dr Mohammed Abid Akhtar: MRes Thesis 
 

 133 

In gene positive HCM patients, an increasing SBP was associated with an increased 

lateral wall thickness. There were no significant associations with an increased DBP. 

These findings suggest hypertension’s phenotype-modifying role is stronger in gene-

HCM. Lateral wall thickness with an increased SBP in gene negative HCM patients 

has not been reported before and may reflect atypical wall stress responses in this 

patient population.  

 

3.5.2 THE EFFECT OF BMI AS A MODIFIER IN HCM 
 

3.5.2.1 THE HCM COHORT AS A WHOLE’S RESPONSE TO INCREASING BMI 
 
Higher BMI was associated with an increased inferior wall thickness, LVM and a more 

concentric LV (as assessed by the septal/lateral wall thickness ratio). Unlike blood 

pressure, a higher BMI also correlated with an increased hs-cTnI levels and worsening 

GLS.  

 
While obesity has traditionally been associated with eccentric hypertrophy, recent data 

supports a link to concentric LVH (124). In our study, we observed a novel pattern of 

regional hypertrophy – specifically, increased inferior and anterior wall thickness in 

gene positive patients. Additionally, we found that obese HCM patients exhibited 

elevated troponin levels and worse GLS, two previously unreported associations. The 

higher troponin levels  suggest that obesity may exacerbate myocardial injury, possibly 

through driving systemic inflammation (125). Meanwhile, the worse GLS indicates that 

BMI should be considered when interpreting strain measurements in HCM patients.  
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3.5.2.2 GENE+ AND GENE- HCM RESPONSES TO INCREASING BMI 
 
In gene positive HCM patients, an increasing BMI was associated with an increasing 

inferior wall thickness, LVESV and decreasing LVEF. No significant trends with BMI 

were observed in gene negative HCM participants. Our findings suggest that obesity 

causes similar remodelling and contractile impairments in gene+ HCM individuals as 

in those with non-HCM hearts (79).  

 

3.5.3 SYNERGY BETWEEN BMI, SBP AND DBP AND THEIR IMPACT ON 
MYOCARDIAL WALL THICKNESS AND LV GEOMETRY 
 
Interaction analyses between BMI and SBP or DBP were significant for inferior wall 

thickness and septal/lateral wall thickness ratio. In addition, a potentially significant 

interaction emerged between BMI and DBP for anterior/inferior wall thickness ratio. 

These findings suggest regional adaptations to the combined haemodynamic and 

metabolic stress, possibly mediated by heterogenous receptor distributions e.g. 

angiotensin or insulin receptors or differential wall stress responses, as seen in some 

animal studies (126, 127). 

 

3.5.4 LV GEOMETRY AS A METHOD TO DISTINGUISH BETWEEN GENE+ AND 
GENE- HCM 
 
Although genetic testing has become more widely available with time, access remains 

limited - particularly in developing countries (128). This limitation is particularly relevant  

for inherited conditions such as HCM, where management strategies can differ 

depending on the presence of a pathogenic variant; for example, the ESC SCD risk 

score is only validated in sarcomeric HCM (37). To address this gap, several clinical, 

imaging, or combined clinical-imaging tools have been developed to predict genotype 
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status in patients with HCM (129-131). These tools and scores have primarily relied 

on descriptive phenotypic features, often derived from HCM registries, such as a 

positive family history, reverse septal curvature LVH, the absence of LVOT 

obstruction, or a high burden of LGE, which collectively suggest sarcomeric rather 

than non-sarcomeric HCM (113) (129-131). More recently, machine learning 

techniques have been applied to improve genotype prediction, showing promising 

results, though caution is warned due to the “black box” nature of these models (132).  

 

Our finding of a septal/lateral wall thickness ratio cut-off of 1.56 moderately 

discriminated genotype status (³1.56 would be suggestive of gene+ HCM and <1.56 

would be suggestive of gene- HCM), represents a novel finding in the literature. This 

ratio decreased with increasing SBP, DBP, and BMI, underscoring environmental 

influences on the gene- concentric LV phenotype. The use of this ratio as a diagnostic 

tool could provide clinicians with a simple yet effective method to help assess genetic 

status in patients with HCM, especially in settings where genetic testing is less 

accessible.  

 

3.5.5 IMPLICATIONS FOR DISEASE MANAGEMENT 
 
The findings mandate aggressive management of hypertension and obesity in HCM. 

In gene- HCM, blood pressure control is critical, as SBP/DBP directly drives concentric 

remodelling and LV mass progression. In gene+ HCM, weight management takes 

priority, with obesity exacerbating myocardial injury and systolic dysfunction.  
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The septal/lateral ratio offers a practical imaging biomarker to identify gene- HCM 

patients likely to benefit from BP/weight interventions, and appropriately risk stratify 

patients with respect to SCD.  

 

3.5.6 IMPLICATIONS FOR THE HYPOTHESES 
 
Our findings support our hypothesis that hypertension and obesity serve both as 

phenotypic modifiers and phenocopies in gene- HCM, if we are to assume 

hypertensive and obesity associated LVH as being primarily mild and concentric in 

nature, while acting primarily as modifiers in gene+ HCM. In gene- HCM patients, the 

blood pressure dependent concentric remodelling demonstrates how these 

haemodynamic stressors can reproduce genetic hypertrophy. In gene+ HCM 

individuals, obesity modifies the preserved septal dominance towards a heart failure 

phenotype with a more dilated and impaired LV. This fundamental distinction – 

phenocopy versus modifiers effects – provides a mechanistic framework for 

understanding HCM’s phenotypic spectrum and underscores the need for genotype 

and environmental factors-informed management strategies.  

 

3.6 CONCLUSION  
 
This study reveals two distinct HCM pathways: (1) gene- HCM: dominated by 

hypertension driven concentric remodelling and (2) gene+ HCM: characterised by 

genetic hypertrophy and modified towards a heart failure phenotype by obesity.  

 
The septal/lateral ratio provides a potentially clinically actionable imaging biomarker 

that can aid in genotype prediction where genetic testing is unavailable, monitoring 
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therapeutic response to BP/weight interventions and stratifying patients for targeted 

management.  

 

3.7 LIMITATIONS 
 
Several important limitations must be acknowledged in this study. First, our analysis 

of diabetes mellitus was limited by low prevalence (n=7) in the cohort, though previous 

registry data suggest minimal phenotype differences between diabetic and non-

diabetic HCM patients would likely have been found (78). Second, our cohort is 

predominantly white and male - reflecting both the inherent male predominance in 

HCM and local referral patterns. Validation in more diverse populations is required 

before broader generalisation of our findings. Finally, while additional parameters such 

as LA strain, native T1, ECV and CPET data were available for the TEMPEST sub 

cohort, their absence in the SARC-HCM prevented comprehensive analysis – a 

limitation partially mitigated by the TEMPEST subgroup analysis showing no 

significant differences in these variables.   
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CHAPTER 4: INVESTIGATION COHORTS OF 

HYPERTENSION AND/OR OBESITY AS HCM 

PHENOCOPIES 
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4.1 ABSTRACT  
 
Introduction: Hypertension and obesity are prevalent conditions that significantly 

influence left ventricular (LV) geometry and myocardial wall thickness. These factors 

can modify the hypertrophic cardiomyopathy (HCM) phenotype, leading to challenges 

in differentiating HCM from hypertensive or obesity-induced LV hypertrophy. This 

study investigates the effects of systolic blood pressure (SBP), diastolic blood 

pressure (DBP), and body mass index (BMI) on LV structure in hypertensive, obese, 

and HCM populations. 

 
Methods: This retrospective analysis utilised data from three cohorts: (1) The 

Hypertension Spectrum Cohort - hypertensive and normotensive patients (n=425), (2) 

The Metabolic Spectrum Cohort - healthy individuals with varying BMI (n=849), and 

(3) HCM cohort - HCM patients from an international registry (n=236). Cardiac 

magnetic resonance imaging (CMR) was performed to measure myocardial wall 

thickness, LV volumes, and function. Associations between SBP, DBP, BMI, and LV 

geometry were assessed using multiple linear regression and stratified analysis 

across quartiles for each variable. 

 
Results: In the Hypertension Spectrum Cohort, SBP was strongly associated with 

septal wall thickness and asymmetric LV hypertrophy, with 9% of hypertensive 

patients displaying an HCM-like phenotype (MWT ≥15 mm). In the Metabolic Spectrum 

Cohort, obesity contributed to asymmetric LV remodelling but did not mimic HCM, with 

a maximum MWT of 14 mm. Asymmetric remodelling (septal/lateral wall thickness 

ratio ≥1.5) was observed in 9% of participants. In the HCM Cohort, BMI was 

associated with concentric remodelling and increased lateral wall thickness in HCM 
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patients, while SBP and DBP showed minimal effects, suggesting a dominant role of 

intrinsic pathology in HCM. 

 

Conclusion: Hypertension, primarily driven by SBP, can mimic the HCM phenotype 

in some hypertensive patients, while obesity influences LV geometry differently, 

exacerbating concentric remodelling in HCM patients but not reaching diagnostic HCM 

thresholds when present in isolation. These findings underscore the need for tailored 

diagnostic and management strategies for hypertension and obesity in both HCM and 

non-HCM populations. 
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4.2 INTRODUCTION  
 
Hypertension and obesity are common in hypertrophic cardiomyopathy (HCM), and 

as I have demonstrated in Chapter 3, appear to significantly modify the HCM 

phenotype, making the left ventricle (LV) more concentric, and increasing regional wall 

thickness, possibly in a synergistic fashion, with these interactions likely mediated by 

age and genetic status.  

 
We have yet to validate these findings in another HCM cohort, as well as explore if 

hypertension and/or obesity associated LVH can mimic the HCM phenotype – 

particularly gene negative HCM. According to a few published studies, a maximal wall 

thickness (MWT) of ³17mm in hypertension and ³14mm in obesity means that the 

patient’s MWT primarily is due to HCM – do we observe similar MWT thresholds in our 

non-HCM cohorts? (67, 79)  
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4.3 METHODS  
 

4.3.1 PATIENTS  
 
This is a retrospective analysis of data from three prospective studies: 

• Hypertension spectrum cohort (n=425): patients with a normal 

(“normotensive”) blood pressure and those with hypertension. 

• Metabolic spectrum cohort (n=849): patients with and without obesity.  

• Hypertrophic Cardiomyopathy Cohort (n=236): Hypertrophic 

Cardiomyopathy (HCM) patients from an international HCM registry, the 

Hypertrophic Cardiomyopathy Registry (HCMR). 

 

Hypertension Spectrum Cohort  

This cohort consisted of a mixed group of normotensive and hypertensive participants 

from phase III of the Oxford Family Blood Pressure Study - Phase III (133). 248 

families (1,425 participants) were recruited between 1993 and 1996 for a genetic study 

of hypertension and other cardiac risk factors (133, 134). Families were selected via 

a proband that was diagnosed with essential or primary hypertension in the 

hypertension clinic at the John Radcliffe Hospital in Oxford, UK (secondary 

hypertension was excluded in patients using established screening) (133, 134). BP 

was also assessed during the participant’s research visit (133, 134). All participants 

were or white ethnicity, and each family consisted of at least three siblings that were 

quantitively assessable for blood pressure (133, 134). First, second- and third-degree 

relatives were then recruited to form a series of extended families (133, 134). DNA 

testing was performed during recruitment using established methods (133, 134). 
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Genotyping was performing using the Illumina 660W-Quad chip that included 557,124 

single nucleotide polymorphisms (SNPs) (133, 134). In 1997-2000, family members 

were reinvented for phenotyping using ECG and echocardiogram (133, 134). In 2007-

2010, surviving members of the cohort were recruited for repeat 

normotensive/hypertensive status classification, using up-to-date blood pressure 

measurements and/or available clinic data as well as the ESC guidelines for 

hypertension, repeat genotyping using the latest gene panels available, and for the 

first time, cardiac MRI phenotyping (133). Participants were excluded from all analyses 

if they had atrial fibrillation or a cardiac device in situ, and any evidence of myocardial 

infarction, significant valvular heart disease, non-hypertensive cardiomyopathy, and/or 

chronic pericardial disease. In addition, normotensive participants were excluded if 

they had any history of cardiovascular disease or diabetes mellitus (133). All 

participants underwent a standard cardiomyopathy protocol CMR (with an MR 

aortogram) on a 1.5T MR system (Siemens, Healthineers, Germany) (133). 

 

Metabolic Spectrum Cohort 

This cohort comprises data from two observational CMR studies undertaken at our 

centre involving patients with varying BMIs (135, 136). The first study was undertaken 

in 2012, with the aim of investigating gender-specific differences in obesity associated 

LVH using CMR (136). The exclusion criteria were <18 years old, >80 years old, a 

history of cardiovascular disease, hypertension, diabetes (also excluded via a blood 

sample on the day of the CMR), smoking, use of prescription medications or 

pregnancy (136). Cine CMR at 1.5T was performed in a total of 741 subjects (obesity 

n=181) (136). Obesity was defined as per the World Health Organisation (WHO) 
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classification (i.e. BMI >30 kg/m2) (136). The second study aimed to compare healthy 

controls with participants with obesity and/or hypertension with respect to LV geometry 

and aortic distensibility (135). All participants were between the ages of 18-80 years 

old (135). Healthy controls, and obesity were defined similarly to the first study and 

hypertension was defined similarly to the Hypertension spectrum cohort (135). All MR 

scans also took place on a 1.5T scanner (135). A total of 301 participants were 

included in this study (Healthy controls n=121; obesity n=98; hypertension n=129) 

(135). Of these two studies, I had access to data for a total of 849 participants.  

