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Abstract

Heart failure with reduced ejection fraction (HFrEF) is a common condition in the UK that is
increasingly managed with devices including cardiac resynchronisation therapy (CRT).
Modern CRT devices are largely compatible with magnetic resonance imaging (MRI) but are
reverted to right ventricular pacing settings with CRT switched off during an MRI scan. MRI
itself is becoming more commonplace in the clinical setting and is considered the gold
standard imaging modality for assessing cardiac dimensions and function. | have shown that
scanning patients with compatible CRT devices in a MRI scanner with CRT active is not only
safe but potentially valuable in the cardiac assessment, especially in considering the impact
CRT has for the patient. By utilising the capability of pacemakers to alter the heart rate and
pacing mode and combining this with the fidelity of MR, | investigated the mechanism by
which CRT augments function in patients with HFrEF. | focus on the Force-Frequency
Relationship (FFR) which highlights the increase in contractility observed in healthy
individuals in higher heart rates as found in healthy tissue. The FFR has been shown to be
abnormal in patients with HFrEF. Investigating the FFR in the context of CRT also allows
exploration of how CRT may be improving cardiac mechanics in HFrEF patients. This thesis
will describe the abnormal FFR found in patients with HFrEF characterised by a lower
contractility response to heart rate rise, an earlier plateau at a lower heart rate and an
excessive and rapid drop in contractility at heart rates beyond this. My data also show that
although CRT does not normalise the FFR, it contributes to an improvement in this adaptive
mechanism which is lost when CRT is deactivated. This thesis will describe potential
mechanisms underlying the abnormal FFR, effects of CRT and explore how, despite
progress, existing MRI techniques such as spectroscopy to explore cardiac metabolism
remain challenging in the context of CRT. This work has a number of clinical implications
ranging from greater awareness of a heart range in heart failure and control patients after
which cardiac response is non-beneficial and the apparent viability of high-fidelity MRI to

evaluate cardiac mechanisms and energetics.
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Chapter 1 - Introduction to Heart failure

1.1 Introduction

Chronic heart failure (CHF) is a syndrome characterised by shortness of breath,
fatigue and reduced exercise capacity due to functional or structural heart disease.
CHF has a prevalence of approximately 1-2% of the adult population in developed
countries which increases further in older cohorts [1]. This condition is a leading
cause of morbidity and mortality with patients experiencing reduced quality of life and
recurrent hospitalisations. Recent data indicates that the survival rate for patients
with CHF is 87%, 57% and 35% at 1, 5 and 10 years respectively [2].

The classification of CHF includes objective evidence of cardiac dysfunction and can
be split into three categories based upon the degree of left ventricular (LV) function

measured by the left ventricular ejection fraction (LVEF):

1. Heart failure with a reduced ejection fraction (HFrEF) in which the LVEF is

<40% and otherwise termed as left ventricular systolic dysfunction (LVSD).

2. Heart failure with a mid-range ejection fraction between 41-49% (HFmrEF).
This relatively new category is reflective of the lack of effective treatment for
patients with mild LVSD [3].

3. Heart failure with preserved ejection fraction (HFpEF) in which the LVEF

>50% and otherwise termed left ventricular diastolic dysfunction.

This thesis will focus on patients with LVSD and my use of the term CHF will imply
that patients have HFrEF or HFmrEF. Where relevant, | will use the term HFpEF to
categorise patients with symptoms of heart failure but without LVSD (LVEF>50%).

