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THESIS ABSTRACT

Both hypertrophied and failing hearts are characterised by pathological left ventricular (LV)
remodelling, impaired myocardial energy status and alteration in substrate metabolism.
Cardiac magnetic resonance imaging (CMR) and magnetic resonance spectroscopy (MRS)
are powerful tools in the characterisation of these disease conditions. More recent
techniques have allowed assessment of myocardial steatosis using 'H-MRS and tissue

oxygenation using blood oxygen level dependent (BOLD) CMR.

In hypertrophy and heart failure, studies on steatosis and the relationship with other
parameters such as myocardial function and fibrosis, especially in humans are limited. |
therefore investigated the presence of steatosis in severe aortic stenosis (AS) and dilated
cardiomyopathy (DCM), and further assessed its relation to contractile function. This study
found that myocardial triglyceride (TG) content is increased in both symptomatic and
asymptomatic AS patients (lipid/water ratio 0.89+0.42% in symptomatic AS; 0.75+0.36% in
asymptomatic AS vs. controls 0.45+0.17%, both p<0.05) and DCM patients (lipid/ratio
0.64+0.44% vs. controls 0.40+0.13%, p=0.03). Circumferential strain was lower in both AS (-
16.4£2.5% in symptomatic AS; -18.9+2.9% in asymptomatic AS vs. controls 20.7+£2.0%, both
p<0.05) and DCM patients (-12.3£3.4% vs. controls -20.9+1.7%, p<0.001). In AS, myocardial
contractility is related to the degree of steatosis, and were both reversible following aortic
valve replacement (AVR), lipid/water ratio 0.92+0.41% vs. pre AVR 0.45+0.17%, p=0.04 and
circumferential strain -17.2+2.0% vs. pre AVR -19.5%£3.2%, p=0.04. A novel finding of this

study was significant correlation of MRS-measured TG content with histological staining of

1
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TG of the myocardium, taken from endomyocardial biopsy during AVR. In DCM, myocardial
TG was independently associated with LV dilatation and correlated significantly with hepatic
TG, which suggests that both cardiac and hepatic steatosis might be a common feature in

the failing heart.

Additionally, although the hypertrophied heart is characterised by impaired perfusion, it is
unknown if this is severe enough to translate into tissue deoxygenation and ischaemia. |
assessed this by using adenosine vasodilator stress test and BOLD-CMR in patients with
severe AS. It was found that AS patients had reduced perfusion (myocardial perfusion
reserve index-MPRI 1.0£0.3 vs. controls 1.7+0.3, p<0.001), and blunted tissue oxygenation
(blood-oxygen level dependent-BOLD signal intensity-SI change 4.8%9.6% vs. controls
18.2+11.6%, p=0.001) during stress. Importantly, there was a substantial improvement in
perfusion and oxygenation towards normal after AVR, MPRI 1.5+0.4, p=0.005 vs. pre AVR

and BOLD Sl change 16.417.0%, p=0.014 vs. pre AVR.

Overall, the work in this thesis supports the powerful role of CMR in assessing LV function

and elucidating metabolic mechanisms in the hypertrophied and failing heart.
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CHAPTER 1: GENERAL INTRODUCTION
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1.1. CARDIAC METABOLISM

Both hypertrophy and heart failure (Figure 1.1), though differing in their aetiologies, share
features of abnormal metabolism characterised by impaired myocardial energetics and
profound alterations in glucose and fatty acid (FA) metabolism. Deranged cardiac energy
metabolism has been implicated in both hypertrophy” ? and dilated cardiomyopathy
(DCM).>* ° Understanding these complex metabolic pathways is crucial to improving clinical

risk stratification and developing targeted therapeutic interventions.

Figure 1.1. Left ventricular hypertrophy viewed in a longitudinal section (A). Transverse sections of
the hearts are shown in B. Compared with a normal heart (centre), the pressure-overloaded heart
(left) has an increased mass, a thick wall, and a smaller lumen. The dilated heart (right) has an
increased mass, a larger lumen, and enlarged size in comparison to the normal heart (Figure from

Kumar: Robins Basic Pathology, 9" ed).
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In the normal heart, the majority (60-90%) of energy for cardiac function is derived from FA
oxidation, with the remainder (10-40%) being derived from the glucose oxidation. The
normal heart is capable of modulating rates of FA and glucose oxidation in response to
substrate availability, which in turn allows the heart to keep constant energy level.® There

are three components of cardiac energy metabolism (Figure 1.2);

A. Substrate utilisation involves the uptake of fuel mainly fatty acids (FAs) and glucose.
These are broken down by beta-oxidation and glycolysis producing Acetyl-CoA to be
fed into the Krebs cycle in the mitochondria.

In addition, adequate myocardial perfusion is essential to deliver both substrate and

oxygen under resting and exercise condition.

B. Oxidative phosphorylation involves the production of high-energy phosphate

compound adenosine triphosphate (ATP) from the mitochondrial respiratory chain.

C. High-energy phosphate transfer involves the transport of ATP to the consumption

site, the myofibrils, which involves the creatine kinase energy shuttle.
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Figure 1.2. There are three components of cardiac energy metabolism. A: Substrate utilisation
(FA and glucose uptake, and conversion to Acetyl-CoA to be fed into the Krebs cycle in the
mitochondria). B: Oxidative phosphorylation (ATP production from the mitochondrial electron
transport chain). C: High-energy phosphate transfer (ATP transport to the myofibrils, involving

the creatine kinase energy shuttle).
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Triglyceride and fatty acid metabolism

The sources of plasma triglyceride (TG) are from very low density lipoprotein (VLDL)
produced by the liver and chylomicrons from the intestine upon dietary intake of fat. These
TG particles are lipolysed by lipoprotein lipase (LPL) in the capillary wall to generate FA,
which are subsequently taken up by the cells. Non-esterified fatty acids (NEFAs) are another
form of FAs, bound to plasma albumin derived from lipolysis of triglycerides (TGs) stored in
adipose tissue. These two forms of FAs are used for energy requirements, or alternatively to
be stored as intracellular TGs (Figure 1.3). In healthy conditions, almost all TGs present
within the body are stored in adipose tissue, with only a small amount present in non-
adipose tissues as the heart,” the liver® and skeletal muscle,” where levels are tightly
regulated.

Heart

Liver

Skeletal muscle
Adipose tissue

Chylomicrons T T

—_— TG TG ‘i} Fatty acids

NEFAs

Dietary intake

Capillary lumen

& ] VLDL

Liver

Figure 1.3. Triglyceride metabolism.
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Mechanism of cardiac lipotoxicity

Myocardial steatosis is intracellular lipid accumulation arising from a mismatch between FA
uptake and utilisation, and is implicated in the pathophysiology of the failing heart.’0

There are a number of experimental and clinical observations that suggest the association

between steatosis and cardiac dysfunction.

1. FA overload as a result of reduced FA oxidation. Myocytes shift from FA to glucose

utilisation in the hypertrophied and failing heart.'> 3

This may be a beneficial
compensatory mechanism in the short term as excess FA are stored as neutral TGs,
but when the storage capacity is exceeded, these excess FA are transformed into

toxic intermediates such as ceramide and diacylglycerols via non-oxidative pathways

which is associated with apoptosis and myocardial dysfunction (Figure 1.4)."

2. FA overload due to increased FA uptake. The increased sympathetic drive associated

1518 This will result in increased

with HF is known to cause increased serum free FA.
FA uptake and hyperactive 3 oxidation leading to production of reactive oxygen
species and interference with calcium haemostasis impairing diastolic function. FA
overload occurs when the oxidative capacity is exceeded leading to increased FA
intermediates resulting in further lipotoxicity. Cardiac steatosis has been described

in obesity and is associated with diastolic dysfunction in diabetes.'” *®

3. Mechanical disruption of contractile function. Infiltration of large lipid droplets can
be accompanied by mechanical disassembly and loss of myofibrils leading to

myocardial dysfunction in diabetic patients.*
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FA stored as TG exceeds
storage capacity

Non-oxidative pathways

T Ceramides
T Diacylglycerols
1 ATP production
T Apoptosis

Figure 1.4. Proposed mechanisms of cardiac lipotoxicity.

¢

Altered myocardial
structure and function

Imbalance between FA uptake in relation to oxidative requirements results in FA overload which will

lead to re-esterification of FA to TGs within the cells. When the storage capacity is exceeded, these

excess FAs enter non-oxidative pathways. This has different effects, which ultimately alter

myocardial structure and function. Although TGs per se are probably not harmful, however these

TGs are reflection of increased potentially damaging intermediates.
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However, all the 3 mechanisms can occur either in isolation or in combination, not
exclusively to one another. Non-invasive assessment of the metabolic state of the
myocardium can be done by two techniques; magnetic resonance spectroscopy (MRS) and
positron emission tomography (PET), with the largest number of studies has been
performed with MRS.?° There are several types of MRS — ‘Hydrogen, *'Phosphorus,
23Sodium, *Carbon and more recently, hyperpolarization techniques, which can provide
noninvasive assessment of myocardial metabolism.?! The two most widely used techniques,
31p_MRS gives information about energy status of the heart by measuring phosphocreatine
(PCr) to ATP ratio and ‘H-MRS, which is a more recent technique used to measure
myocardial lipids (triglycerides) as a measure of steatosis. If myocardial steatosis is present,
it can provide a pathophysiological insight, and may become a potential prognostic indicator
and/or therapeutic target. The main focus of this thesis is 'H-MRS and therefore *'P-MRS

(energetics) will not be covered.

10
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1.2. CARDIAC FUNCTION

Evaluation of left ventricular (LV) function by LV ejection fraction (LVEF) is well established
in various cardiac conditions, and is used for clinical decision making. In aortic stenosis (AS),
LVEF is used in deciding the appropriateness of valve surgery while in heart failure LVEF is
used to guide therapy for example initiation or monitoring of pharmacotherapy, and

222 However, LVEF is not a good

implantation of cardiac resynchronisation therapy.
surrogate marker of LV function as it varies with different loading conditions. Furthermore,
subtle or regional myocardial dysfunction is usually undetectable until LV dysfunction
becomes more advanced.?® In AS, myocardial hypertrophy is a compensatory mechanism in
attempt to neutralise the wall stress, therefore LVEF will be preserved until far advanced in
the course of the disease.? In dilated cardiomyopathy (DCM), subclinical LV dysfunction has
been shown in familial DCM with mutation carriers who had normal LVEF.?® Thus, more

accurate measure of LV contractile function is essential for the diagnosis and monitoring

therapy in patient with non-ischaemic DCM.Y’

Assessment of myocardial deformation parameters can provide better quantification of
global and regional systolic function, and might have increased sensitivity in detecting subtle
myocardial dysfunction. Myocardial strain is defined as relative deformation of myocardium
during contraction and relaxation.”® Strain is a dimensionless quantity of myocardial
deformation defined as the change of myocardial fibre length at end-systole compared to its
original length at end-diastole, Figure 1.5. Strain rate (SR) is the change in strain per unit
time.”® With contraction, the myocardium is compressed or shortened (negative strain),

while during relaxation, the myocardium lengthens (positive strain), Figure 1.6. Strain can

11
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be measured in longitudinal, circumferential and radial directions and is thought to partially
reflect sub-endocardial, mid-wall and sub-epicardial myocardial fibre function respectively,
Figure 1.7. Diastolic strain rate (i.e. the rate of LV relaxation) is a measure of diastolic
function.®® LV twist (°) is a wringing motion of the LV due to opposite rotation of the base
with respect to the apex during systole. Looking from the base, basal segment is
anticlockwise and apical is clockwise. This is due to shortening of the obliquely oriented
fibres (subendocardium and subepicardium) and shear movement between longitudinal and
circumferential fibres. LV torsion represents the twist normalised by the long-axis distance

of the LV (°/cm).?2 LV torsion is however beyond the scope of the thesis.

Strain = 0
L0
+20%
0%
-20%
10 12 10
cm
B0
cm cm
IEE
I‘O L1

Figure 1.5. Strain is a dimensionless quantity of myocardial deformation defined as the change of
myocardial fibre length at end-systole (L;) compared to its original length at end-diastole (Lo) and is

normally expressed as a percentage (Strain = L1-Lo/ L)

12
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U-U

End diastole End systole

Figure 1.6. With contraction, the myocardium is compressed or shortened (negative strain), while

during relaxation, the myocardium is enlarged or lengthened (positive strain).

00

Longitudinal Circumferential Radial

Figure 1.7. Schematic diagram demonstrating three dimensional; longitudinal (basal to apical
shortening along the ventricular long axis), circumferential (circumferential shortening tangential to

epicardial surface) and radial strain (myocardial thickening radially towards the centre of the

ventricle).

13
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Echocardiography with tissue Doppler imaging allows non-invasive measurement of
myocardial strain but it is limited by angle dependency.31 Tissue Doppler derived parameters
are predominantly based on longitudinal and radial motion data,®® but myocardial
contraction is principally circumferential®® and thus echo-based Doppler methods do not
allow the most accurate evaluation of myocardial function. Speckle-tracking
echocardiography has recently emerged as a quantitative ultrasound technique for
assessment of myocardial deformation in longitudinal, circumferential and radial directions,
based on tracking of speckle patterns created by interference of ultrasound beams in the

323433 Myocardial strain quantification using

myocardium, and is not angle dependent.
speckle-tracking echocardiography has recently been validated against tagged MRI, and
shows high feasibility and reproducibility.*® However, limitations of this technique are
dependence on good quality 2-dimensional echocardiographic images, which is essential to
delineate endocardial border, and out-of-plane problem of short-axis imaging due to

35, 37

longitudinal motion. Three-dimensional speckle tracking is another approach for strain

imaging but is currently limited by low temporal resolution and poor image quality when

compared with 2D-ST1.2738

Cardiac magnetic resonance (CMR) tissue tagging is a technique that can quantify
myocardial deformation. It provides reproducible data on myocardial strain in longitudinal,
circumferential and radial directions. Noninvasive markers that appear as dark lines (tags) in
the acquired images follow myocardial motion during cardiac cycle, thus representing
myocardial deformation. Persistent tags throughout cardiac cycle allow accurate assessment
of both systolic and diastolic functions. However, due to T1 relaxation, the tag lines fade

towards the end of diastole, but this can be overcome by implementing steady state free
14
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precession (SSPP)?° and scanning at higher field strength magnets to achieve longer tag

29, 39

persistence and better image quality. Current imaging sequences and acquisition

techniques have improved temporal and spatial resolution, and shorten breath-hold

28, 29

durations. Although tagged MRI may be considered the gold standard for myocardial

strain measurements, its routine use is limited by its high costs and poor availability.

In the thesis, | have focussed on only circumferential and longitudinal strain because these
are the most important parameters of myocardial deformation when compared with radial
strain. Myocardial contraction is predominantly circumferential, and provides ~60-70% of
myocardial contraction, whereas longitudinal strain impairment is the earliest to occur.
Radial strain impairment occurs relatively late, thus is less useful than circumferential or

longitudinal strain.?® %3

15
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1.3. OUTLINE OF THE THESIS

This is a multi-parametric CMR study to investigate cardiac metabolism and function in
hypertrophied heart due to aortic stenosis (AS) and heart failure (HF) due to dilated

cardiomyopathy (DCM).