 

Hypertrophic Cardiomyopathy Cohort 
 
The HCM Cohort consists of data from the HCMR registry, an international prospective 

observational study. Participants underwent standard clinical evaluations, CMR (on a 

3T Siemens system), and blood tests for genetic and biomarker analysis (137). 

Longitudinal follow-up is ongoing (137). Inclusion criteria required participants to be 

aged 18-65 years with an established diagnosis of HCM (MWT >15mm) without cavity 

dilatation, uncontrolled hypertension, a history of septal reduction therapy, myocardial 

infarction, severe comorbidity (e.g. diabetes mellitus with end-organ damage) or 

contraindication to CMR (137). A total of 2755 participants were enrolled (71% male, 

17% non-white, 18% with LVOTO, 36% sarcomere positive and 50% had LGE) (113). 

Of this cohort, I had access to limited data of 236 participants.  
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Ethics  

All studies were approved by the local research ethics committee in Oxford, and were 

in accordance with the Declaration of Helsinki, with informed written consent being 

obtained from each participant.  

 

Data Overview 

In total,  dataset includes 1510 patients, with measurements of septal wall thickness, 

lateral wall thickness, the septal/lateral wall thickness ratio, sex, BMI, systolic blood 

pressure (SBP), and diastolic blood pressure (DBP). The CMR data (septal and lateral 

wall thickness) were analysed by me in accordance with the methods described in 

Chapter 2.  

 

Statistical analysis 

As described in Chapters 2 and 3.  
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4.4 RESULTS 
 

4.4.1 DOES HYPERTENSION INFLUENCE LVH SEVERITY AND LV GEOMETRY 
IN A WAY THAT RESEMBLES HCM? 
 

4.4.1.1 BASELINE DEMOGRAPHICS IN HYPERTENSION SPECTRUM COHORT  
 
The Hypertension Spectrum Cohort (Table 7) is largely middle aged (48% male) with 

a high burden of cardiovascular risk factors: 50% had a history of hypertension, 33% 

had a SBP ³140 mmHg on their recorded BP, and 29% were obese.  

 
The median maximal wall thickness is high-normal, with septal hypertrophy 

predominating. LV volumetrics and systolic function were normal, but asymmetric 

remodelling was prevalent.   

 

4.4.1.2 HTN COHORT: HOW MANY PATIENTS ARE SIMILAR TO HCM 
 
 
5% (n=23) of the cohort reached MWT ³17mm, 13% (n=55) of the cohort had a MWT 

³15mm and the maximal MWT observed in the cohort was 21mm (in the septal and/or 

anterior walls). Of the participants with a MWT ³15mm, 76% (n=42) had a history of 

hypertension and 60% (n=33) had a septal/lateral wall thickness ratio ³1.5.  Therefore, 

when MWT and septal/lateral wall thickness are solely relied on, 9% (n=38) of the 

cohort had an imaging phenotype suggestive of HCM. 
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Table 7: Summary of results for Hypertension Spectrum Cohort 

  
Category Combined cohort  

(n=425) 
Age 
Sex 

Male, n (%) 
Female, n (%) 

BMI (kg/m2) 

 55 [16]  
 

205 (48) 
220 (52) 

28 [6] 
Hypertension, n (%)   214 (50) 
Diabetes Mellitus, n (%) 
Obesity, n (%)  
 
SBP (mmHg) 
DBP (mmHg) 
 
MWT (mm) 
Septal wall thickness (mm) 
Anterior wall thickness (mm) 
Lateral wall thickness (mm) 
Inferior wall thickness (mm) 
Septal/lateral wall thickness ratio 
LVMI (g/m2) 
LVEDVI (ml/m2) 
LVESV (ml) 
LVEF (%) 

20 (5) 
123 (29) 

 
132 [24] 
77 [15] 

 
12 [4] 
12 [4]  
9 [3] 
9 [3] 

 10 ± 2 
1.4 [0.4] 
64 [20] 
71 [18] 
38 [20] 
71 [9] 

Abbreviations: BMI=body mass index, DBP=diastolic blood pressure, MWT=Maximal LV 
wall thickness, LVMI=Left Ventricular Mass Index, LVEDVI=Left Ventricular End 
Diastolic Volume Index, LVEF=Left Ventricular Ejection Fraction, LVESV=Left 
Ventricular End Systolic Volume, SBP=systolic blood pressure. Data presented as mean 
±SD, median [IQR] or n(%). 

 

 

 
 

 

 

 

 

 

 



Dr Mohammed Abid Akhtar: MRes Thesis 
 

 148 

4.4.1.3 HYPERTENSION SPECTRUM COHORT: SBP AND WALL THICKNESS 
 
SBP quartile analysis via the Jonckheere-Terpstra test revealed progressive increases 

in wall thickness and asymmetric remodelling with increasing SBP (Table 8, Figures 

51-54). Septal hypertrophy was most sensitive to SBP (0.4mm increase per 10mmHg 

SBP increase; p<0.001), translating to 1.2mm thickening over a 30mmHg SBP range. 

Higher SBP also increased anterior (0.2mm/10mmHg), inferior (0.1mm/10mmHg), 

MWT, LVM (0.3g/10mmHg) and septal/lateral wall thickness ratio (0.03/10mmHg; all 

p<0.05).  
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Table 8: Hypertension Spectrum Cohort – differences across SBP quartiles in 

baseline demographics, wall thickness, LV geometry, volumes and function.  

 
Category Quartile 1 Quartile 2 Quartile 3 Quartile 4 P value 

Age (years) 52 [22]  57 [22]  61 [21] 69 [13]  <0.001 

BMI (kg/m2)  27 [6]   27 [6]   28 [5]   28 [5]   0.024 

SBP (mmHg)  114 [7] 126 [6]   139 [8]  156 [13] <0.001 

DBP (mmHg)  71 [10] 76 [12] 81 [14] 83 [18] <0.001 

Septal wall thickness (mm) 10 [4]  11 [3]  12 [3]  13 [4] <0.001 

Lateral wall thickness (mm) 9±4 9±2 9±2 9±2 0.049 

Anterior wall thickness (mm) 9 [3] 9 [3] 9 [3] 9 [4] 0.026 

Inferior wall thickness (mm) 9 [4] 10 [3] 10 [3] 10 [3] 0.012 

MWT (mm) 11 [4] 12 [3]  13 [3] 13 [3] <0.001 

LVM (g) 119 [43] 126 [53] 127 [51] 118 [57] 0.036 

Septal/lateral wall thickness ratio 1.2 [0.4] 1.3 [0.5] 1.3 [0.4] 1.4 [0.4] 0.002 

Anterior/inferior wall thickness ratio 1.0 [0.3]  1.0 [0.3]  1 [0.3]  1 [0.4] 0.764 

LVEDV (ml) 130 [37] 134 [45] 137 [38] 129 [48] 0.758 

LVESV (ml) 41 [19] 39 [23] 39 [16]  34 [20] 0.048 

LVEF (%)  70 [9] 71 [8] 71 [9] 73 [10] 0.016 

Abbreviations: BMI=body mass index, DBP=diastolic blood pressure, LVGLS= left ventricular global longitudinal strain, hs-
cTnI=high sensitivity cardiac troponin I, LGE=late gadolinium enhancement, LV=left ventricle, LVEDV=left ventricular end diastolic 
volume, LVESV=left ventricular systolic volume, LVEF=left ventricular ejection fraction, LVM=left ventricular mass, MWT = maximal 
wall thickness, PCr/ATP=phosphocreatine/adenosine triphosphate, SBP=systolic blood pressure. Data presented as mean ±SD, 
median [IQR] or n(%). 
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Figure 51: Differences across systolic blood pressure (SBP) quartiles in age, body mass index (BMI) and diastolic blood pressure 
(DBP). Abbreviations: BMI, body mass index; DBP, diastolic blood pressure  * = p<0.05, ** = p<0.01, *** = p<0.001 
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Figure 52:  Differences across systolic blood pressure (SBP) quartiles in myocardial wall thicknesses, maximal wall thickness (MWT), 
left ventricular mass (LVM), and LV geometry. * = p<0.05, ** = p<0.01, *** = p<0.001
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Figure 53:  Differences across systolic blood pressure (SBP) quartiles in LV volumes and function. Abbreviations: LVEDV, left 
ventricular end diastolic volume; LVEF, left ventricular ejection fraction; LVESV, left ventricular end systolic volume. * = p<0.05, ** = 
p<0.01, *** = p<0.001 
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Figure 54: Linear regression analysis between systolic blood pressure (SBP) and myocardial wall thicknesses, left ventricular mass 
(LVM), maximal wall thickness (MWT) and LV geometry. The correlation coefficient (r), unstandardised B (B) and statistical 
significance of the model (p) are included on each graph. 
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4.4.1.4 HYPERTENSION SPECTRUM COHORT: DBP AND WALL THICKNESS  
 
 
As Table 9 and Figures 55-58 show, across increasing DBP quartiles, all measured 

LV walls showed progressive thickening (all p<0.001): for every 10 mmHg increase in 

DBP, there is a 0.5 mm increase in septal wall thickness, 0.4mm increase in lateral 

wall thickness, 0.5mm increase in anterior wall thickness, 0.4 mm increase in inferior 

wall thickness, 0.5mm increase in MWT and 7g increase in LVM.  

 
DBP elevation did not significantly alter the septal/lateral wall thickness ratio or LV 

systolic function – unlike SBP where wall thickening showed regional preference and 

affected cardiac symmetry and function.  
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Table 9: Hypertension Spectrum Cohort – differences across DBP quartiles in 

baseline demographics, wall thickness, LV geometry, volumes and function.  

 
 

Category Quartile 1 Quartile 2 Quartile 3 Quartile 4 P value 

Age (years) 65 [27]  62 [23]  58 [24] 58 [20]  0.118 

BMI (kg/m2)  28 [7]   27 [5]   28 [6]   28 [5]   0.343 

SBP (mmHg)  121 [20] 130 [23]   133 [20]  144 [22] <0.001 

DBP (mmHg)  66 [5] 74 [4] 81 [3] 91 [9] <0.001 

Septal wall thickness (mm) 11 [4]  11 [4]  12 [4]  12 [3] 0.001 

Lateral wall thickness (mm) 8±2 9±2 9±2 10±2 <0.001 

Anterior wall thickness (mm) 9 [3] 9 [3] 9 [4] 10 [3] <0.001 

Inferior wall thickness (mm) 9±2 10±2 10±3 10±2 <0.001 

MWT (mm) 11 [4] 11 [4]  13 [4] 13 [3] <0.001 

LVM (g) 111 [38] 117 [47] 133 [58] 135 [54] <0.001 

Septal/lateral wall thickness ratio 1.4 [0.5] 1.2 [0.4] 1.3 [0.4] 1.3 [0.4] 0.483 

Anterior/inferior wall thickness ratio 1.0 [0.3]  1.0 [0.3]  1.0 [0.3]  1.0 [0.3] 0.540 

LVEDV (ml) 127 [40] 131 [37] 139 [52] 136 [36] 0.051 

LVESV (ml) 36 [21] 43 [19] 38 [22]  39 [21] 0.192 

LVEF (%)  71 [7] 70 [12] 72 [8] 70 [9] 0.440 

Abbreviations: BMI=body mass index, DBP=diastolic blood pressure, LVGLS= left ventricular global longitudinal strain, hs-
cTnI=high sensitivity cardiac troponin I, LGE=late gadolinium enhancement, LV=left ventricle, LVEDV=left ventricular end diastolic 
volume, LVESV=left ventricular systolic volume, LVEF=left ventricular ejection fraction, LVM=left ventricular mass, MWT = maximal 
wall thickness, PCr/ATP=phosphocreatine/adenosine triphosphate, SBP=systolic blood pressure. Data presented as mean ±SD, 
median [IQR] or n(%). 
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Figure 55: Differences across diastolic blood pressure (DBP) quartiles in age, systolic blood pressure (SBP) and body mass index 
(BMI). * = p<0.05, ** = p<0.01, *** = p<0.001
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Figure 56: Differences across DBP quartiles in myocardial wall thicknesses, maximal wall thickness (MWT), left ventricular mass 
(LVM), maximal wall thickness (MWT) and LV geometry. * = p<0.05, ** = p<0.01, *** = p<0.001 
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Figure 57: Differences across diastolic blood pressure (DBP) quartiles in left ventricular end diastolic volume (LVEDV), left ventricular 
end systolic volume (LVESV) and left ventricular ejection fraction (LVEF).  
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Figure 58:  Linear regression analysis between diastolic blood pressure (DBP) and myocardial wall thicknesses, left ventricular mass 
(LVM), maximal wall thickness (MWT) and LV geometry. The correlation coefficient (r), unstandardised B (B) and statistical 
significance of the model (p) are included on each graph. 
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4.4.1.5 HYPERTENSION SPECTRUM COHORT: BMI AND WALL THICKNESS  
 
BMI was associated with increased wall thickness (0.2mm/kg/m2 septal wall increase, 

0.08mm/kg/m2 lateral wall increase, 0.1mm/kg/m2 anterior wall increase, 0.1mm/kg/m2 

inferior wall increase, 0.1mm/kg/m2 MWT increase and 2.4g/kg/m2 LVM increase; all 

p<0.001), and an increased LVEDV but unlike SBP, did not affect cardiac symmetry 

or function (Table 10, Figures 59-62).  
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Table 10: Hypertensive Spectrum Cohort – differences across BMI quartiles in 

baseline demographics, wall thickness, LV geometry, volumes and function.  