1.2 Pathogenesis of CHF

CHF usually occurs after exposure to risk factors such as: myocardial infarction (Ml),
hypercholesterolaemia, diabetes mellitus, hypertension or obesity [3, 4]. CHF is
generally a progressive condition manifesting through myocyte loss and increased
myocardial strain [5]. This combination leads to detrimental hypertrophy both directly
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and through compensatory mechanisms secondary to reduced cardiac output (CO)
and organ perfusion (figure 1). Neurohormonal activation results in increased
catecholamines, endothelin, natriuretic peptides and up regulation of the renin-
angiotensin-aldosterone system (RAS) [6]. These changes alter the LV from an
elliptical shape to a spherical structure, termed LV remodelling. The consequence is
less efficient myocardial contraction with increased myocardial oxygen consumption
[7, 8]. Interestingly despite the multiple aetiologies of CHF, the pathways seem to
partially merge leaving relatively similar mechanisms resulting in heart failure (HF).

Overall, ischaemic heart disease (IHD) is the main cause of CHF in developed
countries [9]. A MI can cause cardiac myocytes to be replaced by scar tissue with
variable levels of myocardial contraction loss. Small vessel occlusion rarely leads to
LVSD, however repeat ischaemic episodes can lead to a “stunning” phenomenon in
which there is repeated transient loss of muscle contractility. “Hibernating”
myocardium is used to describe the chronic dysfunction of cardiac contractility as a
result of ischaemia [10]. This usually occurs when reduced coronary blood flow
results in an ischaemic myocardium that causes lower levels of contractility despite
myocytes remaining viable. Recent large trials highlight the impact of reducing
cardiovascular ischaemia on increasing survival [11]. The role of revascularisation
and contemporary treatment in improving LVEF remains mixed with up to 47% of
patients not showing an increased LVEF post Ml [12]. Hypertension may be the most
significant risk factor worldwide through increases in afterload as found in IHD [13].
Other risk factors include idiopathic dilated cardiomyopathy (DCM), valvular heart
disease, viral infections, infiltrative diseases (amyloidosis) and tachycardia induced

myopathy.
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Figure 1 - Development and progression of CHF [14, 15].

1.3 Epidemiology of CHF

HF is a common condition in developed countries with an estimated 900,000 people
in the UK with CHF [16]. The disease is associated with older age and the average
age of first diagnosis is 76 years [17]. However from the age of 55, the lifetime risk of
CHF is 33% in men and 29% in women [18].

CHF patients often have a poor quality of life not only because of symptoms and a
reduced exercise capacity affecting daily living but also due to high hospital
readmission rates [19, 20]. CHF patients remain with a poor prognosis despite
advances in therapeutic options. In the primary care setting they have a reported
survival rate of 81.3%, 51.5% and 29.5% at 1, 5 and 10 years respectively following

diagnosis [21]. Indeed CHF is responsible for approximately 5% of all emergency
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medical hospital admissions and 2% of all NHS hospital inpatient bed-days [22].
CHF associated hospital admissions are expected to increase dramatically due to

the general ageing population [23].

1.4 Diagnosis of CHF

CHF is often defined by exercise intolerance with dyspnoea and fatigue. However,
these symptoms neither constitute the diagnosis nor exclude it in its absence with
other symptoms such as peripheral oedema which can suggest the syndrome.
Making a diagnosis of CHF requires an accurate history complimented by clinical
examination. Investigations including blood tests, an ECG, chest x-ray, exercise
tests and imaging are valuable in confirming the presence, aetiology and severity of
cardiac dysfunction [3]. In most cases the diagnosis is based on a patient’s history
and symptoms, signs on clinical examination and echocardiographic findings of CHF.
Classic indicators of CHF on echocardiography are a reduced LVEF with a dilated
LV [24]. Making a diagnosis can be complicated by non-specific symptoms or
insignificant abnormal values on echocardiography [25]. Measuring B-type natriuretic
peptide (BNP or NT-proBNP) is an effective screening tool for CHF and remains a
useful biomarker for assessing response to interventions [3, 26]. UK national
guidelines indicate that patients suspected of CHF with a NT-proBNP level >2000
pg/ml need an urgent cardiology review and echocardiogram within 2 weeks [22].
Symptomatic patients with a NT-proBNP level between 400-2000 pg/ml should have

an echocardiogram and specialist review within 6 weeks [22].