1.3.1. HYPERTROPHIED HEART DUE TO AORTIC STENOSIS

AS is common, occurring in 2% of the population over 65 years of age, rising to 7% in men
over 85 years.40 AS is defined as severe when the aortic valve area (AVA) is less than 1.0 cm?,
mean gradient greater than 40 mmHg, or maximum jet velocity of greater than 4.0 m/s.*t 4
The management of patients with severe AS is generally based on symptoms and left
ventricular (LV) dysfunction. Aortic valve replacement (AVR) is the definitive treatment of
symptomatic severe AS. In asymptomatic patients with severe AS, AVR is recommended if

41, 42

there is LV systolic dysfunction. The median survival without surgery in this group is 2-4

years depending on the symptoms.****

For asymptomatic patients with preserved LV systolic function however, the management is
controversial, and surgical intervention is not recommended according to current
guidelines. Echocardiographic assessment of LV ejection fraction (LVEF) has a central role in
clinical decision making. However LVEF is load-dependent and not considered to be a
sensitive marker of systolic function, especially in the setting of LV hypertrophy (LVH).*
Furthermore, reduced LVEF is a late development in the natural history of the disease and
associated with a dismal prognosis (survival < 2 years)46 and higher operative risk (mortality

up to 50%) in those with no contractile reserve.*’ Early valve replacement exposes patients

16
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to the risks of surgery and the ongoing risks of complications from prosthetic aortic valves.
Waiting for symptoms to occur, however, risks the development of LV dysfunction and there
is a small risk of sudden death.”® Moreover, significant adverse LV remodeling is likely to
occur and this may not be reversible after AVR.* Therefore, decision for earlier referral for
AVR for asymptomatic severe AS may be beneficial. For example, a recent study identified a
high risk group of “very severe asymptomatic AS” with exceptionally poor event free survival
rate (3% at 6 years) as a subgroup of patients that would benefit from surgery before
symptoms develop.”® Another study showed that early surgery in patients with very severe
AS (defined as AVA <0.75 and valve peak aortic velocity >4.5 m/s) is associated with
improved long-term survival and decreased cardiac mortality compared to conventional

management strategies in those with low operative risk.”*

Myocardial factors currently identified as being associated with either an adverse prognosis
in AS or poor recovery of the ventricle post AVR include a high degree of LVH,>*>* a high
percentage of fibrosis as measured by histology and CMR late gadolinium enhancement
(LGE)>> and reduced longitudinal strain.”® However, metabolic changes and oxygenation in
the myocardium of patients with AS have never been assessed before. The development of
advanced cardiac imaging methods has enabled increasingly sophisticated assessments of
myocardial metabolism, function and oxygenation to be carried out. Future challenges will
be to determine whether these cardiac imaging parameters can identify changes in the

myocardium of asymptomatic AS patients before irreversible myocardial damage occurs.
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Thus, in addition to haemodynamic assessment of the aortic valve, a more sensitive marker

of LV dysfunction (as discussed in 1.2) is needed. As elaborated in 1.1, assessment of

myocardial metabolism and oxygenation can potentially be important markers to identify

high risk asymptomatic AS patients to improve the timing of AVR. Importantly, myocardial

metabolism and oxygenation can also be potential therapeutic targets for patients who are

not suitable candidates for AVR or those who still have symptoms after AVR.

Figure 1.8 shows an example of a severe AS patient with associated LVH. Two main areas

will be explored in AS:

(a)

(b)

Myocardial steatosis: As discussed in section 1.1, deranged myocardial metabolism
causes a switch of substrate utilisation from FA to glucose which is an adaptive
response to increased hemodynamic workload. This study investigated the presence
of steatosis in both asymptomatic and symptomatic severe AS, examined the
relationship with cardiac function, and also whether there are changes following
AVR. In a subgroup of patients, histological correlation was studied. This will be

discussed in Chapter 3.

Myocardial oxygenation: Cardiac myocyte hypertrophy is accompanied by reduced
myocardial perfusion, even in the absence of epicardial coronary artery disease
(CAD). Impaired coronary microvascular reserve is thought to be due to insufficient
new blood vessels forming in pressure overload hypertrophy (Figure 1.9). This study
assessed whether this led to myocardial tissue deoxygenation, and changes following

AVR were also examined. This will be discussed in Chapter 4.
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Figure 1.8: Cardiac magnetic resonance cine images showing an example of severe aortic valve

stenosis (left) and associated left ventricular hypertrophy (right).
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Figure 1.9 (new illustration). Proposed mechanism of microvascular dysfunction in pressure
overload hypertrophy. There is insufficient growth of vessels per unit myocardium leading to
impaired coronary vascular reserve. Extravascular compression may also cause further impairment
in perfusion.
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1.3.2. HEART FAILURE DUE TO DILATED CARDIOMYOPATHY

1 to 2% of the population in developed countries has heart failure (HF).”” Although
pharmaceutical and device therapies have substantially ameliorated its prognosis, HF
nevertheless reduces the quality and duration of life and exerts a substantial drain on

healthcare resources.””>°

DCM is a primary myocardial disease characterized by LV dilatation and dysfunction in the
absence of chronic increased afterload (e.g. aortic stenosis or hypertension), or volume
overload (e.g. valvular incompetence).60 DCM is the second most common cause of HF after
CAD and the most common cardiomyopathy. The therapeutic aim is to treat the underlying
cause but in the majority of patients, no causes is identified and (hence is called idiopathic
DCM), and therefore the treatment is primarily reducing symptoms, prevention/delaying
progression to HF and death.®® Although there have been advances in the medical and
surgical therapy of DCM in the last two decades, the condition still carries a very poor long-
term prognosis.®? Current medical therapy may not be tolerable by all patients due to
underlying comorbidities (e.g. renal dysfunction) and side-effects (cough, hypotension and
bradycardia);59 not every patient is a suitable candidate of device therapy,63 and heart
transplantation is limited by the scarcity of the suitable organ.64 Thus, the urgent need
remains for novel, more effective HF therapies to optimise the management of patients

with DCM.

Over the last 20 years, it has been proposed that HF is associated with a hyperadrenergic

state that augments circulating plasma free fatty acids (FFA), which leads to impaired
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% ¢ Jnsulin resistance inhibits uptake and

glucose metabolism and insulin resistance.
metabolism of glucose which may prevent the heart from using its adaptive energy
response to an insult.” This contributes to HF and the vicious cycle of neurohormonal
activation, serving to potentiate the myocardial dysfunction and further increasing energy
requirements (Figure 1.10). Therefore, despite a relatively higher dependence on glucose as
a more efficient source of energy when compared with FA, both glucose uptake and
oxidation are impaired due to persistence of myocardial insulin resistance. It has been
proposed that excessive FA metabolism may also exacerbate HF by impairing myocardial
calcium metabolism and increasing myocardial reactive oxygen species generation. It is
therefore hypothesised that intramyocardial lipid accumulation (steatosis) may occur due to

imbalance between free FA uptake and oxidation. If steatosis is indeed present, steatosis

may be a potential prognostic marker and/or therapeutic target in DCM patients with HF.

Using magnetic resonance spectroscopy, it is possible to provide pathophysiological
information of metabolic state of the myocardium that can be used as to guide optimal
clinical management of patients with DCM. In particular, steatosis may become a potential
therapeutic target using metabolic modulators. In this thesis, 'H-MRS was used to assess

myocardial TG content in patients with HF due to DCM.
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HEART FAILURE

Mitochondria

e Raised uncoupling proteins
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o Reduced mitochondrial ATP
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Figure 1.10 (new illustration). Insulin resistance and fatty acid overload in heart failure

This thesis will therefore focus on.

(a) Myocardial steatosis in DCM: In view of impaired cardiac metabolism and insulin
resistance as explained above, this study investigated if this led to cardiac steatosis,
and further assessed its relation to cardiac function. Furthermore | also investigated
if there was any relationship with hepatic TG content. This will be discussed in

Chapter 5.
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CHAPTER 2: GENERAL METHODS
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2.1. OVERVIEW

This study was approved by the Mid and South Buckinghamshire Research Ethics Committee
(ref: 07/H1607/66) for recruitment of AS (chapter 3 & 4) patients. For Chapter 5, subjects
were participants of Syncria HF clinical trial (12 patients), GHF112670, approved by the
Oxfordshire Research Ethics Committee A (10/H0707/54). Additional 8 DCM patients were
derived from another project (Oxygen Supplement in HF). All subjects gave written informed

consent for all study procedures.

2.2. ELIGIBILITY CRITERIA

Inclusion criteria

e Male or female, at least 18 years of age
e Willing to participate in a research study on a voluntary basis
Aortic stenosis

Severe AS was defined as aortic valve area of <1.0 cm?, mean gradient of >40 mmHg

or maximum jet velocity of >4.0 m/s.”>*!

e No other significant valvular diseases

e Systolic BP <160 mmHg and diastolic BP <90 mmHg
e Normal LVEF (LVEF >50%)

e Non-obstructive CAD from invasive coronary angiography (symptomatic AS). No
evidence of ischaemia from exercise test (asymptomatic AS).
Exercise testing was chosen to exclude significant CAD in asymptomatic AS as it was not
possible to obtain ethical approval for invasive coronary angiography in these patients.
Alternatively, although dobutamine stress echo was a valid approach, the study was deemed
too complicated to have both dobutamine and adenosine both to be performed in the same
subjects. Thus, exercise testing was a safer approach in the current study, although it is
possible that some potential subjects with normal coronary arteries were excluded on the
grounds of false-positive exercise-induced ST depression.
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Dilated cardiomyopathy
e LVEF<45%
e Non ischaemic etiology confirmed by either a coronary angiogram or a functional
stress test. Patients must be on optimal anti failure therapy
e No history of liver disease or excessive alcohol intake
Healthy volunteers:
e Asymptomatic. No medical history. Not taking any medications

e Normal physical examination and ECG

Normal controls were not matched for comorbidities, therefore the data may be
confounded by their comorbidities. However, to minimise this, patients were included only if
their comorbidities (e.g. hypertension, dyslipidaemia) were well controlled, as shown in
individual Chapters. Furthermore, where applicable, multivariate analyses will be performed
to test this possibility.

Exclusion criteria

e History of significant CAD, valvular heart disease, hypertrophic cardiomyopathy,
chemotherapy or pregnancy induced cardiomyopathy

e Diabetes mellitus based on history and abnormal fasting serum glucose or HbA1lc.

e Previous coronary vascular intervention or cardiac surgery

e Any contraindications to MR scanning (metal implants, pacemakers, claustrophobia)

e History to suspect pregnancy or a positive pregnancy test

e Impaired renal function (eGFR <30 mL/min/m?)
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2.3. CLINICAL ASSESSMENT

On the day of scanning, history and physical examination were performed. History included
assessment of inclusion and exclusion criteria as explained above and drug history including
allergies. Physical examination included height and weight and blood pressure (BP)

measurements. In addition, 12-lead electrocardiogram (ECG) was also performed.
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2.4. CARDIAC MAGNETIC RESONANCE (CMR) SCAN PROTOCOLS

CMR scan protocols performed in this study included the following:

1. Cine imaging — to assess LV mass, volumes and EF.

2. Strain imaging (myocardial tagging) —to assess LV strain

3. Late gadolinium enhancement (LGE) — to assess myocardial fibrosis

4. Blood-oxygen level dependent (BOLD) and perfusion during adenosine
vasodilator stress and rest - to assess myocardial oxygenation and perfusion

5. 'H-magnetic resonance spectroscopy (MRS) — to assess TG content (for steatosis

assessment)

2.4.1. LEFT VENTRICULAR FUNCTION

CMR is accurate, reproducible and well validated for measuring LV volumes and mass.®®
Cardiac volumes were acquired using Steady State Free Precession (SSFP) imaging as
previously described.®® Pilot, horizontal long axis, vertical long axis and short axis (SA) stack
images were acquired with the patient in the supine position. Each slice was 7 mm thick
with a 3mm gap and was retrospectively ECG-gated. The slices were obtained during a
breath-hold at the end of normal expiration to minimise the effects of respiratory motion.
LV SA epicardial (end-diastole) and endocardial (end-diastole and systole) borders were
manually contoured (Figure 2.1) using Argus post-processing software package (Siemens
Healthcare, Erlangen, Germany). LV end systolic (ESV) and end diastolic (EDV) volumes are
used to calculate stroke volume (SV), ejection fraction (EF=SV/EDV). Myocardial mass is also

calculated by subtracting the endocardial volume from the epicardial volume during
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diastole. LV mass is calculated based on prior knowledge of myocardial specific gravity (1.05
g/cm3).70 In addition, AVA measurement was obtained from direct planimetry of the aortic

valve SSFP cine (see Figure 1.8, left panel, from chapter 1).

Figure 2.1: Epicardial and endocardial contours drawn in diastole (/eft) and endocardial contour in

systole (right). Myocardial mass is calculated by subtracting the endocardial volume from the

epicardial volume during diastole (/eft).

2.4.2. STRAIN IMAGING

CMR is a well validated tool for measurement of multidirectional strain using a sequence
known as “tagging”.’® A gradient echo-based tagging pulse sequence was performed in the
long axis and in the mid ventricular short-axis slice (Figure 2.2) with a segmented k-space,
multi-shot sequence (repetition time 4.47ms, echo time 7.4ms, and flip angle 25°).% Spatial
modulation of magnetisation (SPAMM)2 produced images with a grid-based pattern of
horizontally and vertically modulated ‘stripes” 7mm apart, acquired during a single breath
hold, using a prospectively gated sequence . The temporal resolution (TR x no. of segments,

9) was 40.23 ms in all data sets, and 15-25 frames per cardiac cycle were recorded,
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depending on heart rate. Tagged images were analysed using CimTag2D version 7 (Auckland
Medical Research, Auckland, New Zealand). Outcome parameters measured in this study
were; global mid ventricular peak systolic circumferential strain, with an example shown in
Figure 2.3; global peak systolic longitudinal strain; circumferential diastolic strain rate and

longitudinal diastolic strain rate.

A very recent study has shown that CMR tagging using the current technique has an
excellent inter-study reproducibility, intraobserver and interobserver variability of strain
measurements.”> However, as the reproducibility tests were done in a different population
(subjects without cardiovascular diseases), therefore repeatability in AS patients is

unknown.

Figure 2.2. CMR tagging images of a long (left) and short axis (right) views in diastole.
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Figure 2.3. An example of CMR myocardial
tagging in a short axis slice of the left
ventricle. The deformation of the tags is
tracked throughout the cardiac cycle
(diastole, top-left and systole, top-right).

The resulting graph shows the result for
average (mid-ventricular) peak
circumferential strain (-14.76%), shown in
green curve.

Time (msec)

©-0 Circumferential ©-0 Shear ©-0 Radial
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2.4.3. LATE GADOLINIUM ENHANCEMENT

LGE is the gold standard for the non-invasive measurement of regional myocardial fibrosis.
Myocardial fibrosis, found in AS and DCM patients, is not only a powerful diagnostic tool,

but also an independent predictor of cardiovascular events.”* "

LGE imaging was acquired using a T1-weighted phase-sensitive inversion recovery sequence
5 minutes after an administration of 0.1 mmol/kg of body weight of a gadolinium-based
contrast agent (Gadodiamide, Omniscan; GE Healthcare, Amersham, United Kingdom) or a
top-up bolus (after rest perfusion imaging - for chapter 4) of the same dose, followed by a
15-ml saline flush were administered through an intravenous cannula inserted into the
antecubital fossa. LGE was acquired earlier (at 5 minutes instead of 10 minutes) because a
smaller dose of contrast was used. Some of the contrast was administered during stress
perfusion and a top-up dose following rest perfusion was administered 20 minutes after the
stress perfusion. The scan parameters used were: slice thickness 8 mm, flip angle 20°,
Repetition time/Echo time = 3 ms/7.5 ms. Areas of LGE were visually scored as absent or
present by consensus of 2 experienced operators. Absolute quantification was performed by
using the full-width half maximum (FWHM) technique which uses half of the maximal signal
within the fibrosis as the threshold. It was performed by manually tracing of endocardial
and epicardial contours, avoiding papillary muscle and trabeculations (Figure 2.4). The
FWHM is the most reproducible method for quantification for quantification of fibrosis
regardless of aetiology.76 The region of interest (ROI) was drawn around hyperintensive
myocardium to define maximal signal for the FWHM threshold. LGE was quantified as LGE =

(LGE mass/LVM) x 100.
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Figure 2.4.
Epicardial and endocardial borders are drawn,
and a region of interest to define maximal

intensity for the FWHM threshold.
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2.4.4. BLOOD OXYGEND LEVEL DEPENDENT (BOLD) CMR AND PERFUSION

Study participants were instructed to avoid caffeine-containing food and drinks for at least
24 hours prior to CMR scan. For BOLD CMR, a single mid-ventricular slice was acquired using
a T2-prepared ECG-gated SSFP sequence (repetition time 2.86 ms, echo time 1.43 ms, T2
preparation time 40 ms, matrix 168 x 192, field of view, 340 x 340 mm, slice thickness 8 mm,
flip angle 44° was acquired at rest, prior to adenosine infusion and a single image of the
same slice was repeated during peak adenosine stress (140ug/kg/min) typically 3 minutes
after commencing adenosine. Shimming and centre frequency adjustments were performed
if necessary to minimise off-resonance artefacts. Reproducibility test for BOLD imaging was
not feasible in view of lack of ethical approval to repeat adenosine stress test in severe AS
patients already undergoing a relatively long CMR scan protocol. Future work will involve
obtaining ethical approval to perform CMR scan focussing on test-retest reliability of BOLD-

CMR in these patients.