 
 

Category Quartile 1 Quartile 2 Quartile 3 Quartile 4 P value 

Age (years) 52 [21]  63 [21]  68 [24] 58 [22]  0.016 

BMI (kg/m2)  23 [2]   27 [1]   29 [1]   33 [5]   <0.001 

SBP (mmHg)  126 [23] 133 [24]   135 [21]  132 [25] 0.008 

DBP (mmHg)  75 [13] 79 [14] 79 [15] 78 [16] 0.265 

Septal wall thickness (mm) 10 [4]  12 [4]  12 [4]  13 [4] <0.001 

Lateral wall thickness (mm) 8±2 9±2 10±2 9±2 <0.001 

Anterior wall thickness (mm) 8 [3] 10 [3] 10 [3] 9 [3] <0.001 

Inferior wall thickness (mm) 9±2 10±2 10±2 10±2 <0.001 

MWT (mm) 10 [3] 13 [4]  13 [3] 13 [4] <0.001 

LVM (g) 105 [35] 123 [52] 133 [46] 135 [57] <0.001 

Septal/lateral wall thickness ratio 1.2 [0.4] 1.3 [0.5] 1.3 [0.4] 1.3 [0.4] 0.087 

Anterior/inferior wall thickness ratio 1.0 [0.3]  1.0 [0.3]  1.0 [0.3]  1.0 [0.3] 0.768 

LVEDV (ml) 127 [35] 131 [48] 137 [47] 139 [44] 0.003 

LVESV (ml) 37 [20] 38 [24] 40 [23]  40 [19] 0.254 

LVEF (%)  70 [9] 71 [8] 71 [9] 72 [9] 0.090 

Abbreviations: BMI=body mass index, DBP=diastolic blood pressure, LVGLS= left ventricular global longitudinal strain, hs-
cTnI=high sensitivity cardiac troponin I, LGE=late gadolinium enhancement, LV=left ventricle, LVEDV=left ventricular end diastolic 
volume, LVESV=left ventricular systolic volume, LVEF=left ventricular ejection fraction, LVM=left ventricular mass, MWT = maximal 
wall thickness, PCr/ATP=phosphocreatine/adenosine triphosphate, SBP=systolic blood pressure. Data presented as mean ±SD, 
median [IQR] or n(%). 
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Figure 59: Differences across body mass index (BMI) quartiles in age, diastolic blood pressure (DBP) and systolic blood pressure 
(SBP). * = p<0.05, ** = p<0.01, *** = p<0.001
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Figure 60: Differences across body mass index (BMI) quartiles in myocardial wall thicknesses, maximal wall thickness (MWT), left 
ventricular mass (LVM), and LV geometry. * = p<0.05, ** = p<0.01, *** = p<0.001 
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Figure 61:  Differences across body mass index (BMI) quartiles in left ventricular end diastolic volume (LVEDV), left ventricular end 
systolic volume (LVESV) and left ventricular ejection fraction (LVEF).   * = p<0.05, ** = p<0.01, *** = p<0.001
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Figure 62: Linear regression analysis between body mass index (BMI) and myocardial wall thicknesses, left ventricular mass (LVM) 
and LV geometry. The correlation coefficient (r), unstandardised B (B) and statistical significance of the model (p) are included on 
each graph.  
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4.4.1.6 HYPERTENSION SPECTRUM COHORT:  BP, BMI vs WALL THICKNESS 
OR LV GEOMETRY 
 
Multiple linear regression model (Table 11) comparing SBP, DBP and BMI with 

respect to wall thickness and LV geometry demonstrated that BMI is the dominant 

determinant of wall thickness and LV mass, consistently being the strongest and most 

significant predictor across all myocardial regions. SBP and DBP had different wall 

thickness associations: SBP was associated with septal hypertrophy and maximal wall 

thickness whereas DBP is more linked to lateral and anterior wall thickening, as well 

as LV mass. Both SBP and DBP are associated with septal/lateral wall thickness ratio, 

although SBP has the stronger association. Although the above reported associations 

are significant, it’s important that the explained variance is modest, suggesting that 

genetics, other haemodynamic factors and unmeasured variables also play a much 

larger part in explaining wall thickness and LV geometry.  
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Table 11: Multiple linear regression analysis between SBP, DBP and BMI and 
myocardial wall thicknesses and LV geometry with the values given for the coefficient 
of determination (R2), adjusted coefficient of determination (Adjusted R2), regression 
coefficient (B) and probability value (p). Abbreviations: BMI – Body Mass Index; DBP 
– Diastolic Blood Pressure; SBP – Systolic Blood Pressure. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Dependent factor R2 Adjusted R2 B p 

 

Septal wall thickness 

 

0.131 

 

0.124 

 

 

 

<0.001 

BMI    0.152 <0.001   

SBP    0.029 0.002 

DBP    0.023 0.134 

Lateral wall thickness  0.096 0.088  <0.001 

BMI   0.085 <0.001 

SBP   -0.008 0.213 

DBP   0.049 <0.001 

Anterior wall thickness  0.078 0.071  <0.001 

BMI   0.102 <0.001 

SBP   0.003 0.726 

DBP    0.043 0.002  

Inferior wall thickness  0.085 0.077  <0.001 

BMI    0.102 <0.001 

SBP 

DBP 

Maximal wall thickness 

BMI 

SBP 

DBP 

Left ventricular mass 

BMI 

SBP  

DBP 

Septal/lateral wall thickness ratio 

BMI 

SBP 

DBP 

 

 

 

0.122 

 

 

 

0.105 

 

 

 

0.050 

 

 

 

 

 

0.114 

 

 

 

0.098 

 

 

 

0.042 

 

 

 

-0.002 

0.042 

 

0.131 

0.027 

0.023 

 

2.305 

0.075 

0.618 

 

0.004 

0.005 

-0.005 

0.781 

<0.001 

<0.001 

<0.001 

0.002 

0.104 

<0.001 

<0.001 

0.573 

0.004 

<0.001 

0.298 

<0.001 

0.007 
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4.4.2 METABOLIC SPECTRUM COHORT: DOES OBESITY INFLUENCE LVH 
SEVERITY AND LV GEOMETRY IN A WAY THAT RESEMBLES HCM? 
 

4.4.2.1 METABOLIC SPECTRUM COHORT: BASELINE DEMOGRAPHICS 
 
This cohort (Table 12) compromises predominantly healthy individuals with normal-

range blood pressure and an approximately balanced sex distribution. 31% (n=263) 

met criteria for obesity (BMI³30 kg/m2).   

 

4.4.2.2 METABOLIC SPECTRUM COHORT – HEALTHY INDIVIDUALS AND 
THOSE WITH OBESITY: HOW DOES THIS COHORT RESEMBLE HCM? 
 
None of the participants in this cohort have a MWT ³15mm, however 25% (n=211) 

participants had a septal/lateral wall thickness ratio ³1.3, with 77 (9%) participants 

have a septal/lateral wall thickness ratio ³1.5 – a threshold more characteristic of HCM 

morphology.  
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Table 12: Summary of results from the Healthy Cohort.  

 
Category n=849 

Sex 
Male, n (%) 
Female, n (%) 

BMI (kg/m2) 

   
372 (44) 
477 (56) 
29 [10] 

SBP (mmHg)  126 [19] 
DBP (mmHg)  
 
Septal wall thickness (mm)  
Lateral wall thickness (mm) 
Septal/lateral wall thickness ratio 

77 ± 10 
 

9 [2] 
8 ± 1 

1.2 ± 0.2 
Abbreviations: BMI=body mass index, DBP=diastolic blood pressure, 
SBP=systolic blood pressure. Data presented as mean ±SD, median [IQR] 
or n(%). 
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4.4.2.3 METABOLIC SPECTRUM COHORT: SBP TRENDS 
 
 
Higher SBP significantly correlated with increasing DBP, BMI, septal and lateral wall 

thickness, and septal to lateral wall thickness ratio (p<0.001) (Table 13, Figures 63-

64). Linear regression analysis demonstrated that each 10 mmHg SBP increase was 

associated with a 0.5 mm increase in septal wall thickness, 0.2mm increase in lateral 

wall thickness, and 0.04 increase in septal/lateral wall thickness ratio (see Figure 64).  
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Table 13: Differences across systolic blood pressure (SBP) quartiles in diastolic blood 
pressure (DBP), body mass index (BMI), LV wall thickness and geometry.  
 
 
Category Quartile 1 Quartile 2 Quartile 3 Quartile 4  P value 

SBP (mmHg)  107 [8] 117 [4] 126 [5] 138 [8] <0.001 
DBP (mmHg)  
BMI (kg/m2)  
 
Septal wall thickness (mm)  
Lateral wall thickness (mm) 
Septal/lateral wall thickness ratio 

66 [8] 
24 [6]  

 
8 [2] 
7 [2]  

1.1 [0.2] 

73 [10] 
25 [7]  

 
9 [2] 
8 [2]  

1.1 [0.3] 

77 [10] 
26 [9]  

 
9 [2] 
8 [2]  

1.2 [0.2] 

82 [12] 
29 [12] 

 
10 [2] 
8 [2]  

1.2 [0.3] 

<0.001 
<0.001 

 
<0.001 
<0.001 
<0.001 

Abbreviations: BMI=body mass index, DBP=diastolic blood pressure, SBP=systolic blood pressure. Data presented as mean ±SD, median 
[IQR] or n(%). 
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Figure 63: Differences across systolic blood pressure (SBP) quartiles in septal wall thickness, lateral wall thickness and septal/lateral 
wall thickness ratio. * = p<0.05, ** = p<0.01, *** = p<0.001 
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Figure 64: Linear regression analysis between systolic blood pressure (SBP) and myocardial wall thicknesses, and LV geometry. 
The correlation coefficient (r), unstandardised B (B) and statistical significance of the model (p) are included on each graph.  
 

 

 



Dr Mohammed Abid Akhtar: MRes Thesis 
 

 174 

4.4.2.4 METABOLIC SPECTRUM COHORT: DBP TRENDS 
 
Increasing DBP significantly correlated with higher SBP, BMI, septal and lateral wall 

thickness, and septal/lateral wall thickness ratio (all p<0.001) (Table 14, Figure 65). 

Each 10mmHg DBP increase was associated with a 0.6mm greater septal wall 

thickness, 0.2mm greater lateral wall thickness, and 0.05 increase in septal/lateral wall 

thickness ratio (Figure 66). 
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Table 14: Differences across diastolic blood pressure (DBP) quartiles in systolic blood 
pressure (SBP), body mass index (BMI), LV wall thickness and geometry. 
 

Category Quartile 1 Quartile 2 Quartile 3 Quartile 4  P value 

SBP (mmHg)  110 [8] 117 [4] 126 [5] 138 [8] <0.001 
DBP (mmHg)  
BMI (kg/m2)  
 
Septal wall thickness (mm)  
Lateral wall thickness (mm) 
Septal/lateral wall thickness ratio 

66 [8] 
24 [6]  

 
8 [2] 
7 [2]  

1.1 [0.2] 

73 [10] 
25 [8]  

 
8 [2] 
7 [2]  

1.1 [0.3] 

77 [10] 
26 [8]  

 
9 [2] 
8 [2]  

1.2 [0.3] 

82 [12] 
28 [10] 

 
10 [2] 
8 [2]  

1.2 [0.3] 

<0.001 
<0.001 

 
<0.001 
<0.001 
<0.001 

Abbreviations: BMI=body mass index, DBP=diastolic blood pressure, SBP=systolic blood pressure. Data presented as mean ±SD, median 
[IQR] or n(%). 
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Figure 65: Differences across diastolic blood pressure (DBP) quartiles in septal wall thickness, lateral wall thickness and septal/lateral 
wall thickness ratio. * = p<0.05, ** = p<0.01, *** = p<0.001 
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Figure 66: Linear regression analysis between diastolic blood pressure (DBP) and myocardial wall thicknesses and LV geometry. 
The correlation coefficient (r), unstandardised B (B) and statistical significance of the model (p) are included on each graph.  
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4.4.2.5 METABOLIC SPECTRUM COHORT: BMI TRENDS 
 
With an increasing BMI, there is a significantly increasing SBP, DBP, septal and lateral 

wall thickness, and septal/lateral wall thickness ratio (see Table 15 and Figure 67). 

Linear regression analysis demonstrated that for every 1 kg/m2 increase in BMI, there 

is a 0.08 mm increase in septal wall thickness, 0.04mm increase in lateral wall 

thickness, and 0.005 increase in septal/lateral wall thickness ratio (see Figure 68). 
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Table 15: Differences across body mass index (BMI) quartiles in systolic blood 

pressure (SBP), diastolic blood pressure (DBP), LV wall thickness and geometry. 

 
Category Quartile 1 Quartile 2 Quartile 3 Quartile 4  P value 

SBP (mmHg)  115 [13] 120 [16] 122 [17] 128 [17] <0.001 
DBP (mmHg) 
BMI (kg/m2)  
 
Septal wall thickness (mm)  
Lateral wall thickness (mm) 
Septal/lateral wall thickness ratio 

71 ± 8 
21 [2]  

 
8 [2] 
7 [2]  

1.1 [0.2] 

73 ± 8 
24 [2]  

 
9 [2] 
8 [2]  

1.1 [0.3] 

77 ± 10 
28 [3]  

 
9 [2] 
8 [2]  

1.2 [0.3] 

77 ± 10 
38 [10] 

 
9 [2] 
8 [2]  

1.2 [0.3] 

<0.001 
<0.001 

 
<0.001 
<0.001 
<0.001 

Abbreviations: BMI=body mass index, DBP=diastolic blood pressure, SBP=systolic blood pressure. Data presented as mean ±SD, median 
[IQR] or n(%). 
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Figure 67: Differences across body mass index (BMI) quartiles in septal wall thickness, lateral wall thickness and septal/lateral wall 
thickness ratio. * = p<0.05, ** = p<0.01, *** = p<0.001
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Figure 68: Linear regression analysis between BMI and myocardial wall thicknesses and LV geometry. The correlation coefficient 
(r), unstandardised B (B) and statistical significance of the model (p) are included on each graph.  
 

 

 

 

 

 



Dr Mohammed Abid Akhtar: MRes Thesis 
 

 182 

4.4.2.6 METABOLIC SPECTRUM COHORT: BP, BMI, WALL THICKNESS AND LV 
GEOMETRY 
 
In a multiple linear regression model with SBP, DBP and BMI, SBP and BMI were 

significantly associated with septal wall thickness, lateral wall thickness and 

septal/lateral wall thickness ratio, while DBP was only significantly associated with 

septal wall thickness and septal/lateral wall thickness ratio (see Table 16). Lateral wall 

thickness appears to be mainly influenced by BMI with SBP and DBP contributing less. 

The septal/lateral wall thickness ratio is moderately influenced by BMI and SBP.  
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Table 16: Multiple linear regression analysis between SBP, DBP and BMI and 
myocardial wall thicknesses and LV geometry with the values given for the 
coefficient of determination (R2), adjusted coefficient of determination (Adjusted R2), 
regression coefficient (B) and probability value (p). Abbreviations: BMI – Body Mass 
Index; DBP – Diastolic Blood Pressure; SBP – Systolic Blood Pressure. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 

 

 

 

 
 

 

 

 
 

Dependent factor R2 Adjusted R2 B p 

 

Septal wall thickness 

 

 

 

 

 

 

 

 

BMI  0.101 0.098 0.057 <0.001 

SBP  0.187 0.184 0.024 <0.001 

DBP  0.146 0.143 0.027 <0.001 

Lateral wall thickness      

BMI 0.085 0.084 0.026 <0.001 

SBP 0.008 0.007 0.010 0.043 

DBP 0.049 0.048 0.003 0.638 

Septal wall thickness     

                  BMI 0.070 0.069 0.003 <0.001 

                  SBP 0.055 0.054 0.007 0.007 

                  DBP 0.060 0.059 0.001 0.001 
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4.4.3 HCM COHORT: DOES OBESITY INFLUENCE LVH SEVERITY AND LV 
GEOMETRY AFFECT ESTABLISHED HCM? 
 

4.4.3.1 BASELINE DEMOGRAPHICS 
 
The cohort has an evenly split sex, with a BMI within normal limits, and evidence of 

asymmetric septal hypertrophy (see Table 17).  
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Table 17: Summary of results from HCM Cohort - HCM 

 
Category n=236 

Sex 
Male, n (%) 
Female, n (%) 

BMI (kg/m2) 
 
Septal wall thickness (mm) 
Lateral wall thickness (mm) 
Septal/lateral wall thickness ratio 

   
117 (50) 
119 (50) 
29 [10] 

 
19 ± 4 
8 [3] 

2.1 [1] 
  
Abbreviations: BMI=body mass index. Data presented as mean ±SD, 
median [IQR] or n(%). 
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4.4.3.2 DIFFERENCE ACROSS BMI QUARTILES 
 
With an increasing BMI, there is a significantly increasing lateral wall thickness, and 

septal/lateral wall thickness ratio (Table 18, Figure 69). Linear regression analysis 

demonstrated that for every 1 kg/m2 increase in BMI, there is a 0.3mm increase in 

lateral wall thickness, and 0.05 decrease in septal/lateral wall thickness ratio (Figure 

70). 
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Table 18: Differences across BMI quartiles in LV wall thickness and geometry 

 
Category Quartile 1 Quartile 2 Quartile 3 Quartile 4  P value 

BMI (kg/m2)  
 
Septal wall thickness (mm)  
Lateral wall thickness (mm) 
Septal/lateral wall thickness ratio 

24 [3]  
 

18 [8] 
7 [1] 

2.6 [1.2] 

27 [2] 
 

18 [4] 
8 [3]  

2.3 [1.3] 

 30 [1] 
 

17 [5] 
8 [3]  

2 [0.8] 

37 [6] 
 

19 [6] 
9 [4]  

1.8 [0.7] 

<0.001 
 

0.131 
<0.001 
<0.001 

Abbreviations: BMI=body mass index. Data presented as mean ±SD, median [IQR] or n(%). 
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Figure 69: Differences across body mass index (BMI) quartiles in septal wall thickness, lateral wall thickness and septal/lateral wall 
thickness ratio. * = p<0.05, ** = p<0.01, *** = p<0.001
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Figure 70: Linear regression analysis between body mass index (BMI) and myocardial wall thicknesses and LV geometry. The 
correlation coefficient (r), unstandardised B (B) and statistical significance of the model (p) are included on each graph.  
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4.5 DISCUSSION 
 
Our multi-cohort analysis reveals how blood pressure and BMI differentially influence 

cardiac remodelling across disease states, with important implications for 

distinguishing true HCM from phenocopies.  

4.5.1 HYPERTENSION SPECTRUM COHORT: WHEN HYPERTENSION 
MASQUERADES AS HCM   
 
The Hypertension Spectrum Cohort findings reveal a spectrum of hypertensive 

remodelling patterns that challenge traditional diagnostic classifications. When 

examining isolated systolic hypertension, we observe a characteristic asymmetric 

septal hypertrophy pattern mirroring gene+ HCM. This pure SBP-driven remodelling 

explains why 9% of participants with systolic hypertension developed diagnostic HCM 

features (MWT ≥15mm), including 5% exceeding the previously reported 17mm 

threshold to distinguish between hypertensive heart disease and HCM (the maximum 

MWT in our cohort was 21mm). Increased SBP was also significantly associated with 

an increased LVEF, a characteristic feature of the hypertensive LVH phenotype.  

 

The remodelling pattern becomes more complex when diastolic hypertension coexists. 

While elevated DBP is associated with increased wall thickness in all segments, it is 

most strongly associated with lateral wall thickening, while not significantly affecting 

the septal/lateral wall thickness ratio, creating an intermediate morphology that blends 

features of both asymmetric and concentric hypertrophy. This mixed pattern manifests 

as reduced septal dominance compared to isolated SBP elevation yet maintains 

greater asymmetry than typical concentric remodelling. 
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Metabolic factors introduce additional variation. BMI increases promote generalised 

wall thickening that further modulates the cardiac phenotype. In fact, all of three 

variables (SBP, DBP and BMI), BMI was the dominant determinant of wall thickness 

and LVM in our cohort. Interestingly, BMI was not significantly associated with 

septal/lateral wall thickness ratio, although there was a trend towards a more 

asymmetric LV.    

 

The data from this cohort highlights the importance of recognising pure SBP-driven 

cases (and therefore more accurately categorising patients with hypertension into 

those with systolic and/or diastolic hypertension), as these patients are most likely to 

present with convincing HCM phenocopies requiring comprehensive evaluation. While 

DBP and BMI are associated with wall thickness, our data suggests that they are 

unlikely to present as true HCM mimics. That being said, our findings also demonstrate 

that SBP, DBP and BMI are modest predictors of wall thickness and/or LV geometry 

and ultimately, many more factors are involved that remain to be thoroughly explored. 

 

4.5.2 METABOLIC SPECTRUM COHORT: OBESITY INDUCED REMODELLING 
AND DIAGNOSTIC CHALLENGES 
 

Our Metabolic Spectrum Cohort reveals important insights into how blood pressure 

and BMI influence cardiac remodelling in ostensibly healthy individuals. The data 

demonstrate progressive increases in both septal and lateral wall thickness correlating 

with rising SBP, DBP, and BMI, manifesting as a reduction in septal/lateral wall 

thickness ratio i.e. more concentric LV.  
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While MWT remained below diagnostic thresholds at 14 mm, the frequent 

development of asymmetric remodelling patterns (seen in 18% of obese participants) 

presents notable clinical implications. This metabolic remodelling can create 

phenotypic overlap with early-stage HCM, particularly in borderline cases where mild 

hypertrophy (12-14 mm) accompanies asymmetric geometry. The complete absence 

of genotype-negative HCM phenotypes confirms that metabolic factors alone rarely 

produce full HCM expression, yet the observed patterns suggest obesity can mimic 

HCM features when combined with blood pressure elevation. 

 

These findings underscore the importance of considering metabolic status when 

evaluating borderline hypertrophy, especially in family screening scenarios or 

populations with high obesity prevalence. The data highlight how metabolic 

remodelling, while typically sub diagnostic, may complicate clinical assessment and 

warrant comprehensive evaluation to ensure accurate classification. 

 

4.5.3 HCM COHORT: OBESITY’S FINDINGS, BUT NOT THAT OF ELEVATED BP, 
VALIDATED 
 

The HCM cohort revealed obesity's unique influence on disease expression. Each 

kg/m² increase correlated with increased lateral wall thickness and progressive LV 

concentricity, particularly in obese patients who showed 18% greater lateral wall 

thickness than normal-weight counterparts. This metabolic signature contrasts sharply 

with hypertension-driven patterns in non-HCM patients, and with obesity’s 

associations in patients without cardiac disease in the Hypertension and Metabolic 
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Spectrum cohorts suggesting genetic cardiomyopathy alters the heart's response to 

physiological stressors. The findings position weight management as a potential 

modifier of HCM phenotype progression. 

 

4.5.4 FINDINGS COMPARED WITH PREVIOUS CHAPTER  
 
 
Hypertension Spectrum Cohort vs. Chapter 3 

The Hypertension Spectrum Cohort's SBP-driven septal hypertrophy contrasts sharply 

with Chapter 3's HCM genetic subgroups. In gene-positive HCM, hypertension’s 

impact was confined to a significant association between increased SBP and 

increased lateral wall thickness. Gene-negative patients showed markedly different 

responses: SBP paradoxically reduced septal and anterior thickness while DBP drove 

concentric remodelling. These findings demonstrate that hypertension appears to 

result in different LV wall morphologies depending on the presence or absence of a 

gene+/gene- HCM phenotype.   

 
 
Metabolic Spectrum Cohort vs. Chapter 3 

Obese participants developed mild asymmetric remodelling (max 14 mm), paralleling 

early HCM phenotypes. This is different to our findings in Chapter 3, where increased 

BMI was linked with a more concentric LV, and at the genotype level, there was no 

association with BMI in the gene negative subgroup, and a more dilated and impaired 

LV noted with an increased BMI in the gene+ subgroup. This suggests that obesity in 

the absence of HCM, mimics (particularly gene+) HCM but in the presence of HCM, 

leads to a more concentric LV with features of HF.  
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HCM Registry Cohort vs. Chapter 3 

This cohort's response to BMI is similar to that of Chapter 3 in that both cohorts 

resulted in a more concentric LV in response to an increased BMI. Unlike the Chapter 

3 cohort, the HCMR cohort demonstrated an increased lateral wall thickness in 

response to an increased BMI. This divergence may reflect the small sample size in 

Chapter 3, the higher metabolic comorbidities in registry populations, and/or a broader 

spectrum of HCM phenotypes in the HCM registry.  

 

4.6 CONCLUSION 
 
This chapter demonstrates that hypertension and obesity produce distinct remodelling 

patterns in non-HCM populations. Using the HCM registry, we validate our initial 

Chapter 3 finding of an increased BMI associated with a more concentric LV. Elevated 

systolic blood pressure causes septal-predominant hypertrophy that can mimic 

genetic HCM, while obesity leads to more generalised asymmetric thickening that may 

mimic early or borderline HCM phenotypes. These findings have important clinical 

implications: first, the presence of asymmetric hypertrophy alone cannot reliably 

distinguish between hypertensive heart disease and HCM, necessitating 

comprehensive evaluation including blood pressure assessment and metabolic 

profiling. Second, the metabolic cohort's findings highlight how obesity can 

independently modify cardiac geometry, potentially confounding diagnosis in 

borderline cases. Third, obesity appears to have an altogether different response in 

individuals with HCM, resulting in a more concentric LV, demonstrating how 

depending on an individual’s cardiac phenotype, obesity may act to modify or mimic 
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the HCM phenotype. Together, these results emphasise the need to consider both 

hemodynamic and metabolic factors when evaluating left ventricular hypertrophy, 

particularly in cases where the aetiology is uncertain. 

 

4.7 LIMITATIONS 
 
 
Several important limitations must be considered when interpreting these results. The 

retrospective design introduced significant heterogeneity, particularly in the HCM 

cohort where blood pressure measurements were unavailable, preventing direct 

comparison of hemodynamic effects across all populations. While the use of single-

timepoint blood pressure readings and BMI provides clinically practical measures, 

these lack the precision of ambulatory monitoring or body composition analysis. The 

temporal gap between cohort recruitments, with more recent HCM registry data 

compared to older reference populations, may introduce confounding due to evolving 

diagnostic technologies. Finally, the predominantly white, male composition of the 

cohorts, while reflective of HCM epidemiology, may limit generalisability to more 

diverse populations. These limitations highlight the need for future prospective studies 

with standardized metabolic profiling across more representative populations. 
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CHAPTER 5: CHARACTERISING THE A4300G 

CARDIOMYOPATHY 
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5.1 ABSTRACT 
 
Background: Mitochondrial DNA (mtDNA) variants, such as MT-TL1.3243A>G, are 

well-known to cause distinct mitochondrial syndromes including a mitochondrial 

cardiomyopathy. The MT-TI.4300A>G variant however remains understudied, leaving 

its phenotype ambiguous – uncertain as to whether it represents mitochondrial 

cardiomyopathy, or a subgroup of sarcomere-negative hypertrophic cardiomyopathy 

(HCM) given the reported absence of extra-cardiac features. This study aims to 

determine the prevalence and comprehensively characterise the phenotype of the 

m.4300A>G variant.  