Stress first pass perfusion imaging was performed immediately after stress BOLD imaging,
using a T1-weighted fast (spoiled) gradient echo sequence with saturation-recovery
magnetisation preparation, as described previously.”” A bolus of intravenous gadolinium-
based contrast (gadodiamide [Omniscan; GEHealthcare, Amersham, United Kingdom]) at a
dose of 0.03 mmol/kg (injection rate, 6 mL/s) followed by a saline flush of 15 mL at the same
rate was given. Perfusion images were acquired in 3 SA slices at basal (between LV outflow
tract and the papillary muscles), mid-ventricular (identical to the BOLD SA slice), and apical
levels chosen according to recommended guidelines.78 During adenosine infusion, study

participants’ heart rate and BP were recorded at 1-minute intervals. After discontinuing
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adenosine, rest perfusion images were acquired at least 20 minutes after the stress study to
allow sufficient contrast washout. After rest perfusion imaging, an additional bolus of 0.1
mmol/kg gadodiamide was administered (total dose: 0.16 mmol/kg). The LGE images were
acquired after a 5-minute delay with the use of an inversion-recovery prepared, segmented
gradient echo sequence, as previously described.” The inversion time was adjusted for

optimal nulling of normal myocardium.

For BOLD analysis, QMass software (version 7.2, Medis, Netherlands) was used. Myocardial
signal intensity was measured after manually tracing the endocardial and epicardial
contours (Figure 2.5). The mid-ventricular short-axis BOLD image was divided into 6
segments (inferior septum, anterior septum, anterior, anterolateral, inferolateral and
inferior) according to the middle slice 6 segments of the 17-segment model. Mean signal
intensities were calculated for resting and stress conditions by averaging signal
measurements from images during rest and adenosine stress, respectively. BOLD signal
intensity (SI) measurements were corrected for variations in heart rate between resting and
stress as previously described.®° By using Bland-Altman plot, | have performed inter-
observer and intra-observer variability tests, with coefficient variations of 3% and 2%

respectively, which is consistent with a previous study.80
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Figure 2.5
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In this cardiac gated sequence, variations of heart-rate also affect the signal intensity due to

its effect on T1 relaxation and the following equation was used for correction:

S
0
S= o
1—fen
S = Corrected signal intensity So = Measured signal intensity
B = saturation factor, e = exponential Tr = Repetition time (replaced by R-R interval)

T, = T1 relaxation time

with Ty =1220 ms® and B=0.59 (determined empirically for this sequence) where Sq is the
measured signal intensity, S is the corrected signal intensity and TR is the image dependent
time between acquisitions of sections of k-space, governed by the heart rate. TR is replaced

by the RR interval. The relative corrected signal intensity change was calculated as follows:

Mean S1 — Mean S1
SI change (%) = j\tfee;; < et %100
rest

An example of perfusion test performed during adenosine stress and rest is shown in Figure
2.6. Dark rim artefact is due to chemical shift artefact as a result of the difference in proton
mechanics in different environment (e.g. blood and myocardium). This usually occurs both
at rest and stress, and short lived. True subendocadial perfusion deficits only present during
stress and persists longer, usually more than 5 heartbeats. The perfusion images were
processed by tracing endocardial and epicardial contours using QMass software. A region of
interest was drawn in the LV blood pool, avoiding any papillary muscles therein, to permit
the derivation of an arterial input function. These 3 contours (epicardial, endocardial and LV
blood pool) were drawn on a single image and propagated automatically throughout the

perfusion series. The myocardium was divided into equiangular segments based on the
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American Heart Association segmentation model.”® Images were then checked for
positioning and contours were manually adjusted for respiratory movement. Rest and stress
myocardial perfusion upslopes were calculated using 5 point linear fit model of signal
intensity vs. time and normalized to the LV blood pool upslope (Figure 2.7).% Myocardial
perfusion reserve index (MPRI) was derived for each of the 16 segments and per subject,

defined as the ratio of stress to rest.

STRESS
PERFUSION

REST
PERFUSION

Figure 2.6. First pass myocardial CMR perfusion imaging. Series 1-10 show sequential perfusion
images during adenosine stress in a patient with severe AS. Initially contrast enters the right
ventricle (1-3), then left ventricle (4-5) and flushes through the myocardium (6-10). Note the
circumferential perfusion defect in the stress perfusion images (dark rim shown by white arrows
on image 6, upper panel, persisted until image no 10) which is not present in the rest images

(lower panel).
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Myocardial Intensity - Time

Figure 2.7. These relatively noisy Sl curves are due to respiratory movement and missed

triggering. To overcome this problem, manual correction of the contour, and where necessary

phase deletion were performed.
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2.4.5. 1H-MAGNETIC RESONANCE SPECTROSCOPY (MRS)

Recent developments in 'H-MRS have demonstrated the feasibility of non-invasive

7, 10, 83

myocardial lipid measurements in humans. These methods have been validated in

784 They allow for the measurement of lipid (based

several body organs and animal models.
on the specific resonance of methylene -CH,) as a percentage of water signal in the same
region of myocardium and also is able to distinguish between extracellular and intracellular
Iipids.10 Technical challenges in the development of 'H-MRS include low signal-noise ratio
(SNR) due to low absolute metabolite concentrations, achieving adequate water
suppression and long distances from the radio-frequency (RF) coils. Furthermore,
increasingly at higher field strength, investigators must contend with shimming artefacts
and field inhomogeneities. Some techniques have focused on respiratory navigation to
minimise breathing artefacts, however our research group has recently validated an ECG
gated breath-hold technique with excellent reproducibility.®”> The development of this rapid
breath hold acquisition has rendered the measurement of myocellular lipid eminently

feasible in a clinical research setting, however other metabolites (e.g. creatine) with lower

concentrations remain require further validation.®

'H-MRS was performed on a 3 T Siemens Tim Trio using the whole body coil and the 6-
channel anterior and 24-channel posterior phased-array coils for signal receiving. Mid-
ventricular long and SA cine were acquired to determine the trigger delay for mid-diastole.
A calibration pulse sequence was implemented to evaluate the optimal water suppression
pulse scaling factor. Cardiac gated spectra were acquired using different water correction

scaling factors and the one yielding the most effective water-suppression was chosen. A
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22x18x32 mm stimulated echo acquisition mode (STEAM) voxel was planned on the
corresponding cine frame (Figure 2.8). A water spectrum (3 averages; repetition time [TR] of
at least 4 s) was acquired in a single breath-hold to use as internal reference. Next, five to
six water-suppressed scans (5 averages each; TR of at least 2 s) were acquired at mid-
diastole in a series of single breath-holds. Reproducibility test was not feasible in the current
work due to time constraint of the AS patients to have another MRI scan prior to their AVR.
Although previous work has shown that the technique shows excellent reproducibility, it

1.8 Future work will

was done in healthy volunteers, and without repositioning the voxe
involve performing a repeatability *H-MRS test in AS patients, and by rescanning them after

they have come out completely from the scanner.

Individual coil signals were combined within Matlab using specially written modules. The
water-suppressed scans were constructively averaged, including frequency correction.
Spectra were quantified using the Advanced Method of Accurate, Robust and Efficient
Spectroscopic (AMARES) fitting algorithm. Metabolite peaks (including lipids/TGs) were
analyzed and prior knowledge was used for all peak locations by using soft constraints. All
peaks were fitted using Lorentzian Iineshapes.85 As 'H-MRS analysis has no subjective
element to it and is not operator dependent, inter-observer and intra-observer variability

tests were not performed.
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Figure 2.8. Spectra were acquired from the interventricular septum to avoid contamination
from the epicardial fat. Spectra with water suppression were obtained and spectra without
water suppression were used as internal reference. Myocardial lipid was calculated as a
percentage of the lipid peak to the water peak.

Please note that biopsies were taken through the LVOT, therefore the LV septum should be
easily accessible. However, there may also be sampling errors where samples are taken from the
anterior septum resulting in inconsistencies between spectroscopic measurement and

histological findings. This can happen as there were multiple surgeons involved.

To obtain hepatic 'H-MRS, an 8-ml voxel (2x2x2cm) was positioned in the liver, avoiding
gross vascular structures and adipose tissue depots. Both spectra with and without water
suppression were obtained to calculate hepatic TG content as a percentage relative to water

(triglyceride/water x 100), see Figure 2.9.%
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Figure 2.9.
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CHAPTER 3: MYOCARDIAL STEATOSIS AND LEFT
VENTRICULAR CONTRACTILE
DYSFUNCTION IN PATIENTS WITH
SEVERE AORTIC STENOSIS
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3.1. ABSTRACT

Background: AS leads to LVH and LV dysfunction. Previous studies have shown that the
hypertrophied heart, such as in AS, undergoes a shift in substrate utilisation, with a
preference to glucose metabolism and down regulation of FA oxidation. We hypothesised
that cardiac steatosis is involved in the pathophysiology, and also assessed whether it is

reversible post AVR.

Methods and results: Thirty-nine severe AS patients (symptomatic=25, asymptomatic=14)
with normal LVEF and no significant CAD and 20 age- and gender-matched healthy controls
underwent cardiac *H-MRS and imaging for the determination of steatosis (myocardial
triglyceride content - MTC) and cardiac function including circumferential strain (measured
by MR tagging). Strain was reduced in both symptomatic and asymptomatic AS (-16.4+2.5%
and -18.1+2.9% respectively vs. controls -20.7+£2.0%, both p<0.05). Myocardial steatosis was
found in both symptomatic and asymptomatic AS patients (0.89+0.42% and 0.75+0.36%,
respectively vs. controls 0.45+0.17, both p<0.05). Importantly, multivariable analysis
indicated that steatosis was an independent predictor of impaired LV strain. Spectroscopic
measurements of MTC correlated significantly with histological analysis of lipids from
biopsies obtained during AVR. At 8.0£2.1 months after AVR, steatosis and strain had

recovered towards normal.

Conclusions: Pronounced myocardial steatosis is present in severe AS, regardless of
symptoms, and is independently associated with the degree of LV strain impairment. MTC
measured by MRS correlates with histological quantification of lipids. Steatosis and strain

impairment are reversible after AVR. Our findings suggest a novel pathophysiologic
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mechanism in AS, myocardial steatosis, which may be amenable to treatment, thus

potentially delaying onset of LV dysfunction.

45



Masliza Mahmod: DPhil thesis

3.2. INTRODUCTION

AS is characterised by pressure overload of the LV, resulting in compensatory LVH. Under
normal conditions, excess FAs are sequestered as TGs and stored in adipocytes as lipid
droplets, with a small amount also stored in non-adipose tissues such as the myocardium,
where levels are tightly controlled.®” However, there is increasing evidence implicating
altered myocardial substrate utilisation and consequent excessive TG accumulation

(steatosis) in myocardial disease.'” &’

Previous studies have assessed the presence of
myocardial steatosis using MRS, and examined its functional associations in obesity,
impaired glucose tolerance, type 2 diabetes mellitus and in normal individuals when

18,8890 These studies have shown that

subjected to prolonged exercise and diet restrictions.
myocardial triglyceride content (MTC) can be an independent predictor of both systolic and
diastolic function, implying a causal relationship between steatosis and such functional
changes. Measuring MTC is difficult however, and while myocardial biopsy is the gold
standard, it is invasive and unsuitable as a routine diagnostic test. 'H MRS is a noninvasive

10, 83

technique that can be used to quantify MTC in vivo, and may be more suitable for

routine diagnosis.

To date, no MRS studies have assessed the presence of steatosis and its relationship to
indices of myocardial function in patients with AS. Although LVEF is the most commonly
used method to assess myocardial function, it is not a sensitive measure of systolic
dysfunction in AS.? In contrast, myocardial strain is a measure of myocardial deformation

25, 91

which represents an index of contractility, and has been shown to be impaired in AS

despite normal LVEF.” Myocardial strain can be measured using noninvasive CMR tagging.
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Therefore, the purpose of the present study was threefold: First, to assess whether
myocardial steatosis is present in patients with severe (both symptomatic and
asymptomatic) AS, by measuring MTC using 'H-MRS, validated against histological analysis.
Secondly, to study the association between steatosis with myocardial strain as assessed by
MR tagging, to test if steatosis independently predicts myocardial dysfunction. Thirdly, to
evaluate changes in cardiac steatosis and strain after AVR, to test for reversibility of

steatosis and strain changes.
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3.3. METHODS

Study population

Thirty-nine patients with isolated severe AS (25 symptomatic, 14 asymptomatic) were
prospectively recruited. Symptomatic patients were being worked-up for AVR and had
unobstructed coronary arteries on coronary angiography. The 14 asymptomatic patients (as
judged by their treating physician) also had an exercise stress test to confirm the absence of
symptoms. Twenty healthy volunteers of similar age and gender served as controls.

Eligibility criteria for all participants are detailed in Chapter 2.

Study protocol

All study subjects underwent CMR scanning at 3T as follows;

1. Cine imaging to measure LV function, mass and volume
2. Tagging CMR to assess LV strain

3. Late gadolinium enhancement to assess fibrosis

4, 'H-MRS to guantify myocardial lipidosis

Details of CMR and MRS protocols and analysis are described in Chapter 2. In addition, all
subjects had transthoracic echocardiography which was performed using a Philips iE33
echocardiographic system (Philips Medical Systems, The Netherlands). Measurements of
peak aortic valve gradient and LV diastolic function were performed according to the

guidelines of the American Society of Echocardiography.92 The following diastolic indices
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were obtained; transmitral early (E) and late (A) diastolic velocities, deceleration time (DT),

mitral annular (septum) early (E’) diastolic velocity, with calculation of E/E’ ratio.

In addition, venous blood was drawn for non-esterified fatty acids (NEFA), which is a
measure of free FA, and for other routine laboratory parameters. Within the subsequent 2-8
weeks, AVR was performed on the 25 patients with symptomatic AS. For patients who
consented for tissue biopsies and where it was technically feasible, endomyocardial biopsies
were taken intraoperatively from the LV outflow tract. To minimise sampling inaccuracies,
biopsies were taken from the LV septum where spectroscopic measurements were
acquired. The samples were sent to the histopathology laboratory for lipid analysis. Patients

who had AVR had a repeat MRI scan 6-12 months (mean 8.0+2.1 months) after AVR.

Histological analysis of endomyocardial biopsy

Fresh biopsies were immediately placed in normal saline and sent to the pathology
laboratory for lipid analysis. One section of the heart tissue was frozen and subsequently
stained with oil red O (ORO) for lipid staining® and another section was placed in formalin
and stained with haematoxylin and eosin (H&E). Semiquantitive analysis of lipids was
performed by a pathologist who was blinded to the results of lipid content obtained from
MRS measurements. Lipid deposition was graded as: (0) no positive staining, (+1) scanty
ORO-positive droplets and (+2) extensive ORO-positive droplets according to previously
published criteria.”® Interobserver and intraoberver variability results are not known as

these were not performed in the current study. However, in a recent study using this
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technique in the myocardial tissue of obese mice shows excellent interobserver variability,

r=0.94, p<0.001.%*

3.4. STATISTICAL ANALYSIS

All data are expressed as mean + standard deviation and were checked for normality using
Kolmogorov-Smirnov test. Categorical data are presented as numbers and percentages.
Comparisons between the 3 groups were performed by one-way analysis of variance
(ANOVA) with post hoc Bonferroni corrections. The chi-square test or Fisher’s exact test was
used to compare discrete data as appropriate. Bivariate correlations were performed using
Pearson’s or Spearman’s method as appropriate. Multivariable linear regression analysis
was used to identify independent predictors of systolic strain and diastolic strain rates. To
generate the multivariable models, only those variables with significant correlations on
bivariate analyses were entered as covariates. Categorical variables were directly entered as
independent variables in the multivariate model, and there were no adjustments needed as
all the categorical variables in the study are dichotomous.” Comparisons between pre- and
post-AVR measurements in AS patients were performed with paired two-tailed Student t-
test. Comparisons between AS patients and controls at baseline and post-AVR were
performed using Student t-test or Mann-Whitney U test as appropriate. A P-value <0.05 was
considered significant. All statistical analyses were performed with IBM SPSS Statistics,

version 19.
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3.5. RESULTS

Baseline Study Characteristics

Demographic, clinical, echocardiographic and biochemical data are shown in Table 1.
Recruitment for severe asymptomatic AS data are shown in Figure 3.1. There were no
significant differences in age, gender, body mass index, BP and heart rate among study
groups. Blood glucose and biochemical lipid parameters were similar across all groups. Liver

function results were normal in all study subjects.
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90 severe AS patients 45 ineligible
undergoing AVR screened e Angiogram showed obstructive CAD

e Previous coronary revascularisation
e Moderate/severe valve disease other

> than AS
e Reduced LVEF
Y e Concomitant cardiomyopathy
45 eligible
14 excluded
e Contraindications to MRI (e.g. metal
> implants, pacemaker)
e Scheduled for urgent/very early AVR
Y e Not keen to participate
31 recruited
6 excluded
> e 2 claustrophobia
e 2 poor data quality
y e 1 suspected HCM
25 CMR and MRS baseline data e 1 poor LV function
25 consented for LV biopsy 12 excluded
e 22 biopsies obtained e 2 deaths post AVR
e 3 not performed due to e 1 permanent pacemaker during AVR
communication error with the > o 2 refused follow-up study
surgeons e 1lost to follow up
e 9 not yet analysed histologically at e 6 not yet due for follow-up CMR scan
the time of thesis submission at the time of thesis submission
Y Y
10 LV biopsy data 13 follow-up CMR and MRS data

Figure 3.1. Recruitment data for severe symptomatic aortic stenosis
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Table 1: Clinical and echocardiographic characteristics

Severe Aortic Stenosis Normal
Symptomatic  Asymptomatic Controls P value'
(n=25) (n=14) (n=20)

Age (years) 68110 63116 6314 0.09
Male, n (%) 16 (64) 11 (78) 12 (60) 0.15
Symptoms, n (%)

Dyspnoea 19 (80) — —

Angina 7 (28) - -

Syncope 1(4) - -
Past medical history, n (%)

Hypertension 9 (36) 3(21) -

Diabetes 6 (24) — —

Dyslipidaemia* 6 (24) 2 (14) —
Medications, n (%)

Beta blockers 4 (16) — —

ACE-I/ARB-II 9 (36) 5(36) —

Statin 11 (46) 3(21) —
Body mass index (kg/m?) 28+4 27+4 264 0.14
Systolic BP (mmHg) 134417 134118 130+12 0.66
Diastolic BP (mmHg) 759 7618 7618 0.70
Heart rate (bpm) 67110 65+13 62+9 0.43
Echocardiograpy

Peak AV gradient (mmHg) 81+14 74+14 — 0.14}

E-wave deceleration (ms) 273+109 255+108 210443 0.15

E/A ratio 0.8£0.4 0.9+0.3 0.9+0.3 0.22

E/E’ ratio 15.1+5.1* 12.645.4% 9.2+2.7 0.001
Biochemical, mmol/L

Blood glucose, mmol 5.6+1.7 5.3+0.5 5.1+0.9 0.36

NEFA 0.610.3 0.610.1 0.5+0.3 0.20

Triglycerides 1.3+0.8 1.2+0.5 1.0£0.3 0.58

Low-density lipoprotein 2.8+1.2 3.1+0.2 3.310.9 0.10

High-density lipoprotein 1.4+0.4 1.5+0.3 1.5+0.4 0.83

Values are mean + SD or percentages.

P-values are for one-way analysis of variance (ANOVA) for all groups unless specified.

*P (with post hoc Bonferroni correction) <0.05 vs. normal and >0.05 vs. asymptomatic severe AS.

TP (with post hoc Bonferroni correction) >0.05 vs. normal.

*p-value is student t test for symptomatic vs. asymptomatic aortic stenosis.

ACE indicates angiotensin-converting enzyme-inhibitors; ARB, angiotensin-receptor antagonist-Il; AV, aortic valve;
A, atrial contraction; BP, blood pressure; E, early diastolic filling phase; E’, mitral annular velocity; NEFA, non-
esterified fatty acids. *Dyslipidaemia was defined as abnormal fasting serum lipid levels, or diagnosis made by
their treating physicians.
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Assessment of left ventricular mass and function

CMR results for LV volumes and function results are summarised in Table 2. As anticipated,
AS patients had significantly higher LV mass index (LVMI) and increased LV wall thickness,
and high normal LVEF when compared to the normal controls. Systolic circumferential strain
and longitudinal strain were impaired in asymptomatic AS patients and further deteriorated

in symptomatic AS.
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Table 2: Cardiovascular MRI and spectroscopy

Severe Aortic Stenosis

Normal Control P value'
Symptomatic Asymptomatic (n = 20)
(n =25) (n=14)

Lipid/water ratio (%) 0.89+0.42* 0.75+0.36" 0.45+0.17 <0.001
Circumferential strain (%) -16.4+ 2.5* -18.142.9" -20.742.0 <0.001
Longitudinal strain (%) -12.6+2.0* -13.242.9" -16.61£1.6 <0.001
Circumferential diastolic SR (s™) 56+13* 59+12" 76+12 <0.001
Longitudinal diastolic SR (s™) 43+12* 40+14" 54+12 0.006
LV ejection fraction (%) 75+5%* 738" 69+4 0.003
LV end-diastolic volume (ml) 137147 143127 143428 0.69
LV end-systolic volume (ml) 35+19 39+16 45+11 0.15
LV mass index (g/m?) 94+33* 94+29' 54+13 <0.001
LV wall thickness (mm) 1642* 15+3' 9+1 <0.001
LGE present, n (%) 20 (80)* 9 (64) 2 (10) <0.001
Aortic valve area (cm?) 0.83+0.12 0.86+0.14 - 0.47*

Values are mean + SD or percentages.
P values are for one-way analysis of variance (ANOVA) for all groups unless specified.

*P (with post hoc Bonferroni correction) <0.05 vs. normal and >0.05 vs. asymptomatic severe AS,
TP (with post hoc Bonferroni correction) <0.05 vs. normal.

p (with post hoc Bonferroni correction) <0.05 vs. asymptomatic severe AS and normal.

“p-value is student t test for symptomatic vs. asymptomatic aortic stenosis.
LV indicates left ventricular; LGE, late gadolinium enhancement; SR, strain rate.
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Assessment of left ventricular diastolic function

Tagging MR results showed that circumferential and longitudinal diastolic strain rates were
also impaired in AS when compared to normal volunteers. Echocardiographic parameters
showed that there was a stepwise increase in E/E’ ratio with the greatest increase seen in

the symptomatic AS group, whereas E/A ratios were similar in all the study groups (Table 1).

Assessment of myocardial fibrosis using late gadolinium imaging

LGE was analysed qualitatively in this chapter. Areas of LGE were identified in the majority
of patients with severe AS, with the greatest prevalence in symptomatic AS (80%) versus
64% in the asymptomatic group. The predominant pattern of LGE was patchy, involving
mainly the basal inferior and infero-lateral walls. For comparison, only 10% of control
subjects had LGE, which was only seen in the left/right-ventricular insertion points. None of

the subjects had any evidence of previous myocardial infarction.

Measurement of steatosis using *H-MRS

Patients with severe AS had significantly higher MTC than controls, with the highest level in
the symptomatic AS patients (nearly two-fold) and a lesser, but also significant, 67%
increase in the asymptomatic group. As diabetes was only present in the symptomatic AS
patients, we further explored the relationship between MTC and diabetic status, and serum
glucose. There were no significant correlations were found between MTC and these
variables (results not shown), suggesting that diabetes was not a confounding variable of

steatosis in the AS cohort.
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When comparing AS patients with and without LGE, those with LGE had higher MTC
compared to those without: 0.82+0.44% vs. 0.56+0.28 respectively, p=0.016. Patients with
LGE had significantly higher LVMI, and impaired systolic strain and diastolic strain rates in
both circumferential and longitudinal directions (all p<0.05), despite similar aortic valve area

and peak aortic valve gradient (p>0.05; results not shown).

'H-MRS vs. histological analysis

Biopsy samples from 10 patients* with severe AS were available for analysis. There was a
significant correlation between MTC and the number of positive staining ORO myocytes
(rs=0.66, p=0.036). There was also an inverse correlation between the number of ORO
staining myocytes and circumferential systolic strain (r;=-0.79, p=0.01), Figure 3.2.

*Although there are 22 samples available, only 10 samples were analysed as the pathologist who

was in charge had only analysed 10 samples before leaving. The replacement pathologist was not
available to analyse the rest of the samples at the time the thesis was written.
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Figure 3.2. Representative photomicrographs showing Oil Red O (ORO) staining in low (A), and high

(B) myocardial lipid deposition (appears as red spots) from left ventricular septal biopsies of two

patients with severe aortic stenosis. Lipid/water ratios for these patients were 0.30 and 1.10,

respectively.
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Association between parameters of systolic function and other study variables

Peak circumferential and longitudinal strains represented CMR parameters of LV systolic
function. Table 3, Figure 3.3 (a) and (b) show bivariate Pearson correlations, and multiple
regression analysis of circumferential and longitudinal strain with several parameters in all
study subjects. Steatosis (MTC) and LGE were independent predictors of circumferential

strain, whilst steatosis and LVMI were independent predictors of longitudinal strain.
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Table 3: Associations of multiple study parameters with circumferential and longitudinal systolic strain

Circumferential strain

Longitudinal strain

Bivariate Multivariate Bivariate Multivariate
R P-Value B P-Value R P-Value B P-Value
Age 0.11 0.41 - - -0.10 0.45 - -
Diabetes 0.29 0.03 0.16 0.15 0.23 0.09 — —
Hypertension 0.19 0.15 — — 0.22 0.10 — -
Dyslipidaemia 0.12 0.35 - - 0.23 0.09 - -
Body mass index 0.16 0.21 - - 0.20 0.14 - —
Aortic valve area -0.07 0.64 - - 0.30 0.57 - —
Peak aortic valve gradient -0.05 0.73 - - -0.13 0.49 - —
Left ventricular ejection fraction 0.11 0.43 - - 0.14 0.33 - —
Left ventricular mass index 0.45 0.001 0.07 0.96 0.53 <0.001 0.33 0.023
Late gadolinium enhancement 0.54 <0.001 0.35 0.01 0.41 0.002 0.05 0.74
Lipid/water ratio 0.55 <0.001 0.41 0.003 0.51 <0.001 0.35 0.015
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Figure 3.3 (a). Correlations between lipid/water ratio and (A) peak circumferential strain, (B) peak

longitudinal strain.
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Figure 3.3 (b). Correlations between lipid/water ratio and strain in both AS patients (left

hand panel) and controls (right hand panel).
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Association between parameters of diastolic function and other study variables

Circumferential and longitudinal diastolic strain rates represented CMR parameters of LV
diastolic function. For echocardiographic LV diastolic parameter, we studied the most
suitable parameter for diastolic function, E/E’. Table 4 shows similar analyses for diastolic
strain rates and E/E'. LVMI and the presence of LGE were independent predictors of
circumferential diastolic strain rate, whilst only LVMI was an independent predictor of
longitudinal strain rate. Only the presence of LGE showed a significant independent

association with E/E’.

Thus, in AS, steatosis was a strong independent predictor of systolic dysfunction, but not of

diastolic dysfunction.
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Table 4: Associations of multiple study parameters with circumferential and longitudinal diastolic strain rate, and E/F’

Circumferential diastolic SR Longitudinal diastolic SR E/E"
Bivariate Multivariate Bivariate Multivariate Bivariate Multivariate
R P B P R P B P R P B P

Age -0.19 0.14 - — -0.10 0.56 — — 0.21 0.13
Diabetes -0.01 0.97 — - -0.01 0.97 - - 0.28 0.03 0.17 0.23
Hypertension -0.03 0.85 - - -0.03 0.86 - - 0.23 0.09
Dyslipidaemia 0.03 0.84 - - 0.03 0.86 - - 0.25 0.07
Body mass index -0.07 0.58 - — 0.23 0.09 — — 0.30 0.03 0.19 0.18
Aortic valve area 0.19 0.24 - - 0.10 0.54 - - -0.10 0.57
Peak AVA gradient -0.10 0.55 - - 0.11 0.51 - - -0.06 0.74
LVEF -0.03 0.83 — — 0.07 0.63 — — 0.07 0.63
LV Mass index -0.53 <0.001 -0.35 0.02 -0.58 <0.001 -0.50 0.003 0.31 0.02 0.13 0.41
LGE -0.52 <0.001 -0.41 0.003 -0.35 0.01 -0.10 0.65 -0.38 0.006 -0.37 0.01
Lipid/water ratio -0.31 0.02 -0.03 0.85 -0.30 0.03 -0.05 0.75 0.31 0.02 0.16 0.29

*
Derived from cardiovascular magnetic resonance measurements.

T . . .
Derived from echocardiographic measurement.