 
Methods: DNA sequencing of two internal HCM registries was undertaken to establish 

variant prevalence. Clinical and imaging data for individuals with the m.4300A>G were 

analysed. Eligible individuals underwent clinical history-taking, electrocardiogram 

(ECG), serum cardiac and mitochondrial biomarker assessment, cardiac magnetic 

resonance (CMR), 31Phosphorus-magnetic resonance spectroscopy (31P-MRS) and 

cardiopulmonary exercise testing (CPET).  

 
Results: Prevalence: The prevalence of the m.4300A>G variant was 1-2 per 1000 

genotype negative HCM. Baseline demographics: We identified 38 individuals, 

belonging to 6 separate families, with the variant. Our cohort was white, middle-aged, 

predominantly female with a normal BMI. Most patients had minimal cardiac 

symptoms, with a high prevalence of LVH (55%), predominantly among males, and a 

low prevalence of cardiac risk factors or extra-cardiac mitochondrial disease 

manifestations. ECG: Resting 12-lead ECG abnormalities were common in those with 

LVH, including lateral lead Q waves and T wave inversions. Serum biomarkers:  
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Elevated serum troponin and NT-pro BNP levels correlated with the presence of LVH. 

CMR revealed symmetrical, non-obstructive LVH, with significant lateral wall fibrosis 

and elevated T1 and T2. 31P-MRS demonstrated impaired myocardial energetics 

across the cohort. CPET was normal in all patients. Outcomes:  LV systolic impairment 

was common (55%). Cardiac mortality was also high, particularly due to sudden 

cardiac death (SCD), though ventricular arrhythmias were not seen.  

 
Conclusion: The m.4300A>G is a rare but significant contributor to the genotype-

negative HCM population, presenting with a distinct phenotype. Individuals with the 

m.4300A>G cardiomyopathy demonstrate significantly raised troponin levels, a typical 

ECG and fibrosis pattern involving the lateral wall, frequent LV systolic dysfunction, a 

high mortality rate and very few, mild, extra-cardiac manifestations. These 

characteristic features suggest that m.4300A>G cardiomyopathy is a distinct 

condition, with important differences from sarcomeric HCM, and other mitochondrial 

diseases, and a potentially unrecognised role of inflammation in its pathogenesis and 

pathogenicity.



Dr Mohammed Abid Akhtar: MRes Thesis 
 

 199 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 71: Abbreviations: ECV, Extracellular volume hs-cTnI, high sensitivity cardiac troponin I; HCM, hypertrophic cardiomyopathy; LGE-CMR, 
Late Gadolinium Enhancement-Cardiac Magnetic Resonance; LV, Left ventricular; LVH, left ventricular hypertrophy; mtDNA, mitochondrial DNA; 
PCr/ATP, Phosphocreatine/Adenosine Triphosphate; PET, Positron Emission Tomography; TWI, T wave inversion; 18F-FDG, 
18Fluorodeoxyglucose; 31P-MRS, 31Phosphorus-Magnetic Resonance Spectroscopy
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5.2 INTRODUCTION  
 
 
Mitochondria are essential intracellular structures where cellular energy production in 

the form of adenosine triphosphate (ATP) synthesis takes place (89). Mitochondria 

possess their own genome, called mitochondrial DNA (mtDNA), which is only 

transmitted maternally (89). mtDNA variants, which occur in 1 in 4300 individuals 

(138), can disrupt ATP synthesis, resulting in dysfunction and/or death of the 

mitochondria, and subsequently, the host cell (89). The resulting ‘mitochondrial 

disease’ can affect any organ within the human body, although it most commonly 

affects those with the greatest energy requirements, such as the heart, where 

mitochondrial disease is labelled as a ‘mitochondrial cardiomyopathy (89).  

 
There are many knowns about mitochondrial cardiomyopathies, particularly those that 

are secondary to mtDNA variants. The commonest mtDNA variant, MT-

TL1:m.3243A>G, a point variant in the mitochondrially encoded transfer ribonucleic 

acid (tRNA) leucine gene, is largely representative of mtDNA variants in general (40). 

The MT-TL1:m.3243A>G variant is heteroplasmic i.e. affected mtDNA levels can vary 

from person to person, and in the same individual, from organ to organ (40). In the 40-

50% of patients with the TL1:m.3243A>G variant that develop a cardiomyopathy, there 

is a relatively consistent pattern of symmetrical, non-obstructive, moderate left 

ventricular hypertrophy (LVH), moderate to severe left ventricular systolic impairment, 

and significant extra-cardiac mitochondrial disease manifestations, such as 

encephalomyopathy and skeletal myopathy (40). 



 

 201 

In comparison, much less is known about the MT-TI:m.4300A>G variant, which is due 

to a point variant in the mitochondrial tRNA isoleucine gene(99). Its prevalence, for 

example, remains unclear (99). The largest international registry of patients with 

genetically confirmed mitochondrial syndromes (n=600) reported only 2 cases of 

patients with the MT-TI:m.4300A>G variant (90). This mitochondrial variant seems 

much more common in HCM populations however, where it is often labelled as non-

sarcomeric HCM due to its reported lack of extra-cardiac mitochondrial disease 

manifestations, which is unusual for a mitochondrial cardiomyopathy (3). This is 

supported by two studies in which 0.6-2% of previously “genotype negative” HCM 

patients were found to have the MT-TI:m.4300A>G variant on whole genome 

sequencing (139, 140). Similar to other mitochondrial cardiomyopathies, this variant 

is associated with a symmetrical, non-obstructive LVH pattern with a high LV systolic 

impairment burden, as reported in largely TTE-based, singleton or small pedigree 

studies (41, 98, 99).  

 
To establish the prevalence of the m.4300A>G variant and clarify if its phenotype is 

more similar to HCM or that of other mitochondrial cardiomyopathies, we performed a 

single-centre comprehensive characterisation of individuals with this variant 

encompassing serum cardiac biomarkers, CMR, 31Phosphorus Magnetic Resonance 

(31P-MRS), cardiopulmonary exercise testing (CPET) and ambulatory ECG monitoring 

findings. 
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5.3 METHODS  
 

5.3.1 GENETIC ANALYSIS TO ESTABLISH M.4300A>G PREVALENCE 
 
 
Individuals with the m.4300A>G variant were identified from two large internal HCM 

registries at our centre, Hypertrophic Cardiomyopathy Registry (HCMR) and the 

National Institute for Health and Care Research (NIHR) BioResource for Rare Disease 

(BRRD) (23, 113, 141). Individuals from these registries had previously provided 

informed consent for their blood samples to undergo genomic sequencing at our 

United Kingdom Accreditation Service (UKAS)-accredited clinical diagnostics 

laboratory, the Oxford Medical Genetics Laboratory (OMGL). Non-sarcomeric 

genotype (‘genotype negative’) status was confirmed in these registries using a 

minimum of 13 HCM-related genes (23, 113, 141).  Variants associated with other 

HCM phenocopies such as Danon’s disease were excluded from the study. Genes of 

interest were selected based on established panels, and their locations were identified 

using a genome database (141). Variants in these genes were extracted and analysed 

using bioinformatics tools to determine their impact and frequency (141). The analysis 

included counting rare variants, checking their coverage and performing statistical 

tests such as Fisher’s exact test and odds (141). Variant classification was undertaken 

following clinical guidelines, ensuring a robust analysis of the frequency of the 

m.4300A>G variant in our genotype-negative HCM populations(141).  
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5.3.2 STUDY POPULATION FOR M.4300A>G VARIANT PHENOTYPING 
 
Comprehensive clinical information of individuals with the m.4300A>G variant was 

extracted from electronic medical records using prior consent obtained during their 

genetic testing. These included details of relevant clinical symptoms and signs, blood 

results, electrocardiogram (ECG) and cardiac investigations. All individuals with a 

minimum left ventricular wall thickness ³ 13mm based on transthoracic 

echocardiogram (TTE), CMR or postmortem examination were identified and labelled 

as LVH+ in accordance with the European Society of Cardiology’s (ESC) guidelines 

for the diagnosis of HCM (142). Individuals aged 18 to 80 years old and without an 

absolute contraindication to CMR were invited for a single research visit at the 

University of Oxford Centre for Clinical Magnetic Resonance Research (OCMR) and 

Oxford Cardiovascular Clinical Research Facility (CCRF) located in the John Radcliffe 

Hospital in Oxford, UK. Written informed consent was obtained from all individuals. 

The study was performed under an existing ethics approval by the National Research 

Ethics Committee (REC ref 12/LO/1979). 

 

5.3.3 INVESTIGATIONS 
 

5.3.3.1 ANTHROMORPHIC, BIOCHEMICAL AND CLINICAL ASSESSMENT AND 
ANALYSIS 
 
Clinical observations (including height, weight, heart rate and blood pressure), 

physical examination findings and resting 12-lead ECG were recorded for each 

participant. Clinical history and records were reviewed for evidence of symptomatic or 

asymptomatic multiorgan involvement, using the Newcastle Mitochondrial Disease 

Adult Scale (NMDAS). Blood samples were taken for high sensitivity troponin I (hs-
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cTnI) to assess myocardial injury, B-type natriuretic peptide (NT-proBNP) to assess 

cardiac strain, creatine kinase (CK) and lactate to assess skeletal involvement, and 

C-reactive protein (CRP) to assess systemic inflammation. 24-hour ambulatory ECG 

monitoring was performed using wearable biosensors (LifeSignals, Milpitas, USA). 

The resting 12-lead ECG was analysed for abnormalities using the Minnesota Code 

Classification system(100). 24-hour ambulatory ECG was analysed using HE/LX 

analysis software (version 6.0c, Northeast Monitoring Inc). General outcome data was 

obtained from participants attending a research visit, and, through them, their 

relatives. Outcome data consisted of whether an individual was deceased or alive, the 

cause of death if they were deceased, the presence of cardiac disease (particularly 

heart failure and conduction disease) and/or extra-cardiac manifestations associated 

with mitochondrial disease.  

 

5.3.3.2 CMR AND 31P CARDIAC MRS PROTOCOL  
 
Please see Chapter 2 for the imaging protocol.  

5.3.3.3 CMR AND  31P-MRS POST-PROCESSING 
 
Please see Chapter 2 for the imaging post-processing.  

 

5.3.3.4 SPIROMETRY AND CARDIOPULMONARY EXERCISE TEST (CPET) 
PROTOCOL AND ANALYSIS 
 
CPET was performed on a seated stationary cycle ergometer (Ergoline GmbH, Bitz, 

Germany) using an incremental protocol consisting of three minutes of unloaded 

cycling, followed by a 15W/min ramp aiming for a respiratory exchange ratio (RER) ≥ 

1.1. Continuous respiratory gases were collected using the same metalyzer utilised in 
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spirometry. Output data was automatically generated using the Metasoft studio 

software with the Peak VO2 calculated using the Wasserman weight algorithm (112). 

A cut off of >50 for the ventilatory equivalents for oxygen (VE/VO2) was used to 

diagnose skeletal myopathy (143).  

 

5.3.3.5 STATISTICAL ANALYSIS 
 

All statistical analyses were performed using SPSS Version 27.0 (IBM, Armonk, NY, 

USA). Normality was determined using the Shapiro-Wilk 2 tailed test. Parametric 

continuous variables were presented using mean ± standard deviation, and non-

parametric continuous variables using median (interquartile range). Categorical data 

were described using frequency and percentages. Differences between cohorts were 

evaluated using the independent Student’s t test, Mann-Whitney U-test, ANOVA or 

Kruskal-Wallis Test as appropriate.  
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5.4 RESULTS 
 

5.4.1 M.4300A>G VARIANT PREVALENCE 
 
Our genetic analysis demonstrated a frequency of 1-2 individuals with the m.4300A>G 

variant per 1000 genotype negative HCM cases.  

 

5.4.2 STUDY POPULATION CHARACTERISTICS  
 
Baseline population characteristics are summarised in Table 19.  A total of 38 

individuals with the m.4300A>G variant, belonging to 6 separate families, were 

included in our study (see Table 20; Appendix IV Figure 1). Our cohort was primarily 

white, middle-aged, with an overall female sex preponderance, though the majority of 

patients with LVH were male. The cohort generally had a normal BMI, and minimal 

symptoms from a cardiac perspective, despite more than half of the participants 

demonstrating evidence of LVH. Only five patients had evidence of extra-cardiac 

mitochondrial disease manifestations (unilateral deafness, migraines, and non-insulin 

dependent diabetes mellitus), but these were all mild in nature. Concomitant 

cardiovascular comorbidities such as hypertension were uncommon in our cohort.  