AVA indicates aortic valve area; E, transmitral early diastolic velocity; E’, mitral annular early diastolic velocity; LGE, late gadolinium enhancement; LV, left ventricular; LVEF,

left ventricular ejection fraction; SR, strain rate.
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Changes post aortic valve replacement

Thirteen patients had follow up CMR scans 8.0+2.1 months after AVR. There was near
complete reversal of myocardial steatosis to control group levels (from 0.92+0.41% pre
surgery to 0.47+0.25% post surgery, p=0.04), with no significant differences between the
post-AVR levels and normal controls (p=0.73), as shown in Table 5. Three examples (normal
control, AS patient before and after AVR) are shown in Figure 3.4. There was substantial
regression of LV hypertrophy (LVMI from 96+35 g/m’ to 69+18 g/m? p=0.001) although
LVMI in patients 8 months post AVR was still significantly higher compared to normal
controls (p=0.015). There was no change in LVEF (from 74+5% to 74+5%, p=1.0) post AVR. Of
the 13 patients who underwent AVR and follow-up CMR, 2 patients had new left bundle
branch block resulting in disco-ordinate septal movement which affected strain
measurements, and these were excluded from the pre and post AVR strain comparisons.
Systolic and diastolic strain indices improved significantly post AVR and were similar to
measurements in controls: circumferential strain increased from -17.0+2.0% to -19.5+3.2%,
p=0.04; circumferential diastolic strain rate from 60+11s™ to 75+12s™, p=0.012; longitudinal
diastolic strain rate from 42+6s'to 55+11s, p=0.002. The only exception was longitudinal
strain, which showed no significant change: -13.0£2.0% to -13.6+2.1% (p=0.26). These

findings are presented on Figure 3.5 (a) and (b).
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Table 5. Cardiac MRI and spectroscopy before and after AVR in symptomatic AS

All symptomatic AS Follow-up patients
Cardiac MRI and Spectroscopy patients (n=13) Controls
(n=25) Pre AVR Post AVR
Cardiac lipid/water 0.89+0.42 0.921+0.41 0.47+0.25%* 0.4510.17
Circumferential strain -16.4+2.5 -17.0+2.0 -19.5+3.2* -20.7+2.0
Circumferential diastolic strain rate 5613 60111 75+12* 76112
Longitudinal strain -12.6+2.0 -13.0+1.7 -13.6+2.1" -16.6+1.6
Longitudinal diastolic strain rate 43+12 4246 55+11* 53+12
Left ventricular mass index 94433 96135 69+18* 54+13
Left ventricular ejection fraction 7545 7445 7415 6914

*p<0.05 versus pre AVR and >0.05 versus controls; Tp>0.05 versus pre AVR and <0.05 versus controls; ip<0.05 versus pre AVR and controls.
Note: For strain, n=11 were used for follow-up analysis as two patients were excluded due to new left bundle branch block post AVR.
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Figure 3.4. Myocardial spectra (with water suppression) from a normal volunteer showing a smaller triglyceride peak relative to that of residual water.
Myocardial spectra (with water suppression) from a patient with severe aortic stenosis before and after aortic valve replacement (AVR) showing a greater
triglyceride peak relative to that of water, which has normalised after AVR. Corresponding left ventricular outflow tract cine images show correct placement

of the magnetic resonance spectroscopy voxel at the interventricular septum, to avoid contamination from epicardial fat.
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Figure 3.5 (a). Changes in (A) lipid/water ratio, (B) left ventricular mass index, (C) circumferential
strain, (D) longitudinal strain, (E) circumferential diastolic strain rate and (F) longitudinal strain rate
after aortic valve replacement.

*p<0.05 versus pre AVR and >0.05 versus controls; *p<0.05 versus pre AVR and controls; *p>0.05

versus pre AVR and <0.05 versus controls.
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As these results might be confounded by the presence of diabetes (6 pre AVR and 4 post
AVR), we repeated the analysis in the subgroup of patients without diabetes before (n=19)
and after AVR (n=9). The results were similar to the entire cohort (results are available in

Appendix 2).
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3.6. DISCUSSION

The present study demonstrated three important findings: firstly, that myocardial steatosis
is pronounced in both symptomatic and asymptomatic severe AS and is independently
associated with impaired systolic but not diastolic strain. Secondly, that myocardial steatosis
and strain changes are reversible post AVR. Finally, steatosis as measured by *H-MRS could

be validated against histological analysis.

Myocardial steatosis in AS

This is the first study to show the presence of myocardial steatosis in severe AS in vivo, using
'H-MRS. MTC determined by 'H-MRS has previously been shown to correlate with
biochemical determination of myocardial triglyceride in Zucker rats™® and skeletal muscle
from dogs.” We extend these findings by confirming that MTC as measured by MRS
correlates closely with histological analysis of human myocardial biopsies obtained
intraoperatively (rs=0.66) in patients with severe AS. Steatosis existed in our AS cohort
despite no significant difference in age, gender, BMI, serum glucose and lipid profile
compared to normal controls, all of which have been shown to contribute to myocardial

steatosis.? %

Importantly, our data showed that myocardial TG is increased in both
symptomatic and asymptomatic severe AS patients despite similar degree of aortic valve
stenosis and LV remodelling. Since this is the first study to show lipid abnormalities in AS
patients, we hypothesise that there may be worsening of the degree of metabolic
abnormalities with clinical worsening of AS, which cannot be detected by the conventional

tests, e.g. stenosis severity, pressure gradient and LV mass, suggesting that lipid assessment

may potentially be useful as a more accurate/objective assessment in the future to
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characterise asymptomatic AS which may guide the timing of AVR. Although the
mechanisms underlying cardiac steatosis are incompletely understood, it is likely that
impaired myocardial FA oxidation characteristic of cardiac hypertrophy contributes to

triglyceride accumulation.®

The important question is whether steatosis is involved in the pathophysiology of contractile
dysfunction in AS, or is just an epiphenomenon. The present data demonstrate that in
severe AS, steatosis is independently associated with strain, similar to that described in

previous animal and human studies.® **

Moreover, when compared to other independent
variables (LGE and LVMI), MTC (and ORO staining of lipid deposition from myocardial
biopsies) was associated with systolic strain abnormalities with the highest statistical
significance, suggesting that steatosis is at the very least a sensitive marker of myocardial
contractile dysfunction. This concurs with a previous study demonstrating a significant
association between high myocardial lipid staining and reduced LVEF in AS patients who had
metabolic syndrome.97 One explanation for this observation is that the association is
causative and mediated by the generation of toxic intermediates such as ceramides from

non-oxidative fatty acid metabolism.*® %

In addition, lipid vacuole infiltration has been
shown to mechanically dissemble the myocardial contractile apparatus leading to
contractile dysfunction in diabetic patients.’® Thus, while our data do not prove a direct

causal link, they are clearly suggestive of a pathophysiological role of steatosis in the

development of systolic dysfunction in AS.

Our data did not show any association between steatosis and LV diastolic function. LVMI

and the presence of LGE were, however, independent determinants of abnormal diastolic
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parameters in our study. These findings are not surprising, as LVH and myocardial fibrosis'®*

101 3re well-established causes of diastolic dysfunction. In contrast, Rijzewijk102

and Ng et
al*® demonstrated that steatosis in their diabetic cohort is independently associated with LV
diastolic dysfunction using MRI-derived E/A ratio and deceleration time, and longitudinal
strain rate measured by echocardiographic speckle tracking, respectively. The discrepancies
between these reports are likely attributable to the different patient populations
investigated, but warrant further study. It may be possible that in diabetes where plasma FA
is elevated, increased FA influx and rate of B-oxidation is associated with increased
production of reactive oxygen species (ROS) which is known to interfere with calcium
haemostasis leading to diastolic dysfunction.’® Thus in pressure overload hypertrophy we
speculate that diastolic dysfunction is not the main feature of lipotoxicity because of intact

calcium homeostasis as a result of suppressed FA oxidation hence no excess ROS

production.

Reversibility of steatosis and strain changes following aortic valve replacement

We showed that there is a significant reduction in steatosis after AVR. Significant
improvements in most parameters of myocardial function were also observed, despite

incomplete LVH regression.

Improvement in myocardial metabolism and function post AVR is likely to reflect a

104,105 pajappan et al,

mitigation of the pressure overload leading to reduced LV wall stress.
using positron emission tomography, demonstrated that coronary vascular and myocardial

blood flow improvements after AVR were related to reduced afterload rather than the
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106

regression of LVH.”> We hypothesise that the relief of LV wall stress post AVR causes a

switch in myocardial substrate metabolism from glucose back to FA, thus reducing FA

overload, toxicity and steatosis with subsequent improvement in cardiac function. 0% 10> 9%

107 Reversal of metabolic dysregulation and improved ventricular function have been
reported in another model of improved LV loading, after bariatric surgery for weight
reduction in obese patients.'® Postoperative longitudinal systolic function did not improve
significantly post AVR in our AS cohort, but this is primarily determined by LVH regressionlog,

which was only partial in our study. Furthermore, it was evident from our data that LV mass

index was an important determinant of longitudinal systolic strain.
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3.7. CLINICAL IMPLICATIONS

The present study provides novel insights into metabolic alterations and their consequences
in aortic stenosis. We demonstrated that steatosis and subclinical myocardial dysfunction
occur regardless of symptoms in severe AS. Furthermore, the presence of myocardial
steatosis and its significant association with myocardial strain is likely to be relevant
clinically. Depressed LVEF is a late phenomenon and recognition of subtle changes in LV
systolic function, while LVEF is still preserved, may permit more timely surgical intervention.
It is conceivable that, in future, steatosis may also emerge as a parameter for guidance of
AVR timing. Most importantly, we showed that steatosis improved after AVR; thus, if
steatosis is indeed a pathophysiological factor in AS, then a reduction in steatosis might be a
potential new therapeutic target to delay the development of LV dysfunction. We are
currently setting up a clinical trial that tests this intriguing possibility. Such a trial, if positive,
would also provide confirmatory evidence of a causal relationship between steatosis and

systolic dysfunction in AS.

3.8. STUDY LIMITATIONS

This study is limited by a relatively small sample size, in line with its proof-of-principle
nature. Furthermore, the AS population was heterogenous, including patients with
hypertension, dyslipidaemia and diabetes which are known to be associated with metabolic
abnormalities. However, we only included patients with well-controlled BP and diabetes.
We were careful to assess whether the observed association between steatosis and strain
might be confounded by the presence of diabetes. However, diabetes was not predictive of

strain changes when MTC, LVMI and LGE were included in the multivariate model.
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Furthermore, and most importantly, steatosis was reversible post AVR, and this group
included 4/13 (31%) diabetics. All analyses were repeated excluding the diabetic patients,

and this did not affect any of the statistical significances in our study (Appendix 1).

3.9. CONCLUSION

Severe aortic stenosis is characterized by pronounced myocardial steatosis and subclinical
LV contractile dysfunction. Eight months post AVR, steatosis regresses along with
normalisation of myocardial circumferential strain despite only partial regression of LVH.
Myocardial lipid assessment may serve as a useful adjunct to standard clinical information
for risk stratification of patients with severe AS, but future studies are needed to investigate

this further.
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CHAPTER 4: IMPAIRED MYOCARDIAL
OXYGENATION RESPONSE DURING
VASODILATOR STRESS IN PATIENTS
WITH SEVERE AORTIC STENOSIS:
INSIGHTS FROM OXYGENATION-
SENSITIVE CARDIOVASCULAR
MAGNETIC RESONANCE
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4.1. ABSTRACT

Background: LVH in AS is characterised by reduced myocardial perfusion reserve due to
coronary microvascular dysfunction. However, whether this hypoperfusion is associated
with myocardial tissue deoxygenation is uncertain. The aim of this study was to assess
myocardial oxygenation and perfusion in patients with severe AS but no obstructive CAD

before and after AVR.

Methods and Results: Twenty patients with isolated severe AS underwent CMR at 3 Tesla.
Myocardial function, perfusion (myocardial perfusion reserve index-MPRI) and oxygenation
(blood-oxygen level dependent-BOLD signal intensity-SI change) during adenosine stress and
rest, and fibrosis (late gadolinium enhancement-LGE) were assessed. Fifteen aged- and
gender-matched healthy volunteers served as healthy controls. When compared with
normals, AS patients had blunted oxygenation response during stress (BOLD SI 4.6+£9.8% vs.
controls 18.2+11.6%, p=0.002) and reduced MPRI (1.0£0.3 vs. controls 1.7+0.3, p<0.001).
Myocardial perfusion but not oxygenation significantly correlated with myocardial fibrosis.

At 8.0+2.1 months post AVR, BOLD SI change and MPRI improved significantly.

Conclusions: Myocardial perfusion is impaired in severe AS and this is translated into a
blunted oxygenation response during vasodilator stress. Following AVR, perfusion and

oxygenation improve significantly.
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4.2. INTRODUCTION

As discussed in Chapter 1, AS is characterized by pressure overload LVH and impaired

myocardial perfusion reserve.'°

This has been shown by a variety of imaging modalities
such as positron emission tomography (PET)** and CMR™? which demonstrate reduced
myocardial perfusion, suggesting there is limited oxygen availability in the myocardial tissue.
In the absence of coronary stenoses, this finding is indicative of microvascular dysfunction,
but it remains unclear whether the hypoperfusion seen in severe AS during stress leads to
myocardial tissue deoxygenation and ischemia. Such knowledge is important as myocardial
tissue hypoxia may play a significant pathophysiological role in the natural history of AS
patients as development of symptoms is followed by rapid clinical deterioration which

indicates poor prognosis.**?

Furthermore, some studies have shown that myocardial
perfusion reserve is restored following AVR™® but it is unknown whether the same applies

to myocardial oxygenation.

CMR provides the unprecedented capability to assess myocardial perfusion and oxygenation
in the same setting during vasodilator stress. Assessment of myocardial perfusion reserve
during vasodilator stress is an established CMR technique during the first pass of a

gadolinium based contrast agent.!** *°

Oxygenation-sensitive CMR can non-invasively
assess myocardial tissue oxygenation by measuring blood-oxygen level-dependent (BOLD)
signal intensity (Sl) differences which reflect deoxygenated haemoglobin concentration

. . 116-12
during adenosine stress and rest.?% 116120

Oxygenation measurements using BOLD CMR have
been shown to be proportional to changes in coronary sinus oxygen saturation.’*’ As

recently shown in patients with CAD, oxygenation-sensitive CMR can not only identify de-
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oxygenated myocardial segments subtended by stenosed vessels, but also segments with
microvascular dysfunction and intermediate Sl changes to adenosine stress when compared

to normal volunteers.®® 116 119

Importantly, myocardial perfusion can be dissociated from
oxygenation, i.e. hypoperfusion is not necessarily commensurate with tissue hypoxia. The
oxygen demand of the heart muscle may vary in different states, e.g. it may be reduced in
hibernating myocardium in line with the downregulated contractility*?* or may be increased
in hypertrophic cardiomyopathy due to the increased energy cost of contraction.'? > Thus,
compared to perfusion, regional myocardial oxygenation may be a superior parameter

reflecting more directly the imbalance between oxygen demand and supply that

characterizes ischemia.

Therefore, the purpose of the present study was, to comprehensively assess coronary
microvascular status in patients with severe AS and no obstructive CAD by assessing
myocardial perfusion and oxygenation during adenosine stress. We hypothesised that tissue
oxygenation and perfusion during stress are impaired in severe AS but relatively quickly
restored after AVR. If our hypothesis is proven true, it would suggest a central role of
myocardial ischemia in patients with severe AS despite the absence of epicardial coronary

stenoses.
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4.3. METHODS

Study population and protocol

Twenty symptomatic AS patients, with no CAD, undergoing AVR and fifteen healthy

volunteers underwent CMR scanning protocol at 3T as follow;

1. Cine imaging to measure LV function and mass

2. Late gadolinium enhancement to assess fibrosis

3. Rest and adenosine stress BOLD imaging to assess oxygenation

4. Rest and adenosine stress perfusion to measure myocardial perfusion reserve
index.

The methods and analysis are described in Chapter 2. Additionally, valvulo-arterial
impedance-VAI (the sum of the systolic BP and the transaortic valvular pressure gradient
divided by indexed stroke volume) was calculated as an estimate of global LV afterload.'*
For LGE analysis, it was only deemed to be present when the area of signal enhancement
could be seen in both phase-swapped images and in a cross-cut long-axis image.”” LGE
guantification was performed using cmr42 software (version 4.0, Circle Cardiovascular
Imaging). The full-width-half-maximum (FWHM) technique was used to quantify fibrosis as

previously described.”® Fibrosis volume was expressed as a percentage of total myocardial

mass.
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4.4. STATISTICAL ANALYSIS

All data are expressed as mean * standard deviation and checked for normality using
Kolmogorov-Smirnov test. Categorical data are presented as numbers and percentages.
Comparisons between the 2 groups were performed by Student t-test. The chi-square test
or Fisher’s exact test was used to compare discrete data as appropriate. Bivariate
correlations were performed using Pearson’s or Spearman’s method as appropriate.
Multivariable linear regression analysis was used to identify independent correlates of MPRI
and BOLD SI change. Comparisons between pre- and post-AVR measurements in AS patients
were performed with paired two-tailed Student t-test. Comparisons between AS patients
and controls at baseline and post-AVR were performed using independent Student t-test or
Mann-Whitney U test as appropriate. A P-value <0.05 was considered significant. All

statistical analyses were performed with IBM SPSS Statistics, version 19.

4.5. RESULTS

Baseline Study Characteristics

Demographic, clinical, echocardiographic and biochemical data are shown in Table 1. There
were no significant differences in age, gender, body mass index, BP and pulse rate between
AS patients and normal controls. Blood glucose and biochemical lipid parameters were also

similar in both groups.

82
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Severe AS Normal controls P value
(n=20) (n=15)

Age (years) 6719 6314 0.09
Male, n (%) 14 (70) 8 (53) 0.16
Symptoms, n (%)

Dyspnoea 13 (65) —

Angina 7 (35) -

Syncope 1(5) -
Past medical history

Hypertension 6 (30%) —

Dyslipidaemia 5 (25%) —
Medications, n (%)

ACE-I/ARB-II 4 (20) _

Beta-blockers 4 (20) —

Statin 11 (37) —
Body mass index (kg/m?) 27+4 26+3 0.44
Systolic blood pressure (mmHg) 132417 13049 0.92
Diastolic blood pressure (mmHg) 75+10 7618 0.75
Heart rate (bpm) 64+9 62+9 0.57
Peak AV gradient (mmHg) 81+13 -
Biochemical (mmol/L)

Blood glucose 5.2+1.0 5.0£0.7 0.71

Total cholesterol 4.6+1.0 5.5£0.6 0.013

Triglycerides 1.1+0.4 1.2+0.3 0.15

High-density lipoprotein 1.4+0.4 1.5+0.4 0.43

Values are mean = SD or percentages. ACE indicates angiotensin-converting enzyme-inhibitors; ARB,

angiotensin-receptor antagonist-II.
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Cardiovascular MR imaging

CMR results are summarised in Table 2. There was striking reduction in BOLD SI change (~ 4-
fold drop in Sl) in AS patients when compared to the normal controls. There was also
significant reduction in MPRI. As expected, AS patients had significantly higher LVMI and

increased LV wall thickness, and high normal LVEF when compared to the normal controls.

LGE imaging demonstrated that myocardial fibrosis was most prevalent in AS (84%) versus
13% in the normal controls. The predominant pattern of LGE was patchy involving mainly
basal inferior and infero-lateral wall. Control subjects (n=2) had LGE involving the inferior
left/right-ventricular insertion point, which can be seen in normal subjects.'*® None of the
subjects had any evidence of previous myocardial infarction. Using FWHM method for LGE

guantification, as expected the burden of LV fibrosis was significantly higher in the AS group.

84



Masliza Mahmod: DPhil thesis

Table 2: CMR results in AS patients vs. normal controls

Aortic Stenosis Normal P value
(n=20) (n=15)

BOLD signal intensity change (%) 4.619.8 18.2+11.6 0.002
MPRI 1.0+0.3 1.7+0.3 <0.001
Baseline RPP (x 10°) [(beats/min).mmHg] 8.5+1.5 8.0+1.5 0.36
Stress RPP (x 10°) [(beats/min).mmHg] 11.3+2.5 11.7+2.6 0.63
Adenosine duration (min) 6.311.7 6.311.1 0.92
LV ejection fraction (%) 7416 6914 0.005
LV end-diastolic volume (ml) 146147 142432 0.73
LV end-systolic volume (ml) 40+20 44112 0.45
LV mass index (g/m?) 100+35 56+13 <0.001
LV wall thickness (mm) 1743 1041 <0.001
Aortic valve area (cm?) 0.83+0.10 -
Valvulo-arterial impedance (mmHgml/m?) 4.0+0.9 2.610.6 <0.001
LGE present, n (%) 16 (84) 2 (13) <0.001
LGE volume (%) 17.6£13.8 0.79+0.55 <0.001

Values are mean + SD or percentages. BOLD, blood oxygen level dependent; LV, left ventricular; LGE, late
gadolinium enhancement; MPRI, myocardial perfusion reserve index; RPP, rate pressure product.
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Relationship among oxygenation, perfusion and other study variables

Table 3 shows bivariate Pearson correlations of MPRI and BOLD SI change with several
parameters in study subjects. MPRI had a negative correlation with NYHA functional class,
AVA, VAI, LV wall thickness, LVMI and LGE. BOLD SI change had negative correlation with
CCS and NYHA functional class, LV wall thickness, LVMI, VAI, and positive correlation with
MPRI. Further analyses showed an expected positive correlation between LGE volume and

LV wall thickness (r=0.72, p<0.001) and VAI (r=0.60, p<0.001).
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Table 3. Associations of multiple study parameters with MPRI and BOLD SI change

MPRI BOLD
R P-Value R P-Value

NYHA Class -0.47 0.005 -0.39 0.02
CCS Class -0.23 0.18 -0.42 0.01
Aortic valve area 0.57 0.007 -0.14 0.54
Valvulo-arterial impedance -0.37 0.03 -0.47 0.005
Peak aortic valve gradient -0.41 0.066 -0.35 0.12
LV wall thickness -0.72 <0.001 -0.46 0.006
LV mass index -0.74 <0.001 -0.39 0.02
Presence of LGE -0.53 0.001 -0.27 0.12
Volume of LGE -0.42 0.015 -0.14 0.53
MPRI - — 0.48 0.006
BOLD signal intensity change 0.48 0.006 - -

BOLD indicates blood oxygen level dependent; CCS, Canadian Cardiovascular Society; LV, left ventricular; LGE,
late gadolinium enhancement; MPRI, myocardial perfusion reserve index; NYHA, New York Heart Association.
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Cardiac MRI post aortic valve replacement

Results are summarised in Table 4 with examples shown in Figure 4.1 and 4.2. Ten patients
had follow up CMR scans 8.0+2.1 months after AVR. There was significant improvement in
change in BOLD SI (from 4.948.4% to 16.4+7.0%, p=0.013 and p=0.69 vs. normal) and MPRI
(from 1.1+0.4 to 1.5+0.4, p=0.01 and p=0.37 vs. normal). There was significant regression of
LVH (LVMI from 100%36 g/m? to 7119 g/m?, p=0.02; LV wall thickness from 16+2 mm to
14412 mm, p=0.003) although LVMI and LV wall thickness in patients 8 months post AVR was
still significantly higher compared to normal controls (p=0.03 for LVMI and p=0.001 for LV
wall thickness). There was no significant reduction in LGE volume, from 17.2+14.1% pre AVR

to 14.7£12.7% post AVR, (p=0.48).
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Table 4. Cardiac MRI before and after AVR in AS patients
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All patients pre

Follow-up patients

AVR (n=10) Controls
(n=20) Pre AVR Post AVR

BOLD signal intensity change 4.619.8 4.918.4 16.4+7.0* 18.2+11.6
MPRI 1.0+0.3 1.1+0.4 1.5+0.4* 1.740.3
Baseline RPP (x 10%) [(beats/min).mmHg] 8.5+1.5 8.5+1.3 8.1+1.4% 8.0+1.5
Stress RPP (x 10°) [(beats/min).mmHg] 11.3+2.5 12.0£3.5 11.4+1.8t 11.742.6
Adenosine duration (min) 6.3+1.7 6.4+0.8 6.0+1.2° 6.311.1
Left ventricular mass index (g/m2) 100+37 100£36 71+19° 56113
Left ventricular wall thickness (mm) 1743 16+2 14+2° 10+1
LV ejection fraction (%) 7416 7516 74%5" 6914
LGE volume (%) 17.6+13.8 17.2+14.1 14.7£12.7% 0.79+0.55

Values are mean * SD or percentages. BOLD indicates blood oxygen level-dependent; LV, left ventricular; LGE, late gadolinium enhancement; MPRI, myocardial

perfusion reserve index; RPP, rate pressure product.

*p<0.05 vs pre AVR and >0.05 vs controls; Tp>0.05 vs pre AVR and controls; $p<0.05 vs pre AVR and controls; '"p>0.05 vs pre AVR and <0.05 vs controls.
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Normal AS - before AVR AS - after AVR

Oxygenation (stress)

Perfusion (stress)

Figure 4.1: Myocardial oxygenation and perfusion examples for a normal volunteer, a patient with
severe aortic stenosis (AS) before and after aortic valve replacement (AVR). Note the perfusion

defect in the pre AVR patient, which has reduced after AVR.

25 B 2

*
15
10
0 0

Pre AVR Post AVR Controls Pre AVR Post AVR Controls

>

Mean MPRI

Change in BOLD SI (%)

Figure 4.2. Changes in (A) BOLD Sl change and (B) mean MPRI after aortic valve replacement.

"p<0.05 vs pre AVR and >0.05 vs controls.
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4.6. DISCUSSION

The major finding of the present study is that, there is significant impairment in myocardial
perfusion and oxygenation response to vasodilator stress in patients with severe AS and
normal epicardial coronaries when compared to normal volunteers. Eight months after AVR,

myocardial tissue perfusion and oxygenation improve significantly.

Our data confirmed a previous finding of reduced perfusion reserve during vasodilator
stress using CMR in severe AS patients.'*? Microvascular dysfunction is a well-established

126, 127

phenomenon in pressure overload hypertrophied heart. This can be due to decreased

capillary density per unit myocardium due to inadequate growth of new vessels and

extravascular compression as a result of LV wall stress.'?® %

Not surprisingly, our data
showed that the degree of impairment in perfusion reserve correlated with the extent of
hypertrophy, aortic valve stenosis, LV afterload and myocardial fibrosis. Steadman et al
similarly reported that myocardial perfusion is related to LVMI, LWT and LGE. On the
contrary, that study did not find AVA was related to myocardial perfusion.112 The
discrepancies are likely due to their more heterogenous AS cohort with a greater number of
hypertensives (59% vs. 30%) and diabetics (22% vs. none), and lower mean LVEF (56.5% vs.
74%). On the other hand, Rajappan et al showed that AVA and LV afterload are important

correlates of myocardial perfusion in their AS cohort.**!

Rajappan however did not find
significant associated between perfusion reserve and LVMI. The reason for the difference is
unclear but it may be that half of the patients in that study were asymptomatic (50% vs.

none in the current study). In the current study, MPRI derived from the signal intensity

curves instead of MPR (measured from absolute myocardial blood flow quantification) was
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measured. This was because the absolute blood flow quantification technique was not
available. Although MPR is more accurate, MPRI derived from the signal intensity curves can
provide useful information on coronary circulation and may be proportional to the coronary

flow reserve.!?® 1%

In the absence of obstructive CAD, the hypertrophied ventricle is vulnerable to ischemia
especially under stress.™® This is thought to be the explanation why patients with AS have
symptoms of effort angina despite normal epicardial coronary arteries.’*' Whether de-
oxygenation occurs as a consequence of impaired perfusion reserve during stress in AS, has
never been demonstrated. Myocardial hypoperfusion does not always reflect hypoxia as
oxygen demand may vary in different pathophysiologic states. For example, in hypertension,
myocardial oxygen utilization per unit LV weight is reduced in the presence of LVH.1*?
Cardiac hypertrophy is an adaptive mechanism in response to pressure overload, to
normalize increased wall stress according to the Law of Laplace.133 Our group recently
demonstrated that dissociation can exist between myocardial perfusion and oxygenation.go’

119, 134 Impaired stress perfusion can be compatible with normal oxygenation when

80, 119 and stress

myocardial oxygen demand is down-regulated such as in hibernation,
oxygenation can be reduced in spite of normal perfusion, when the oxygen demand is
increased such as in hypertrophic cardiomyopathy carriers.** Our current study now shows
that, in the context of AS, perfusion and oxygenation during stress are closely associated,
and both are impaired. This is in line with observations in patients with LVH due to long-

5

standing hypertension.”>> We also showed that both perfusion and oxygenation

impairments in AS showed significant associations with the degree of LVH. Conversely, there
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was no significant relationship between oxygenation and fibrosis, which is expected because

scar tissue has negligible oxygen requirements.

Another important finding from this study is the significant relationship between tissue
oxygenation and global LV afterload. Increased global LV afterload as shown by increased in
valvulo arterial-impedance (hence increase in myocardial wall stress and oxygen demand) is
an important prognostic marker in patients with asymptomatic moderate to severe AS.'*®
Degenerative AS by itself is a manifestation of atherosclerotic process in the ageing
population, thus reduced systemic arterial compliance including the aorta is not an
uncommon finding in patients with AS. Therefore, the left ventricle faces both vascular and
valvular stenotic load leading to greater myocardial wall tension (and thus oxygen

124 1o compensate for the increase in LV wall stress, myocardial hypertrophy

demand).
occurs as a necessary adaptation to normalise LV wall tension aims at restoring myocardial

oxygen consumption towards normal.*’

Changes following aortic valve replacement

Importantly, we showed that impaired perfusion and oxygenation both returned to normal
8 months after AVR, clearly demonstrating that such abnormalities are reversible following
the relief of valve obstruction. It is likely that improvement in microcirculatory dysfunction
after AVR is the result of a combination of both, relief of mechanical obstruction with

104, 105, 138

reduced LV wall stress, and LVH regression. There was no significant fibrosis

regression post AVR, in keeping with a previous study which showed that myocardial fibrosis

was essentially unchanged 9 months after AVR.'*
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4.7. CLINICAL IMPLICATIONS

The current findings suggest that substantial microvascular insufficiency likely leading to
myocardial tissue ischaemia is present in severe AS patients, at least during vasodilatory
stress. A reduced capacity to augment myocardial oxygenation may potentially lead to poor
clinical outcome as prognosis is worse after development of symptoms such as angina.
Ischaemia itself can lead to LV dysfunction,’® suggesting that BOLD-CMR is an important
test for myocardial oxygenation. It is conceivable that in the future oxygenation-sensitive
CMR may become a valuable test in addition to conventional clinical information for
evaluation of patients with severe AS. Future studies in larger AS cohorts will be necessary
to assess the incremental diagnostic and/or prognostic value of oxygenation-sensitive CMR
in these patients. Importantly, myocardial tissue hypoxia may be a potential avenue for

% either as an add-on

therapy targeted at ameliorating ischaemia such as perhexiline14
therapy to those who are still symptomatic after AVR or to delay disease progression

especially in patients who are not fit to undergo surgical AVR.

4.8. STUDY LIMITATIONS

We included a small number of AS patients with hypertension and dyslipidaemia which may
contribute to myocardial perfusion abnormalities. However, only patients with well-
controlled BP were included and patients who had dyslipidaemia were well treated by statin
(as shown by blood lipid measurements). It would be extremely challenging to recruit
patients with severe AS without these conditions which are very common in the elderly
population. The strength of our study is that, both CAD and diabetes were excluded from

our study cohort resulting in a relatively homogenous patient population. Diastolic perfusion
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time (DPT) was not measured in the current study, therefore we are unable to comment of
its effect on myocardial perfusion and oxygenation. Nevertheless, previous studies have

111, 112
As our

shown inconsistent results between DPT and myocardial perfusion reserve.
study population is relatively small, particularly the group of patients being rescanned after
AVR, confirmation of our findings in larger scale studies is warranted. Due to the cross-
sectional study design, we are unable to prove direct causality of disease mechanisms

described above, therefore longitudinal and interventional trials would be essential to

confirm these.

4.9. CONCLUSIONS

In severe AS without epicardial CAD, the presence of reduced myocardial perfusion is
associated with a striking blunted oxygenation response to adenosine stress suggestive of
severe microvascular impairment. Oxygenation-sensitive CMR is a promising tool to become

an adjunct for the clinical evaluation of patients with aortic stenosis.
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CHAPTER 5: MYOCARDIAL STEATOSIS AND LEFT
VENTRICULAR CONTRACTILE
DYSFUNCTION IN DILATED
CARDIOMYOPATHY
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5.1. ABSTRACT

Background: HF is characterised by impaired myocardial substrate metabolism and insulin
resistance. We hypothesised that myocardial steatosis is involved in the pathophysiology of
HF due to DCM and assessed whether it was related to cardiac structure and function. We

also investigated if there was any relationship with hepatic TG.