 

 

 

 

 

 
 
 
 



 

 207 

Table 19: m.4300A>G cohort baseline characteristics 
 

 A4300G  
n=38 

Age, yrs 44 (22-57) 

Female, n (%) 20 (54) 

White ethnicity, n (%)  38 (100) 

BMI, (kg/m2) 26 (24-30) 

Hypertension, n (%) 2 (5) 

Coronary Artery Disease, n (%) 0 (0) 

Extra-cardiac manifestations  

Diabetes Mellitus, n (%) 4 (11)  

Leber Hereditary Optic Neuropathy, n (%)  2 (5) 

Chronic progressive external ophthalmoplegia, 

n (%) 

0 (0) 

Congenital deafness, n (%) 1 (3)  

Migraines, n (%) 1 (3)  

Epilepsy, n (%) 0 (0) 

Gastrointestinal dysmotility 0 (0) 

Respiratory muscle weakness* 0 (0) 

Myopathy 0 (0) 

Renal failure 0 (0) 

Hepatic steatosis 0 (0) 

NYHA functional class I, n (%) 27 (71) 

Syncope, n (%) 0 (0) 

Conduction disease, n (%) 0 (0) 

Left ventricular hypertrophy, n (%) 21 (55)  

Atrial fibrillation, n (%) 7 (18) 

Ventricular arrhythmias, n (%) 0 (0)  

 
Data are expressed as median (interquartile range) or n (%). BMI, Body Mass Index; NYHA, New York 
Heart Association.   
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Table 20: Summary of m.4300A>G variant family pedigrees with clinical details  
 
 

Case Baseline Pedigree Proband Age Family members with the variant ± 
cardiomyopathy 

1 

 

At cardiomyopathy diagnosis: 49 y 
At last follow-up: 56 y 

I-3: LVH+: Deceased (SCD): 30 y 
II-2: A4300G LVH-: Alive 
II-3: A4300G LVH+: Deceased (HF): 22 y 
II-4: A4300G LVH-: Alive 
III-1: A4300G LVH+ (ICD): Alive 
III-2: A4300G LVH+: Alive 
III-5: A4300G LVH+: Deceased (SCD): 49 y 
III-6: A4300G LVH+ (ICD): Alive 
III-7: A4300G LVH±: Alive 

2 

 

At cardiomyopathy diagnosis/death: 0-
1 y 

 

III-1: A4300G LVH+ (ICD): Alive: 76 y 
III-3: A4300G LVH-: Alive: 67 y 
IV-2: A4300G LVH+: Alive: 38 y 
IV-4: A4300G LVH-: Alive 
IV-7: A4300G LVH-: Alive 
V-1: No A4300G (via MRT), dilated LV: Alive: 2  
V-2: A4300G LVH+: Deceased (SCD): 2 y 
V-3: A4300G LVH+: Alive: 23 y 
V-4: A4300G LVH+: Deceased (HF): 1 y 
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3 

 

At cardiomyopathy diagnosis/death: 50 
y 

II-3: LVH+: Deceased (SCD): 60 y 
III-1: A4300G LVH+: Deceased: 50 y 
III-2: A4300G LVH+ (ICD): Alive: 61 y 
 

4 

 

At cardiomyopathy diagnosis: 11 y 
At last follow-up: 19 y 

II-5: LVH+, HF: Deceased (unknown): 80 y 
III-2: A4300G LVH-: Alive: 48 y 
IV-1: A4300G LVH+ (OCTx): Alive: 19 y 
IV-2: A4300G LVH-: Alive: 17 y 
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5 

 

At cardiomyopathy diagnosis: 35 y 
At last follow-up: 43 y 

II-1: A4300G LVH-: Alive: 70 y 
III-2: A4300G LVH+ (ICD): Alive: 43 y 

6 

 

At cardiomyopathy diagnosis: 43 y 
At last follow-up: 52 y 

II-4: LVH+: Deceased (SCD): 80 y 
II-5: LVH+: Deceased (SCD): 2 y 
III-3: A4300G LVH-: Alive: 81 y 
III-4: A4300G LVH+: Deceased (SCD): 39 y 
IV-1: A4300G LVH+ (ICD): Alive: 57 y 
IV-2: A4300G LVH-: Alive: 55 y 
IV-3: A4300G LVH+: Alive: 52 y 
IV-6: A4300G LVH-: Alive: 56 y 
V-4: A4300G LVH-: Alive: 26 y 
V-5: A4300G LVH-: Alive: 23 y 
V-6: A4300G LVH-: Alive: 15 y 
V-7: A4300G LVH-: Alive: 39 y 

     /       indicates carrier of the m.4300A>G variant with left ventricular hypertrophy (LVH) on cardiac imaging.      /       with a black dot indicates carrier of the m.4300A>G variant 
without LVH on cardiac imaging. Probands are highlighted in bold. Abbreviations: ICD, Implantable cardioverter defibrillator; LVH, Left ventricular hypertrophy; LVH+, left ventricular 
hypertrophy; LVH-, prehypertrophic; OCTx, Orthotopic cardiac transplant; SCD, Sudden cardiac death 

 



 

 211 

5.4.3 RESTING 12-LEAD AND AMBULATORY ECG MONITORING  
 
All resting 12-lead ECG traces demonstrated normal sinus rhythm. All individuals in 

the LVH- group had a normal ECG except for one individual who had pathological Q 

waves in their lateral leads. Conversely, in the LVH+ group 89% had an abnormal 

ECG. These abnormalities included left ventricular hypertrophy by voltage criteria 

(33%), fractionated QRS complexes in the inferior/lateral leads (44%), poor R wave 

progression (22%), pathological Q waves and/or symmetrical T wave inversions in the 

lateral leads (89%) and ST segment elevation in lead III (11%). There was no evidence 

of advanced atrioventricular (AV) block, arrhythmia, bundle branch block, or a 

prolonged QTc interval on ambulatory ECG monitoring in individuals with or without 

LVH.  

 

5.4.4 SERUM BIOMARKERS 
 
Serum cardiac biomarker data was available in 9 individuals. In those with LVH (n=7), 

both hs-cTnI and NT-pro BNP levels were significantly raised. Those without LVH had 

normal hs-cTnI and NT-pro BNP levels. Serum mitochondrial disease biomarkers 

were available in 15 cases, all of whom had a normal serum CK, Lactate and CRP 

level.   

   

5.4.5 CMR  
 
The CMR results are summarised in Table 21. When compared to published reference 

ranges, participants with LVH had a non-dilated LV, with a mildly increased MWT, 

high-normal LV indexed mass, and mild to severe systolic impairment. Regional wall 
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motion abnormalities were not common, and where present, only affected the lateral 

wall. LA function was mildly reduced including peak, conduit, and booster strain. The 

RV was non-dilated with preserved function in all cases. Significantly increased 

intramural myocardial LGE, T1, and ECV was present, and primarily, but not 

exclusively, affected the lateral wall (see Figure 72). A similar, but milder, pattern of 

myocardial fibrosis was also seen in participants without LVH, who had significantly 

elevated T1 and ECV values, and, in one case, intramural LGE in the lateral wall (see 

Figure 74).  

 
Specific features associated with HCM such as reverse septal LVH pattern, myocardial 

crypts, systemic anterior motion of the mitral valve (SAM) and apical aneurysm were 

not present in any case, irrespective of whether they had LVH.  
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Table 21: CMR parameters in individuals with A4300G LVH+  
 
 

CMR parameters A4300G LVH+ (n=9) Normal range (50, 144-
147)* 

Maximal wall thickness, mm 16 ± 2 4-12 

LV Mass indexed, g 85 (58-99) 30-85 

LV end diastolic volume indexed, ml 85 (73-108) 53-99 

LV Ejection Fraction, % 51 (39-65) 57-79 

RV end diastolic volume indexed, ml 80 (72-84) 51-109 

RV ejection fraction, %  63 (59-67) 52-74 

LA area (cm2) 27 (22-33) 13-32 

LAEF, %  53 (33-62) 59±3 

LV GLS, -% 16 (9-17)  16±2 

LA strain peak, % 25 (18-34) 39±9 

LA strain conduit, %  14 (7-19) 25±8 

LA strain booster, % 10 (6-20) 14±4 

LV ECV, % 30 (16-42)  25±4 

LV Native T1 (ms)  1240 (1079-1345) 1150±21 

LV LGE% mass  31 (6-39) - 

 
Data are expressed as mean ± standard deviation, median (interquartile range). *Reference range for 
men and women (references provided in brackets). Abbreviations: ECV = Extracellular volume; GLS = 
Global longitudinal strain; LGE = Late gadolinium enhancement; LV = left ventricular; LA=left atrial; 
LAEF = Left atrial ejection fraction; RV=Right ventricle.  
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Figure 72:  LV Short axis CMR slices from ten individuals in our cohort with left ventricular hypertrophy (LVH+) on the right-hand 
side and without (LVH-) on the left-hand side. 
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5.4.6 31P-MRS  
 
In total seven m.4300A>G carriers underwent 31P-MRS. They demonstrated a 

significantly reduced resting PCr/ATP ratio when compared to age- and BMI- matched 

healthy control data within our department (m.4300A>G 1.42 ± 0.21 vs Controls 2.07 

± 0.24, p<0.001) – see Figure 73.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 73: Rest phosphocreatine/adenosine triphosphate ratio (PCr/ATP), obtained 
from 31Phosphorus-magnetic resonance spectroscopy (31P-MRS) in individuals with 
the m.4300A>G variant (irrespective of LVH status) compared to healthy control data 
from our centre. 
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5.4.7 18F-FDG PET-CT 
 
Two individuals underwent 18Fluorodeoxyglucose Positron Emission Tomography with 

Computed Tomography (18F-FDG PET-CT) for investigation of raised serum troponin 

levels (>1000 ng/l). These individuals demonstrated significant uptake in their lateral 

wall, which corresponded to lateral wall abnormalities identified on T1, T2 and LGE 

CMR (one example is demonstrated in Figure 74). 

 

5.4.8 CPET  
 
All individuals, irrespective of the presence of LVH, had a normal spirometry, a peak 

oxygen consumption (VO2)³80% predicted, a peak ventilatory equivalent of oxygen 

VE/VO2<50, and a peak respiratory exchange ratio (RER)³1.1. There were no 

inappropriate heart rate or blood pressure responses to exercise, nor were there any 

significant ECG changes during CPET.   
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Figure 74: Pedigree 6 proband results demonstrating lateral lead abnormalities on ECG that reflect myocardial inflammation and myocardial fibrosis involving 
the lateral wall on CMR and 18F-FDG PET-CT imaging. Abbreviations: ECG, electrocardiogram; ECV, extracellular volume; LGE, late gadolinium enhancement; 
18F-FDG PET CT, 18Fluorodeoxyglucose Positron Emission Tomography Computed Tomography.   
 
The proband is a 50-year-old female with right sided hearing loss. She had an incidental diagnosis of “HCM” with the m.4300A>G variant after cardiomegaly 
was noted on her chest X-ray following a hospital admission with a pneumonia. She currently has no cardiorespiratory symptoms. Her ECG is grossly abnormal 
as demonstrated and blood tests revealed a persistently raised troponin I (1334 ng/l). T1 mapping was raised with a global value of 1354 ± 68 ms (peak value 
of 1478 ms in the region of maximal hypertrophy and fibrosis; the normal range in our centre is 1166 ± 20 ms). T2 mapping revealed a global value of 46 ± 3 
ms (with a peak value of 54 ms in the mid-apical anterior wall; the normal range in our centre is 43-50 ms). Global extracellular volume (ECV) was also raised 
at 31%. Her 18F-FDG PET-CT demonstrated significant uptake in the interventricular septum and lateral wall.
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5.4.9 OUTCOMES  
 
Table 22 summarises the outcomes from our cohort. There were two non-cardiac 

deaths in our cohort, which were due to ovarian cancer and end-stage chronic 

pulmonary obstructive airways disease (COPD). Cardiac mortality was seen in 48% 

of those with LVH, with the majority of deaths attributed to sudden cardiac death 

(SCD). Interestingly, although heart failure was a relatively common diagnosis in our 

cohort (29%), leading to the implantation of primary prevention implantable 

cardioverter defibrillators (ICDs) - very few of the deceased patients had a prior 

diagnosis of heart failure, nor was there a record of an ICD discharge in our cohort. 

Similarly, ambulatory monitoring did not reveal episodes of non-sustained or sustained 

ventricular arrhythmias. Atrial fibrillation, however, was reasonably common in our 

cohort, and somewhat unexpectedly, it was more prevalent in those without LVH than 

in those with LVH. Among those with LVH and heart failure, only one patient required 

advanced heart failure therapy, ultimately undergoing cardiac transplantation after 

being hospitalized with cardiogenic shock.  
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Table 22: Clinical outcomes from our cohort 

 
Clinical outcomes All A4300G 

(n=38) 
A4300G LVH-

(n=17) 
 

A4300G LVH+ 
(n=21) 

Cardiac death, n (%) 10 (26%) 0 10 (48%) 

Sudden cardiac death, n (%) 7 (18%) - 7 (33%) 

Death due to HF, n (%) 3 (8%) - 3 (14%) 

Heart Failure, n (%) 11 (29%) 0 11 (52%) 

Cardiac transplantation, n (%) 1 (3%) - 1 (5%) 

Sustained ventricular arrhythmia, n (%)  0 0 0 

ICD implantation, n (%) 6 (22%) 0 6 (29%) 

Atrial Fibrillation, n (%) 7 (18%) 5 (29%) 2 (10%) 

 
Abbreviations: A4300G LVH-, prehypertrophic A4300G patients; A4300G LVH+, A4300G patients with 
LVH; HF, heart failure; ICD, implantable cardioverter defibrillator 
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5.5 DISCUSSION 
 
Our study establishes the prevalence of the m.4300A>G variant in the genotype 

negative HCM population, and comprehensively characterises its associated cardiac 

disease phenotype. We confirm previously noted features, such as the maternal 

inheritance pattern, a non-obstructive and symmetrical LVH pattern, and the absence 

of extra-cardiac mitochondrial disease manifestations. In addition, we highlight novel 

aspects, including lateral Q waves and/or T wave inversions on ECG, a distinct pattern 

of lateral myocardial wall fibrosis, significant biomarker and imaging evidence of 

myocardial injury and inflammation, impaired myocardial energetics on 31P-MRS and 

a high frequency of SCD and heart failure occurring across a wide age range. 