Methods and Results: Twenty DCM patients were studied using cine imaging and *H-MRS
for the determination of LV volumes and ejection fraction and myocardial TG content,
respectively. A subgroup of patients (n=12) underwent ‘H-MRS of the liver for the
determination of hepatic TG content. Twenty aged- and gender-matched subjects served as
healthy controls. When compared with normals, DCM patients had significantly increased
myocardial TG content (0.64+0.44% vs. 0.40+0.13%, p=0.03), increased LV volumes and
reduced LVEF and circumferential strain. Multivariable analysis indicated that steatosis was
an independent associate of increased LV volume. Furthermore, there was high correlation

between myocardial and hepatic TG content, r=0.78, p=0.003.

Conclusions: Myocardial steatosis may be involved in the pathophysiology of adverse LV
remodelling in DCM. Its correlation with hepatic TG content suggests that both myocardial

and hepatic steatosis may be a common feature of HF due to DCM.
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5.2. INTRODUCTION

Myocardial metabolism in HF is complex and studies on myocardial substrate utilisation
have produced conflicting results. Most studies have shown that FA oxidation is unaffected
or slightly increased in early HF, but decreased in the late stage of the disease with energy

62 1411% This metabolic substrate shift towards a

supply mainly from glucose oxidation.
preference for glucose may in part be a consequence of glucose being energetically more

efficient (lower oxygen usage) than fat.

However, despite a relatively higher dependence on glucose, there is evidence that both
glucose uptake and oxidation are impaired, and that myocardial insulin resistance persists in

15, 66

these patients. Myocardial TG content is increased in conditions with increased insulin

resistance (thus elevated circulating FA) such as diabetes and obesity,go’ 103

where hepatic
steatosis is also present.8 We hypothesised that cardiac steatosis might be a common
disease pathway in other forms of insulin resistance state such as DCM. Therefore we used

CMR and MRS to investigate the relationship between myocardial TG content and cardiac

function, and if there was any relation with hepatic TG content.
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5.3. METHODS

Study Population

Twenty patients with DCM and twenty healthy volunteers were recruited. Eligibility criteria

for both study cohorts were detailed in Chapter 2.

Study Protocol

All subjects underwent cardiac MR and 'H-MRS (details described in Chapter 2). A subgroup
of DCM patients (n=12) underwent CMR tagging (for strain imaging) and *H-MRS of the liver
(for hepatic TG measurements). Fasting venous blood was drawn for blood glucose, lipid
profile, non-esterified FA (NEFA), homeostasis model of assessment (HOMA) index and

insulin.

5.4. STATISTICAL ANALYSIS

All data are expressed as mean % standard deviation and checked for normality using
Kolmogorov-Smirnov test. Categorical data are presented as numbers and percentages.
Comparisons between the 2 groups were performed by Student t-test. The chi-square test
or Fisher’s exact test was used to compare discrete data as appropriate. Bivariate
correlations were performed using Pearson’s or Spearman’s method as appropriate.
Multivariable linear regression analysis was used to identify independent correlates of
circumferential strain. A P-value <0.05 was considered significant. All statistical analyses

were performed with IBM SPSS Statistics, version 19.
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5.5. RESULTS

Baseline Study Characteristics

Demographic, clinical, echocardiographic and biochemical data are shown in Table 1. There
were no significant differences in age, gender, body mass index, BP and pulse rates between
DCM patients and normal controls. Fasting blood glucose and lipid profiles were similar in
both groups. DCM patients had features suggestive of insulin resistance; HOMA index of

4,5+2.6 and insulin level of 14.2+9.2 mU/L.
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Table 1: Clinical and echocardiographic characteristics
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DCM Normals P value
(n=20) (n=20)

Age (years) 61+9 60+6 0.81
Male, n (%) 14 (70) 13 (65) 0.75
NYHA functional class, n (%)

I 2 (15) -

I 17 (85) -

1l 1(5) -
Medical history, n (%)

Atrial fibrillation 8 (40) —

Hypertension 8 (40) -

Diabetes - -

Significant coronary artery disease - -

Dyslipidaemia 4 (20) -
Medications, n (%)

ACE-1 /ARB-II blocker 18 (90) -

Beta-blocker 17 (85) -

Spironolactone 10 (50) -

Diuretics 11 (55) -

Digoxin 3 (15) -

Anticoagulation 9 (45) -

Statin 7 (35) -
Body mass index (kg/m?) 2845 2614 0.08
Systolic blood pressure (mmHg) 126110 128410 0.48
Diastolic blood pressure (mmHg) 77414 7516 0.65
Heart rate (bpm) 64+12 60+9 0.24
Biochemical (mmol/L)

Blood glucose 5.3+0.7 5.1+0.9 0.59

Total cholesterol 5.1+1.0 5.410.3 0.33

Triglycerides 1.440.7 1.10.3 0.14

Low-density lipoprotein 3.0£0.9 3.1+1.0 0.68

High-density lipoprotein 1.31#0.5 1.310.3 0.99

Non esterified free FA 0.510.1 0.5+0.3 0.58

HOMA index* 4.5£2.6 -

Insulin (mU/L)* 14.249.2 -

Values are mean + SD or percentages. ACE indicates angiotensin-converting enzyme-inhibitors; ARB,
angiotensin-receptor antagonist-1l; HOMA, homeostasis model of assessment. *Not available in normals.
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Cardiovascular MR imaging and spectroscopy

CMR results are summarised in Table 2. As expected, DCM patients had significantly higher
LV volumes and mass, reduced function (LVEF and strain) when compared to the normal
controls. LGE imaging demonstrated that myocardial fibrosis was most prevalent in DCM
(75%) versus 10% in the normal controls. The predominant pattern of LGE was mid-wall
involving mainly in the septum and inferior wall. An example of a DCM patient with mid-wall
fibrosis is shown in Figure 5.1. Control subjects had LGE involving the inferior left/right-

ventricular insertion point (n=2).
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Table 2: Cardiovascular MRI and spectroscopy

DCM Normal P value
(n=20) (n=20)

Cardiac lipid/water ratio (%) 0.6410.44 0.40+0.13 0.03
Hepatic lipid/water ratio (%)* 3.1(5.2)" -
LV ejection fraction (%) 3949 70+3 <0.001
LV end-diastolic volume (ml) 229+78 146129 <0.001
LV end-systolic volume (ml) 146171 44+11 <0.001
LV mass index (g/m?) 78126 54+12 0.001
Peak global circumferential strain (%)" -12.3+3.4 -20.9+1.7 <0.001
LGE present, n (%) 15 (75) 2 (10) <0.001

Values are mean + SD or percentages. tvalue is median and IQR.
*N=12 for DCM; hepatic lipid/water ratio was not measured in normal.N=12 for DCM.
LV indicates left ventricular; LGE, late gadolinium enhancement.

Figure 5.1. An example of a DCM patient dilated heart (A) and mid-wall fibrosis (B - white arrows).
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DCM patients had significantly increased myocardial TG content when compared to the

normal controls. The median level of liver TG content in the DCM cohort was 3.1% (IQR 5.2)

with 4/12 (33%) had levels of >5%.

Relationship between MTC and other study variables

Myocardial TG content significantly correlated with BMI (r=0.40, p=0.01), LVEDV (r=0.54,
p<0.001), LVESV (r=0.47, p=0.003), circumferential strain (r=0.42, p=0.02), but not with
NYHA (r=0.21, p=0.20), age (r=-0.18, p=0.25), LVEF (r=-0.31, p=0.056) or LGE (r=0.28,

p=0.08).

Table 3 shows bivariate correlations, and multiple regression analyses to determine
independent associates of LVEDV and LVEF. LVEDV increased with increasing NYHA class,
BMI, LVMI and strain whilst LVEF declined with increasing NYHA class, BMI, LV volumes and
mass (LVEDV, LVESV, LVMI), strain and presence of LGE, but not with myocardial TG.
Multivariable analyses showed that steatosis (myocardial TG) was an independent correlate
of LVEDV, whilst both LVEDV and presence of LGE were independent predictors of LVEF. In
view of the small sample size, we were careful in selecting the most appropriate variables in
order to limit the number of independent variables. To determine independent associates of
LVEDV, LVESV and LVMI were not included in the multivariate analysis as these are related
to LVEDV. To determine independent associates of LVEF, LVESV and LVMI were not included
due to highly related (multicollinearity i.e. tolerance value of <0.1), and strain was excluded
as it is related to LVEF. NYHA class was excluded from both multivariate analyses on the

grounds that it is not independent of LVEDV or LVEF.
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Table 3: Associations of multiple study parameters with left ventricular end diastolic volume and left ventricular ejection fraction

Left ventricular end diastolic volume Left ventricular ejection fraction
Bivariate Multivariate Bivariate Multivariate
R P-Value B P-Value R P-Value B P-Value

Age -0.23 0.16 - - -0.05 0.77 - —
NYHA functional class 0.69 <0.001 - - -0.83 <0.001 - -
Body mass index 0.52 0.001 0.17 0.34 -0.33 0.041 0.10 0.26
Left ventricular end diastolic volume - — - - -0.71 <0.001 -0.46 <0.001
Left ventricular end systolic volume 0.95 <0.001 - - -0.86 <0.001 - -
Left ventricular ejection fraction - — - - - — - —
Left ventricular mass index 0.45 0.001 - - -0.69 <0.001 - —
Circumferential strain 0.59 <0.001 0.20 0.32 -0.92 <0.001 - -
Presence of LGE 0.67 <0.001 0.29 0.17 -0.77 <0.001 -0.60 <0.001
Myocardial triglyceride content 0.54 <0.001 0.39 0.03 -0.31 0.056 - -

NYHA indicates New York Heart Association; LGE, late gadolinium enhancement
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There was highly significant correlation between myocardial TG and hepatic TG content,

r=0.78, p=0.03. An example of myocardial and liver TG spectra is shown in Figure 5.2. There

was no significant correlation between liver TG content and BMI.
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Figure 5.2: Examples of water suppressed spectra showing myocardial triglyceride peak (left) and

hepatic triglyceride peak (right).
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5.6. DISCUSSION

The present study showed that, by using in vivo MRS technique, cardiac steatosis is present
and is independently associated with LV size in patients with non-ischaemic DCM.

Furthermore, myocardial TG highly correlates with hepatic TG content.

There is some evidence demonstrating that heart failure causes insulin resistance albeit in

85 1% This is consistent with increased levels of HOMA

the absence of diabetes or obesity.
index and insulin in our DCM cohorts, despite no evidence of diabetes or obesity. A previous
study investigating idiopathic DCM showed that these biochemical abnormalities were two-
fold increase when compared to normal controls.** Although it is believed that circulating
FA is elevated in DCM patients, NEFA level was similar in our DCM and normal cohorts, and
this could be explained by the high proportion of DCM patients who were taking anti failure

therapy (e.g. beta-blockers) which might have affected plasma FA levels.**® 14/

Because abnormal substrate metabolism and insulin resistance are seen in the failing heart,
it is hypothesised that both factors could potentially contribute to intramyocardial lipid
overload. Cardiac steatosis has been demonstrated in HF from animal studies,”' 18 hut data
from humans are scarce and limited to individual case reports and findings from explanted

14
hearts.” 14°

Data on 'H-MRS measured myocardial lipid levels in patients with DCM is
limited. Only one published report by Nakae et al in the recent years, did not find significant
difference in myocardial TG content in patients with idiopathic DCM and the normal

150

controls.™ The reason for the difference in these 2 reports is unclear, but potentially

because of the smaller number of patients in the previous study (n=12 vs. n=20). The
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current findings however are consistent with the level of myocardial TG in another cohort of

DCM patients (n=15) assessed by our group previously, with lipid/water ratio of 0.7+0.3%."*

The present data demonstrated that in DCM, steatosis is independently associated with LV
dilatation, in line with the lipotoxicity hypothesis as discussed in Chapter 1. Excessive
accumulation of TG in the myocardium can induce pathologic remodelling of the heart
characterised by apoptosis, progressive chamber dilatation and contractile dysfunction.” 2
We selected LVEDV as a dependent variable in the multivariate analysis as it is a good
reflection of LV remodelling, whereas LVESV may be less reproducible than LVEDV as
asymmetric LV contraction may result in less accurate measurements of LVESV."** We found
that myocardial steatosis correlated with the degree of LV strain impairment but not LVEF
(although there is a trend towards worsening of LVEF with increasing myocardial TG,
p=0.56), suggesting that strain may be more accurate (less load dependent compared with
LVEF) measure of LV contractile function. Nevertheless, we selected LVEF as it is an
established technique for assessment of LV function, in particular when there is relatively
advanced LV functional impairment, and is the most widely used clinical marker for systolic

154

heart failure.”™ On the other hand, strain (myocardial deformation assessment) is useful for

detection of subclinical LV dysfunction in a variety of conditions known to have myocardial

155

dysfunction despite preserved LVEF.”> Furthermore, only a small number of patients

underwent strain imaging (n=12 for strain vs. n=20 for LVEF), hence LVEF was more
appropriate dependent variable for LV function in the multivariate model. It is not surprising
that that myocardial fibrosis, which was predominantly mid-wall pattern, as previously

75, 157

shown” **® had significant independent association with LVEF. Interestingly, given the

established association between fibrosis and ventricular remodelling, regression analysis
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suggests that steatosis is a stronger/more important associate with LV remodelling when
compared with fibrosis. Given the modest correlation found in our study (R=0.39), the
significance of this finding is uncertain. Future longitudinal, larger scale studies are needed

to assess this.

It is well known that diabetes and obesity have been associated with lipid accumulation in

various organs such as skeletal muscle and the liver."*%*

Although it seems obvious that
hepatic TG will be increased in parallel to cardiac TG in HF patients, the data supporting this
are lacking in humans. In a rat model of congestive HF, it has been shown that abnormal

182 Our data showed that

hepatic metabolism leads to increased level of TG in the liver.
about a third (33%) of our DCM patients had hepatic TG content of above the upper limit of
normal (> 5%)%® despite no identifiable risk factors for fatty liver disease such as diabetes,
excessive alcohol intake or abnormal liver function tests. This is the first study using in vivo
MR technique demonstrating the presence of cardiac steatosis which corresponds to
hepatic TG content in patients with idiopathic DCM. This is in accordance with a recent
study showing significant correlation between cardiac and hepatic TG contents in non-

163

diabetic obese subjects.”" This supports the notion that lipid accumulation also occurs in

the heart of insulin resistance state other than the liver, suggesting that myocardial and

hepatic triglyceride accumulation might be a common feature in DCM.**

In healthy subjects
given high fat and energy diet, however this does not seem to be the case. Only hepatic TG

but not myocardial TG was affected suggesting that the same mechanism may not be a

feature in normal condition.'®® Further studies would be essential to further investigate this.
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5.7. STUDY LIMITATIONS

The main limitation of this study is the small study population, particularly patients having
CMR tagging and liver spectroscopy. Therefore confirmation of the findings in a larger scale
studies is warranted. The cross-sectional nature of the current data does not allow one to
draw conclusions as to whether steatosis occurs before or after fibrosis. Longitudinal studies
in patients with less severe DCM with assessment of steatosis and LGE may be able to

answer this question.

5.8. CONCLUSIONS

In conclusions, DCM is characterised by insulin resistance and myocardial steatosis which is
independently associated with LV remodelling. Interestingly, myocardial steatosis correlates
highly with hepatic TG content. Our study gives insights into the pathophysiology of LV
dysfunction in patients with HF due to non-ischaemic DCM. Therefore cardiac steatosis may
become a potential biomarker in this condition, and that therapies aimed at lipotoxity and

insulin resistance might be beneficial to improve cardiac function in patients with DCM.
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CHAPTER 6: GENERAL CONCLUSIONS

This work was carried out to assess myocardial metabolism and function in two different
disease entities, hypertrophy and heart failure. | have shown that multiparametric MR
assessment (LV function including myocardial strain, perfusion, oxygenation, LGE, and
spectroscopy) in a single centre setting was largely well tolerated, even by the more elderly
AS patients and those with a higher degree of aortic valve stenosis. In DCM patients, LV

function, strain, LGE, and proton spectroscopy of the heart and liver were also feasible.

In Chapters 3 and 5, | have shown that increased myocardial TG content was evident in both
hypertrophied and dilated hearts, supporting the theory that both these conditions share a
common feature of metabolic derangements, and that cardiac steatosis may not be
restricted to only obesity and diabetes. Importantly, | demonstrated that patients with high
myocardial TG levels have significantly greater impairment of LV strain in AS, and LV
dilatation in DCM. The present research studies provide a proof of concept of *H-MRS as a
valid and feasible, non-invasive assessment of the metabolic derangements of the
myocardium. Together with strain imaging, the method offers a strategy for early diagnosis
of myocardial complications that may occur due to lipotoxic disorders. Remarkable
improvement in steatosis post AVR suggests that myocardial steatosis is indeed a modifiable
condition. These initial data may serve as a starting point for future prospective studies to
determine if metabolic modulation (e.g. peroxisome proliferator-activated receptor - PPAR

agonist) that reduce myocardial TG,™*® % |eads to improvement in LV function.
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In Chapter 4, | have shown that patients with severe AS have blunted oxygenation in
addition to impaired perfusion during vasodilator stress. BOLD CMR is an exciting new
technique for measuring tissue oxygenation in the myocardium and has excellent potential
to be used as a surrogate endpoint of clinical research. Compared to perfusion, BOLD-CMR
is @ more direct measure of myocardial microvascular status without the need to use a
contrast agent. The current study yields important insights into the potential mechanism of
myocardial ischaemia in AS patients and provides a new avenue for potential drug trial

140

aimed at ischaemic cascade (e.g. perhexiline),” which may be useful for patients who are

not fit to undergo surgical AVR or who still have symptoms post AVR.

The current studies are limited by small sample sizes in line with their proof of principle
nature. Furthermore, these studies are cross-sectional and therefore, it is not possible to
determine whether the observed associations between myocardial TG and LV contractive
function are causal. However, our findings are entirely consistent with experimental and
animal studies that establish a causal link between steatosis, the production of lipotoxic
metabolites and resulting cardiac dysfunction. Although CMR is safe and does not entail
exposure to ionizing radiation, it precludes its use in patients who are contraindicated to
have MRI (e.g. pacemaker, metal implants, claustrophobia) and not tolerating a vasodilator
stress test. The additional time taken to acquire spectroscopy, BOLD, strain and the length
of post-processing time, the variability of measures and lack of multicentre trial evidence in
these areas with outcome data to support the routine use. Finally, due to the relatively long
and complex scan protocol in high risk AS patients, it was not feasible to perform
repeatability tests in the current study, thus reproducibility of BOLD-CMR, *H-MRS and

strain parameters in AS patients is unknown.
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In summary, CMR offers the opportunity for sophisticated analysis of cardiac metabolism
and function in the hypertrophied and failing heart. Many of the CMR and MRS
measurements in my studies (e.g. lipidosis assessment with 'H-MRS and myocardial
oxygenation assessment with BOLD-CMR) have the potential to become important imaging
biomarker tools for diagnostic and prognostic assessment as well as for monitoring therapy

in the near future.
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APPENDIX 1: EXTENT OF INVOLVEMENT IN THE
CURRENT WORK

Aortic stenosis patients

| recruited all the patients and obtained consent myself. Prior to recruitment, | approached all the
cardiothoracic surgeons, explaining the nature of the study, getting their permission to recruit
severe AS patients referred to them for AVR, and to request for intraoperative myocardial biopsies.
Then | attended their outpatient and preadmission clinics to identify suitable candidates. | worked
closely with the preadmission cardiothoracic nurses to co-ordinate CMR scan slots and attendance of
for pre-operative investigations. Patient information sheet and invitation to take part in the study
were sent to eligible patients. This was followed by telephone conversation (after giving them
enough time to read and understand the study) to briefly check their eligibility and safety to undergo
MRI scan. If they agreed, | would organise CMR scan slot and their transport and if necessary
overnight stay if they lived very far away. On the day of arrival, | explained in details about the study,
giving them chances to ask questions and also emphasised that tissue biopsies and post AVR scans
were optional. At the same time they had to sign MRI safety form as well. After signing informed
consent form, physical examination, venepuncture and cannula insertion were performed. After
registering the patient on the CMR scanner, | prepared the coil and set up adenosine infusion and
gadolinium injector, and connected to the patient while he/she was the scanner. | also made sure
that everything worked prior to starting scanning the patient for e.g. BP machine, safety measures,
flushing all the lines etc. | performed CMR scan and spectroscopy independently with some technical
support from the radiographer. This was necessary as for high risk patients undergoing adenosine
stress CMR, the departmental policy is to have a doctor and at least a radiographer during the scan. |
have a “licence” from the unit to be able to scan my research patients independently. After scanning
the patients, | showed and explained to them their CMR scan images. | also analysed and reported
their scan findings, verified by a consultant, and communicated with their surgeons (optional
request by the surgeons) their scan findings.

For those patients who consented for tissue biopsy during AVR, | was solely responsible in co-
ordinating various people involved to make sure that the biopsy was a success. This involved
reminding the surgeon/secretary very early in the morning prior going to theatre, informing the
theatre staff (nurses and anesthetist) about the tissue needed for research during AVR, including
giving them a copy of the consent form and also informing the pathology team to standby on the
day to receive the sample. | collected all the samples by staying in theatre (therefore had the
opportunity to observe the procedure), putting it in a pot containing normal saline, then quickly sent
the fresh sample to the pathologist for lipid analysis.
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For those patients who had agreed to have a repeat CMR scan post AVR, | contacted them again,
checking for eligibility and to make sure they did not have any contraindications to MRI for e.g.
pacemaker implantation during AVR. If they agreed, study appointment was booked and the same
procedure was repeated as before AVR. For asymptomatic patients, some of the patients were
obtained from a different project recruiting severe asymptomatic patients (please see under
Declaration).

Dilated cardiomyopathy patients

This was part (baseline study) of the multi-centre (a total of 15 centres in the UK and US),
randomised, placebo-controlled, double-blinded, Syncria heart failure clinical trial designed and
funded by Glaxo Smith Kline (GSK) pharmaceutical company looking at the effect of Albiglutide
(glucagon-like peptide, a new anti-diabetic drug) in patients with heart failure due to non-ischaemic
dilated cardiomyopathy. | was solely responsible for recruitment and scanning the patients (as per
aortic stenosis patients described above), performing randomisation process, and Albiglutide
administration (weekly subcutaneous injection for 12 weeks). However, in view of the complexity of
the protocol recruitment target was not achieved, and this similarly affected all other sites. Despite
this, Oxford was the top recruiting site in the UK and second when compared with the US. Due to the
small number of patients, the CMR scan and spectroscopy findings were underpowered to detect
the treatment effect. For the purpose of the thesis, the baseline findings of the DCM patients were
presented and combined with baseline data from a different project (stated in Declaration and
General Methods) to increase the power of the study.
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APPENDIX 2: SUPPLEMENTARY TABLES FOR

CHAPTER 3

Table 1: Clinical and echocardiographic characteristics (without diabetics)

Severe Aortic Stenosis Normal
Symptomatic  Asymptomatic Controls P value'
(n=19) (n=14) (n=20)

Age (years) 6819 63116 6314 0.13
Male, n (%) 13 (68) 11 (78) 12 (60) 0.15
Symptoms, n (%)

Dyspnoea 15 (78) — —

Angina 7 (28) — —

Syncope 1(4) — —
Past medical history, n (%) -

Hypertension 6 (31) 3(21) —

Diabetes - - -

Dyslipidaemia 3(15) 2 (14) —

Coronary artery disease - - -
Medications, n (%)

Beta blockers 4 (16) - -

ACE-I/ARB-I| 4(21) 5 (36) _

Statin 6 (31) 3(21) —
Body mass index (kg/m?) 2714 2714 2614 0.26
Systolic BP (mmHg) 130+16 134118 130+12 0.70
Diastolic BP (mmHg) 75+10 7618 7618 0.93
Heart rate (bpm) 65110 65+13 629 0.67
Echocardiograpy

Peak AV gradient (mmHg) 82+13 74114 — 0.12*

E-wave deceleration (ms) 284+116 255+108 210443 0.10

E/A ratio 0.8+0.4 0.940.3 0.940.3 0.49

E/E’ ratio 14.4+4.7%* 12.65.4% 9.2+2.7 0.003
Biochemical, mmol/L

Blood glucose, mmol 5.1+1.0 5.3+0.5 5.1+0.9 0.85

NEFA 0.6%0.2 0.610.1 0.5%0.3 0.26

Triglycerides 1.1+0.4 1.240.5 1.0£0.3 0.64

Low-density lipoprotein 2.9+1.0 3.1+0.2 3.310.9 0.51

High-density lipoprotein 1.4+0.4 1.5+0.3 1.5+0.4 0.78
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Values are mean % SD or percentages.

P-values are for one-way analysis of variance (ANOVA) for all groups unless specified.

*P (with post hoc Bonferroni correction) <0.05 vs. normal and >0.05 vs. asymptomatic severe AS.

TP (with post hoc Bonferroni correction) >0.05 vs. normal.

*p-value is Student t test for symptomatic vs. asymptomatic aortic stenosis.

ACE indicates angiotensin-converting enzyme-inhibitors; ARB, angiotensin-receptor antagonist-Il; AV, aortic valve;
A, atrial contraction; BP, blood pressure; E, early diastolic filling phase; E’, mitral annular velocity; NEFA, non-
esterified fatty acids.
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Table 2: Cardiovascular MRI and spectroscopy (without diabetics)
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Severe Aortic Stenosis

- - Normal Control P value'
Symptomatic Asymptomatic (n = 20)
(n=19) (n=14)

Lipid/water ratio (%) 0.90+0.46* 0.75+0.36" 0.45+0.17 <0.001
Circumferential strain (%) -16.6+ 2.6* -18.142.9" -20.742.0 <0.001
Longitudinal strain (%) -12.6+2.2%* -13.242.9" -16.61£1.6 <0.001
Circumferential diastolic SR (s™) 53+13* 59+12" 76112 <0.001
Longitudinal diastolic SR (s™) 42+12%* 40+14" 54+12 0.006
LV ejection fraction (%) 74+6* 73+8" 69+4 0.003
LV end-diastolic volume (ml) 145+49 143127 143428 0.96
LV end-systolic volume (ml) 38420 39+16 45+11 0.46
LV mass index (g/m?) 97+36* 94+29' 54413 <0.001
LV wall thickness (mm) 1642* 15+3" 9+1 <0.001
LGE present, n (%) 15 (79)* 9 (64) 2 (10) <0.001
Aortic valve area (cm?) 0.84+0.10 0.86+0.14 - 0.61*

Values are mean = SD or percentages.

9P values are for one-way analysis of variance (ANOVA) for all groups unless specified.

*P (with post hoc Bonferroni correction) <0.05 vs. normal and >0.05 vs. asymptomatic severe AS,

TP (with post hoc Bonferroni correction) <0.05 vs. normal.

FP (with post hoc Bonferroni correction) <0.05 vs. asymptomatic severe AS and
X P-value is Student t test for symptomatic vs. asymptomatic aortic stenosis.

LV indicates left ventricular; LGE, late gadolinium enhancement; SR, strain rate.

normal.
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Table 3. Cardiac MRI and spectroscopy before and after AVR in symptomatic AS after excluding diabetics (6 diabetics before and 4 after AVR).

All symptomatic AS Follow-up patients
Cardiac MRI and Spectroscopy patients® (n=9) Controls
(n=19) Pre AVR Post AVR
Cardiac lipid/water 0.90£0.46 0.9710.49 0.40£0.21* 0.45+0.17
Circumferential strain -16.612.6 -17.4+1.9 -20.7+1.8* -20.71£2.0
Circumferential diastolic strain rate 53+13 56111 76+13* 76112
Longitudinal strain -12.6+2.2 -13.2+2.1 -14.0+2.4" -16.6+1.6
Longitudinal diastolic strain rate 42412 4345 56+14* 53112
Left ventricular mass index 97136 101+41 73421 54+13
Left ventricular ejection fraction 7416 7516 745" 69+4

SAll 6 diabetics were in the symptomatic group, therefore cardiac MRI and spectroscopy parameters for asymptomatic AS remain the same as in Table 1
of the manuscript.

*p<0.05 versus pre AVR and >0.05 versus controls; 'p>0.05 versus pre AVR and <0.05 versus controls; p<0.05 versus pre AVR and controls.
Note: For strain, n=8 were used for follow-up analysis as one patient was excluded due to presence of left bundle branch block post AVR.
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APPENDIX 3: PROPOSED CLINICAL TRIAL
ARISING FROM CHAPTER 3

Background: In AS, myocardial TG is increased and correlates with the degree of LV strain
impairment. Myocardial steatosis and strain impairment improve significantly after AVR, suggesting
that myocardial lipotoxicity may contribute to the pathophysiology of AS. Steatosis regression,
achieved by metabolic modulator drugs may become a potential new therapeutic option to delay
onset of symptoms or LV dysfunction.

Proposed metabolic modulator: Aleglitazar is one of the glitazar family of drugs which and combines
the PPAR gamma effects (targeting peripheral insulin sensitivity) with the PPAR alpha effects
(targeting dyslipidaemia), and is currently used for treating patients with diabetes mellitus (DM).

Proposed clinical trial design: A pilot study (placebo-controlled, double-blind) to evaluate the safety
of PPAR agonist (Aleglitazar) and its effects on myocardial TG content and LV function (strain) in
patients with moderate-severe AS.

Relevant previous studies using PPAR: Troglitazone lowered myocardial TG and ceramide,
prevented cardiac dysfunction in obese diabetic rats.*®’ Pioglitazone reduced myocardial and hepatic
steatosis in insulin-treated human type 2 DM, but only reduced hepatic steatosis in well-
controlled human type 2 DM.*® Pioglitazone has also been shown to attenuate calcification and
reduce lipid content of the aortic valve.'® There have been inconsistent reports from animal studies
on the effect of PPAR agonist on LVH which is either protective or pro-hypertrophic. Hypoglycaemia
in non-diabetic subjects has been shown to be comparable with placebo. Recently, Aleglitazar doses
of <300 mcg, cardiovascular safety profile have been shown to be better than Pioglitazone.

Hypothesis: In patients with moderate-severe AS and elevated myocardial TG, treatment with
Aleglitazar will reduce myocardial TG and improve myocardial function (strain).

Study design: 30 patients with moderate-severe AS will undergo screening 'H-MRS to identify
patients with elevated myocardial TG (lipid/water ratio >0.5). Eligible patients will be given 6 months
of either Aleglitazar or placebo. Primary endpoints include myocardial TG content using *H-MRS and
LV strain using MR tagging. Secondary endpoints include LVH regression, valve gradient and area,
pericardial, visceral and abdominal subcutaneous fat assessed by MRI and exercise capacity. Safety
measures include heart failure from symptoms or physical examination, weight gain and
hypoglycaemia.

Eligibility: Inclusion criteria - isolated moderate-severe AS (not planned for AVR) aged >18, no other
significant valvular pathology, no contraindications to MRI, myocardial TG >0.5. Exclusion criteria -
underlying cardiomyopathy, poor LV function, significant CAD, uncontrolled hypertension, diabetes,
CHF by history, clinical examiantion or current use of CHF medications, liver impairment, pregnancy,
lactating, BMI >35, concurrent use of fibrates or PPAR agonists, fasting serum TG >4.5mmol/L, GFR
<30.
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Expected value of results: If positive effect on primary and/or secondary outcome is demonstrated,

to plan a multicentre outcome study powered for outcome. If positive, Aleglitazar treatment for
chronic aortic stenosis may ultimately become routine clinical practice.
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