 

5.5.1 IS M.4300A>G A COMMON OR RARE VARIANT? 
 
Our study resolves the discrepancies regarding the prevalence of the m.4300A>G 

variant. While a smaller study found the variant in 1 of 58 genotype-negative HCM 

patients, our larger study shows a much lower prevalence (139). This finding aligns 

with an international registry of patients with mitochondrial syndromes, where we 

initially speculated that the low prevalence of m.4300A>G variant was due to the 

registry’s focus on patients with mitochondrial syndromes and m.4300A>G’s cardiac 

specific presentation (90). By identifying m.4300A>G as a rare variant in the HCM 

population, our study helps to further characterise the sarcomere-negative HCM 

population (148-152).  
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5.5.2 CLINICAL DEMOGRAPHICS 
 
Our cohort corroborates the clinically noted similarities between m.4300A>G LVH and 

sarcomeric HCM: a majority male population in those with LVH, minimal symptoms 

and a high prevalence of LVH (153). Compared to the general population, cardiac risk 

factors, including hypertension, are reported to occur at a higher frequency in 

individuals with mitochondrial disease (154) and sarcomeric HCM (93), but this was 

not the case in our cohort, suggesting that there is a tighter relationship between the 

m.4300A>G and the cardiac phenotype observed. The tissue specificity of the 

m.4300A>G variant is supported by the low levels of extra-cardiac mitochondrial 

manifestations in our cohort, as well as the presence of normal serum mitochondrial 

disease biomarkers and CPET parameters such as a peak VE/VO2<50, making it 

more similar to HCM than other mitochondrial variants (143). 

 

5.5.3 LATERAL WALL ECG AND CMR ABNORMALITIES  
 
The presence of lateral lead Q waves and T wave inversions exclusively in 

m.4300A>G with LVH along with a normal ECG in those without LVH, suggests that 

the ECG could be a potential screening tool for detecting LVH in m.4300A>G patients, 

and may point towards the absence of a sarcomeric variant. This is because the lateral 

lead ECG pattern is rare in sarcomeric HCM or other mtDNA variants and ECG 

abnormalities are common in prehypertrophic patients with sarcomeric variants (21, 

22)(155-157). Interestingly, advanced conduction disease which is typically 

associated with cardiomyopathies that most closely resemble mitochondrial 

cardiomyopathies, was not present in any of our cases (158). Atrial fibrillation was also 

surprisingly common in our m.4300A>G patients without LVH, which has not been 
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reported in sarcomeric positive phenotype negative cases or other mitochondrial 

variants – this may reflect a more aggressive underlying pathophysiology in 

m.4300A>G in comparison to other cardiomyopathies, or may just be a limitation of 

the small numbers in our study (159, 160).  

 
CMR imaging is not included in the NMDAS assessment of patients with mitochondrial 

disease, and yet revealed many abnormalities that would have otherwise been missed 

in TTE-based assessments. In our cohort, CMR revealed symmetrical, non-

obstructive LVH and a high burden of intramural lateral wall fibrosis. This is not 

typically seen in sarcomeric HCM but has been reported in a small (n=3) CMR case 

series of m.4300A>G patients, other mitochondrial cardiomyopathies, Anderson-

Fabry disease, Becker’s muscular dystrophy, myocarditis, hypertension and/or 

valvular heart disease (113, 156, 161-165). In these conditions, lateral wall 

involvement may result from greater mitochondrial dysfunction and increased reactive 

oxygen species (ROS) production, as it endures more mechanical stress than other 

myocardial walls, and in the case of myocarditis the lateral wall involvement may be 

explained by its direct contact with the pericardium, which is often the first structure to 

be affected by inflammation (161, 162, 166). The frequency and burden of LGE in our 

cohort is much higher than previously noted in individuals with other mitochondrial 

variants (33%), or HCM individuals (156, 167, 168). The extent of LGE may be 

associated with the degree of acute inflammation in our individuals, and similar to 

cardiac sarcoidosis may help delineate who will benefit from immunomodulatory 

therapy, if this is felt to be appropriate (169, 170). In m.4300A>G patients without LVH, 

T1 and ECV values were elevated, a finding also observed in sarcomere positive 

patients without LVH, although the appearance of lateral wall LGE in a m.4300A>G 
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patient without LVH in our cohort, has not been reported thus far in HCM or 

mitochondrial variants (159, 160).  

5.5.4 POOR OUTCOMES: LV SYSTOLIC DYSFUNCTION AND SUDDEN DEATH 
 
Levels of impaired GLS and systolic function in our cohort are similar to a small case 

series of individuals with the m.3243A>G variant but are much greater than seen in 

mitochondrial variants as a whole (7%), or HCM (5%) (90, 156, 171). Significant LV 

systolic dysfunction appears to be more common after the third decade of life in our 

cohort, possibly due to the age-dependent pathogenicity associated with mitochondrial 

variants (172). The cardiac mortality in our cohort is much higher than seen in previous 

m.4300A>G variant reports or in HCM (90, 156, 171). Moreover the m.4300A>G 

variant in our cohort showed a much stronger association with death in infancy than 

seen in HCM (156, 167, 168). However similar to “end-stage” HCM individuals (i.e. an 

LVEF <50%) (173, 174), ventricular arrhythmias and advanced heart failure therapies 

were not common in our cohort.   

 

5.5.5 MECHANISTIC INSIGHTS: MYOCARDIAL ENERGETICS, INJURY AND/OR 
INFLAMMATION 
 
Troponin levels in our cohort were significantly higher than seen in HCM and other 

mitochondrial cardiomyopathies, even though the degree of LVH and fibrosis are 

similar between these groups and there was no significant burden of coronary disease 

in our cohort (175-177). Our troponin levels are comparable to those seen in 

inflammatory cardiomyopathies, suggesting an underlying inflammatory process 

(178). This is supported by raised T2 levels, the presence of LGE in the lateral wall (as 

seen in my myocarditis), and significant uptake on 18F-FDG PET CT. These findings 
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are also seen in inflammatory cardiomyopathies such as AFD, Becker muscular 

dystrophy and cardiac sarcoidosis (162, 179, 180). In one of our cases, serial 18F-FDG 

PET CT and CMR demonstrated significantly increased uptake prior to the 

development of florid LGE in the lateral wall, as has been seen HCM, where increased 

FDG was reported as closely correlated to troponin levels, and was attributed to 

myocardial inflammation, and abnormal myocardial metabolism (181-183). 

 
The significantly reduced rest PCr/ATP in our cohort, irrespective of the presence of 

LVH, is similar to HCM (184-186). PCr/ATP is also reduced in individuals with other 

mtDNA variants without LVH, including the A3243G mtDNA variant (187, 188). 

Impaired energetics is an attractive explanation for the mechanism of the m.4300A>G 

cardiomyopathy. Campbell et al have hypothesised that reduced ATP production leads 

to mitochondrial fusion, and that the abnormally enlarged and dysfunctional 

mitochondria disrupt normal sarcomere structure and impair myocardial contractility 

(189). Dysfunctional mitochondrial metabolism also causes increased ROS release 

which itself causes myocardial inflammation and fibrosis (189).  

 

5.5.6 HCM OR A MITOCHONDRIAL CARDIOMYOPATHY? 
 
The m.4300A>G cardiomyopathy shares some features with HCM, such as a high 

LVH penetrance, but it also exhibits unique aspects, like early cardiac mortality and 

lateral wall abnormalities on ECG and CMR. Similarly, while there are overlaps with 

other mitochondrial cardiomyopathies, such as the LVH and LGE pattern, the absence 

of significant extra-cardiac mitochondrial disease appears unique to the m.4300A>G 

variant. As a disease entity, the m.4300A>G variant appears to lie somewhere in 

between HCM and other mitochondrial cardiomyopathies (see Table 23).   
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Table 23: Comparison of m.4300A>G associated cardiomyopathy with sarcomeric 
HCM and mitochondrial cardiomyopathies  
 
  

Mitochondrial 
variants (177, 
190) 

A3243G mtDNA 
variant (90, 159) 

A4300G mtDNA 
variant (41, 98, 99) 

Sarcomeric variants 
(27, 113) 

Prevalence 1 in 4300 1 in 6250 1-2 in 1000 Gene-
HCM 

1 in 200 

% mtDNA affected Variable Variable All - 

ECG Conduction 
disease 

- Lateral lead Q 
waves, TWI, LVH 

LVH Q waves, TWI, 
STE 

LVH prevalence 24% 30-40% 54% 50% 

LVH pattern Symmetrical Symmetrical Symmetrical Asymmetric (90%) 

LVOTO Nil Nil Nil 66%  

LV systolic 
dysfunction 

6.6% 30-40% 63% 5-15% 

LGE Intramural/ 
Subepicardial 
Lateral wall 

Subepicardial 
LGE 

Intramural 
Lateral wall 

Patchy 

Cardiac death 3% per year 8-9% per year 10% per year 1-6% per year 

Cardiac risk 
factors 

HTN HTN None HTN, T2DM 

Extra-cardiac 
disease 

83% 60-70% Few or none - 
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5.5.7 CLINICAL IMPLICATIONS  
 
Clinicians should have a high index of suspicion for the m.4300A>G variant in patients 

with LVH, especially those displaying the key findings from our study, as this variant 

is not common, and therefore underdiagnosed and not routinely tested for. Early 

intervention with established heart failure therapies, along with tailored ICD criteria, 

could help mitigate the morbidity and mortality of m.4300A>G associated 

cardiomyopathy. Consideration of novel treatments, such as mitochondria stabilisers,  

mitochondrial replacement therapy and even immunomodulator therapies, may be 

warranted, particularly if inflammation is confirmed as a key factor in m.4300A>G’s 

pathophysiology (90, 191, 192).  

 

5.5.8 LIMITATIONS  
 
Previous studies have demonstrated mitochondrial variants, including m.4300A>G, 

being present in sarcomeric HCM, therefore we should ideally have assessed 

m.4300A>G in this population too. As our study consisted of prospective and 

retrospectively collected data, there is a risk of survivorship and selection bias. We 

attempted to limit the latter by including not only patients with the m.4300A>G variant, 

but their relatives too. The limitations of post-mortem analysis, which informed many 

of our cause-of-death determinations, made it difficult to rule out heart failure in SCD 

cases, particularly when cardiac chambers were not dilated – a finding not always 

indicative of the absence of heart failure. Our suspicion of an underlying inflammatory 

process would need to be further investigated with a comprehensive multiomics profile 

using myocardial samples from individuals with LVH. 
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5.5.9 CONCLUSION 
 
Individuals with the m.4300A>G cardiomyopathy demonstrate significantly raised 

troponin levels, a typical ECG/FDG-PET and fibrosis pattern involving the lateral wall, 

frequent LV systolic dysfunction, a high mortality rate and little to no extra-cardiac 

manifestations. These characteristic features suggest that m.4300A>G 

cardiomyopathy is a distinct condition, with important differences from sarcomeric 

HCM, and other mitochondrial diseases, and point towards the potential role of 

inflammation in its pathogenesis and pathogenicity. 



 

 228 

CHAPTER 6: CONCLUSION AND FUTURE WORK 
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6.1 CONCLUSION 
 
This thesis demonstrates distinct pathways by which hemodynamic, metabolic, and 

genetic factors shape cardiac remodelling in hypertrophic cardiomyopathy, with three 

main findings. 

 

First, in the overall HCM cohort, hypertension and obesity modified LV geometry and 

function in different ways. Hypertension produced more concentric remodelling while 

amplifying hyperdynamic features (higher LVEF, smaller cavity), whereas obesity 

contributed to concentric hypertrophy with novel inferior wall involvement, along with 

expected obesity-related traits such as greater myocardial injury and impaired 

longitudinal strain. When stratified by genotype, these effects were attenuated: 

hypertension primarily affected gene-negative HCM, while obesity drove gene-positive 

HCM toward a dilated, heart failure–like phenotype. 

 

Second, in non-HCM cohorts, systolic hypertension alone reproduced an HCM-like 

phenotype with asymmetric LVH beyond diagnostic thresholds, whereas obesity alone 

produced only a borderline HCM phenotype. However, across hypertensive and 

metabolic cohorts, obesity emerged as the strongest independent determinant of wall 

thickness, above and beyond blood pressure. 

 

Third, the MT-TI:m.4300A>G variant represents a high-risk mitochondrial subtype, 

with a distinctive fibrosis pattern, absence of systemic mitochondrial disease, and a 
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high frequency of heart failure and cardiac death, supporting its role as an HCM 

phenocopy. 

 

Together, these findings refine clinical understanding in three ways: (i) comorbidity 

management should be tailored by genotype, with aggressive blood pressure control 

in gene-negative HCM and weight reduction in gene-positive HCM (a strategy made 

more feasible by GLP-1 agonists); (ii) hypertensive and obesity-related heart disease 

remain important differentials when evaluating borderline or mild HCM; and (iii) the 

poor prognosis of MT-TI carriers highlights the need for distinct surveillance strategies. 

Collectively, this work supports a precision medicine framework, integrating genetics 

and comorbidities to guide risk-factor management and identify mitochondrial 

phenocopies for early intervention. 

 
 

6.2 VALIDATION AND EXPANSION OF FINDINGS 
 
The primary focus of future work will be two-fold. Firstly, we aim to validate our findings 

through a large, prospective study that includes diverse cohorts of patients with 

hypertension, obesity, and an additional cohort of patients with diabetes mellitus. This 

expansion will enhance the robustness of our results and allow for a more 

comprehensive understanding of the interplay between these conditions. I also intend 

to validate my findings from our HCM patients by personally analysing data from the 

HCMR registry. 
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6.3 LIFESTYLE INTERVENTION STUDIES 
 
Secondly, we plan to undertake a pilot study followed by a randomised control trial 

(RCT) to determine the effects of lifestyle interventions on myocardial wall thickness. 

The interventions will include weight loss, aggressive blood pressure control, and 

optimisation of blood glucose levels/HbA1c. Each type of intervention will be tested in 

separate trials. 

 

6.4 WEIGHT LOSS INTERVENTIONS 
 
Weight loss trials using a Very Low Energy Diet (VLED) have already demonstrated 

benefits in conditions such as diabetes and obesity (193). VLED has an excellent 

safety profile with mild side effects that resolve after the diet is completed and a very 

low risk of electrolyte derangement (193). Our centre has already initiated a trial with 

heart failure patients (both HFrEF and HFpEF) and has ethics approval for a trial with 

patients with LVH. A recent case series showed that HCM patients who lost weight 

through diet and lifestyle changes or bariatric surgery had a significantly decreased 

mean LV mass and wall thickness, alongside significant weight loss and improved 

NYHA status (194). 

 
By conducting a similar trial with a proven, safe, accessible, and reproducible method 

of weight loss (i.e., VLED) in a larger cohort of HCM patients, we aim to demonstrate 

a highly effective way of reducing wall thickness in HCM patients. This could prove to 

be more effective than current medications like mavacamten and safer than septal 

reduction therapies, particularly since BMI has a strong association with septal wall 

thickness. 
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Reducing wall thickness would not only alleviate symptoms in HCM patients but could 

also potentially reclassify some patients into a lower ESC SCD risk category. 

Additionally, a lower burden of LGE is likely due to decreased wall thickness and a 

higher BMI's association with increased LGE. A lifestyle intervention could offer a 

cheaper, more accessible, and safer treatment for HCM patients compared to new 

medications. 

 

6.5 WEIGHT LOSS AND DIET INTERVENTIONS 
 
Diet interventions offer an attractive option for weight loss in HCM, especially since 

many overweight HCM patients are limited in their exercise capacity due to symptoms 

or left ventricular outflow tract obstruction. While antihypertensive medications may 

cause LVH regression, they do not fully reverse the hypertensive heart disease 

phenotype, with some patients experiencing worsening LV diastology despite a 

decrease in LVM (195). 

 

6.6 MACHINE LEARNING AND DATA ANALYSIS 
 
Future work also consists of utilising machine learning to measure wall thickness, 

cardiac function, analyse data clusters and their overlaps. Principal component 

analysis (PCA) and K-means clustering will be used to identify patterns and similarities 

within each cohort that were previously unknown to us.  
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APPENDICES  

APPENDIX I – TEMPEST INCLUSION AND EXCLUSION 
CRITERIA 
 
Inclusion and exclusion criteria for the HCM patients enrolled into the TEMPEST trial:  

 
Table 1: Inclusion and exclusion criteria for the TEMPEST trial (101) 
 

Inclusion criteria 

Written informed consent.  

Age 18-70 inclusive  

HCM as defined by the European Society of Cardiology guidelines as: “a wall thickness 

≥15 mm, on the most recent CMR (or Transthoracic Echocardiogram in the absence of 

a CMR) in one or more LV myocardial segments that is not explained solely by loading 

conditions”.  

New York Heart Association class I, II or III at the most recent clinical assessment 

performed prior to the baseline visit.  

Exclusion criteria 

Previous or planned septal reduction therapy.  

Previously documented myocardial infarction or severe coronary artery disease.  

Uncontrolled hypertension (systolic blood pressure of >180mmHg or a diastolic blood 

pressure of > 100mmHg at Visit 1.  

Known LV EF < 50%, as measured on the most recent CMR scan (preferably) or 

echocardiogram performed prior to the baseline visit.  
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Previously documented persistent atrial fibrillation.  

Anaemia, defined as haemoglobin below the local site normal reference range, at Visit 

1.  

Iron deficiency, defined as serum iron below the local site normal reference range, at 

Visit 1.  

Copper deficiency, defined as serum copper below the normal reference range, at Visit 

1.  

Pacemaker or implantable cardioverter defibrillator.  

Known severe valvular heart disease, as demonstrated on the most recent heart 

imaging. 

Previously documented other cardiomyopathic cause of myocardial hypertrophy  

History of hypersensitivity to any of the components of the investigational medicinal 

product  

Known contraindication to MRI scanning.  

Pregnancy, lactation or planning pregnancy  

Any medical condition, which in the opinion of the Investigator, may place the patient 

at higher risk from his/her participation in the study, or is likely to prevent the patient 

from complying with the requirements of the study or completing the study.  
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APPENDIX II – PROTOCOLS   
 
CMR protocol 

 
1. Orthogonal localiser to adjust the heart to isocentre.  

2. Axial bright-blood TrueFISP localiser: 20 or more single-shot axial slices to cover 

the thorax from just above aortic arch to just below left ventricular apex. Acquisition 

generally split over 2- 3 breath-holds.  

3. Localisers to derive the cardiac planes as per local procedure e.g., 2-chamber 

localiser, 4- chamber localiser, short-axis localiser.  

4. 4-chamber steady state free-precession (SSFP) breath-hold cine. Ideally 

retrospective gating.  

5. 2-chamber SSFP breath-hold cine. Ideally retrospective gating.  

6. 3-chamber SSFP breath-hold cine. Ideally retrospective gating. (The order in which 

the 4-, 2-, and 3-chamber cines are acquired can be adjusted in line with local 

preference).  

7. LVOT long-axis (i.e. perpendicular to the 3-chamber cine) SSFP breath-hold cine. 

Ideally retrospective gating.  

8. Ventricular short-axis SSFP breath-hold cine stack. Ideally retrospective gating. 

8mm slices. No inter-slice gap. Check each slice for artefact and repeat as necessary. 

Check to ensure the base and apex of the left ventricle are fully covered.  

9. Basal, mid and apical -ventricular short-axis T1 mapping. Basal slice position: Copy 

to the position of the most basal short-axis cine slice that does not contain any LVOT 

at end-diastole i.e. there should be a „complete ring‟ of myocardium visible. Mid slice 

position: Copy to the position of the short-axis cine slice that is two slices more apical 
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than the short-axis slice chosen as the basal slice. Apical slice position. Copy to the 

position of the short-axis cine slice that is two slices more apical than the short-axis 

slice chosen as the mid slice. Sequence: A Modified Look-Locker Inversion Recovery 

(MOLLI) sequence should ideally be used. Breath-hold. Patients should undergo the 

same T1 mapping sequence at baseline (visit 2) and at the end of the trial (visit 6).  

10. 3-chamber phase-encoded velocity mapping. Copy to the position of the 3-

chamber SSFP cine. Set the velocity encoding (VENC) to 2.0 m/s. Free breathing.  

11. LVOT short-axis phase-encoded velocity mapping. Position the slice perpendicular 

to the LVOT using the 3-chamber and LVOT long-axis SSFP cines as reference. Use 

the 3-chamber phase-encoded velocity mapping to position the slice at the site of the 

apparent highest LVOT blood flow velocity. Set an appropriate VENC i.e. the lowest 

possible where aliasing is not expected to occur. A VENC of 2.0 m/s is the minimum 

that should be used, but, if an elevated LVOT blood flow velocity is expected based 

on the appearances of the cines, a higher VENC should be used e.g. 3.0 m/s. If 

aliasing occurs at the chosen VENC, the acquisition should be repeated using a VENC 

that is at least 1.0 m/s higher than that at which the aliasing occurred. Free breathing.  

12. Gadolinium-based contrast agent administration. The method of injection (power 

injector or by hand) should be as per local policy. A single scout left ventricular short-

axis image should be acquired immediately following contrast injection and should be 

labelled as “Contrast injection end”. (This will allow verification of the timing of 

injection).  

13. Atrial short-axis SSFP breath-hold cine stack. Ideally retrospective gating. 6mm 

slices. No inter-slice gap. Check each slice for artefact and repeat as necessary.  
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14. Inversion time scout. Acquire 6 minutes after gadolinium-based contrast agent 

administration. Copy to the position of the 4-chamber SSFP cine or a short-axis SSFP 

cine. 

15. Ventricular short-axis late gadolinium enhancement imaging. Copy to the positions 

of the ventricular short-axis SSFP cine slices (so that the late gadolinium enhancement 

and cine images are directly comparable). 8mm slices. No inter-slice gap. Sequence: 

Breath-hold segmented gradient echo phase sensitive inversion recovery; motion 

correct if available. Start with the optimal inversion time as per the inversion time scout, 

and subsequently adjust as necessary.  

16. Basal, mid and apical-ventricular short-axis T1 mapping. Repeat the basal and mid-

ventricular short-axis T1 mapping using the same slice positions and sequence as 

were used before contrast agent administration. Begin the acquisition 15 minutes after 

contrast agent administration (start the timer when the contrast agent syringe is 

empty). 

 
CPET (cycle ergometer) 

 
A maximal CPET is to be defined as that with a respiratory exchange ratio (RER) of 

>1.10. Prior to starting the CPET, usual safety checks should be performed in line with 

local procedures 

 
1. Patients should have standard spirometry prior to the exercise portion of the study. 

This should include forced expiratory volume in 1 second (FEV1), forced vital capacity 

(FVC) and flow volume loop analysis.  

2. Patients should be set up on the bike ensuring the correct ride height and handlebar 

position.  
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3. Patients should have continuous ECG monitoring applied. 

4. Patients should have their mask fitted and checked for leaks prior to commencement 

of the test.  

5. Breath by breath gas exchange analysis and continuous ECG monitoring must be 

performed throughout the test. Heart rate, peak heart rate and percentage predicted 

heart should be calculated. VCO2 (litres/min), work rate (watts), heart rate and 

respiratory exchange ratio (RER) should be averaged every 10 seconds.  

6. BP should be recorded at rest, warm up and every 3 minutes during the exercise 

phase and into the recovery phase until the BP has normalised and the patient has 

recovered. 7. Rest and warm up phases should last for 3 minutes.  

8. A 15W Ramp protocol should be used.  

9. Patients should be encouraged to continue the exercise phase for as long as 

possible aiming for an RER of >1.10.  

10. Sites should record the reason for cessation of the exercise phase e.g. 

breathlessness, leg pain, chest pain. 
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APPENDIX III – KEY DEFINITIONS  
 
Table 1: Key definitions 

Characteristic  Our definition  

Left ventricular 

hypertrophy (LVH) 

 

LV maximal wall thickness of �13 mm in genotype positive patients 

[1].  

Sudden cardiac 

death  

Sudden, unexpected death, with a cardiac cause identified either 

ante- or postmortem [1l] 

Pathological Q wave  25% of the height of the partner R wave, Q wave >3mm in depth 

and/or >0.04s in duration in at least two leads except aVR [33] 

LVH by voltage 

criteria 

S wave depth in V1 + tallest R wave height in V5-V6 > 35 mm [5] 

Conduction disease  The presence of any degree of atrioventricular block, bundle 

branch block, left anterior or left posterior fascicular block on a 12-

lead ECG 

Extra-cardiac 

mitochondrial 

disease 

manifestations 

Any one of the following: dysphagia, respiratory failure, diabetes 

mellitus, retinopathy, chronic progressive external 

ophthalmoplegia (CPEO), epilepsy, intestinal dysmotility, 

migraines, myopathy, peripheral neuropathy, sensorineural 

hearing loss, and stroke-like episodes [19] 
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Sustained 

Ventricular 

Arrhythmias  

≥3 consecutive beats with a rate >100 beats per minute, originating 

from the ventricles, lasting for at least 30 seconds or requiring an 

intervention for termination [1] 

(Clinical) Atrial 

Fibrillation  

Irregularly irregular R-R intervals, absence of distinct repeating P 

waves and irregular atrial activations, documented for a minimum 

of 30 seconds on a single lead, or an entire 12-lead ECG [1] 

LV systolic 

dysfunction  

Left ventricular ejection fraction (LVEF) categories: Severely 

abnormal <30%; moderately abnormal, 30-40%; mildly abnormal, 

41-56%; reference, 57-77%; hyperdynamic, �78% [Petersen et al] 

Raised troponin I 

level  

>14ng/l (as per our local laboratory) 
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APPENDIX IV – RECRUITMENT PROCESS FOR CHAPTER 
5 
 

 
 

Figure 1: Recruitment process for Chapter 5 / A4300G mtDNA study based on the 
CONSORT 2010 flowchart conventions (Abbreviations: CMR, cardiac MRI; CPET, 
cardiopulmonary exercise testing; ECG, electrocardiogram; 31P-MRS, 31-Phosphorus 
Magnetic Resonance Spectroscopy) 
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