Cardiovascular magnetic resonance (CMR) whilst becoming more accessible with a
class 1C recommendation for diagnosis in ambulatory patients, predominately has a
complimentary rather than diagnostic role in the work up of CHF [3]. CMR is
particularly useful when echocardiographic images are inconclusive and is the gold
standard method of assessing LVEF and volume [27]. CMR is becoming increasingly
utilised in CHF patients due to its high reproducibility, accuracy and ability to
characterise tissue. It is also used in patients suspected of rarer aetiologies of CHF

such as amyloidosis [28].
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1.5 Imaging Options for CHF

There are multiple options for imaging patients with suspected or established HF.
These techniques are improving and expanding at a rapid pace, enabling not only
improved diagnosis but also monitoring progression of CHF via LVEF and newer

concepts such as myocardial deformation via strain imaging [29].
Chest X-ray

A chest x-ray was commonly utilised historically for diagnosing CHF through the
signs of fluid overload consistent with decompensated CHF. In modern times it is
primarily used to identify a pulmonary aetiology for symptoms and occasionally in the

acute setting to confirm pulmonary oedema or congestion in decompensated CHF

[3].
Echocardiography

Echocardiography is the first line diagnostic imaging option for CHF patients. This
technology uses ultrasound to obtain two and three-dimensional imaging of the
heart. There are two common methods of obtaining an echocardiogram; one is
transthoracic and the other is transoesophageal which is more invasive and used in
specific circumstances such as imaging of the posterior heart or valves in higher
detail. A number of additional techniques and technologies can be integrated to
obtain further measurements including deformation imaging and Doppler (pulsed,
continuous and colour flow) [3]. Echocardiography is being increasingly used for
measuring inducible ischaemia and myocardial viability via exercise or
pharmacological stress with particular utility in certain valve disease, exertional
dyspnoea and HFpEF patients [30]. Notably the LVEF can be obtained from a
number of techniques with three-dimensional echocardiography, further improving
volume quantification and estimation of ejection fraction. Use of Doppler enables
haemodynamics to be measured including cardiac output (CO) and the stroke
volume (SV) index [3]. More recently, deformation imaging has become available via
strain and strain rate which is likely to be useful at the preclinical stage despite
reference values varying amongst devices [31]. Echocardiography has a number of
limitations. For example, when obtaining LVEF or cardiac dimensions,

measurements are reliant on image quality with geometric assumptions made and a
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relatively high intra and inter-observer variability rate. Using Doppler technology is
reliant on good angle alignment, appreciation of tethering artefact and can also be

heart rate (HR) dependent when focusing on diastolic function [32].
Nuclear imaging

This modality is effective in assessing the level of sympathetic innervation and blood
flow through the myocardium. Nuclear imaging involves a small amount of
radioactive material (tracer) that is either swallowed or injected into the body. The
material gives off gamma radiation that is picked up by sensors. The tracer travels
via the chosen route to the area being examined which then allows images to be
formed by computer-based analysis. There are largely two methods of nuclear
imaging employed in HF. Single-photon emission computed tomography (SPECT) is
useful in analysing myocardial perfusion in relative terms. It may be helpful in
assessing the myocardial viability, general ischaemia and evaluation for cardiac
amyloidosis. It must be noted however that SPECT exposes the patient to ionising
radiation [3]. Positron emission tomography (PET) enables accurate quantification of
blood flow through the myocardium [33]. It has improved temporal and spatial
resolution compared to SPECT with greater ability to assess dynamic images [34].
This combination makes PET effective in evaluating cardiac sympathetic innervation

which is achieved through radiolabelled catecholamines and analogues.

It is becoming increasingly common for CT systems to be combined with SPECT or
PET, creating hybrid scans. This has had a significant impact towards molecular-
targeted imaging and personalised cardiovascular medicine [34]. Both SPECT and
PET are options for imaging in European guidelines in relatively specific situations
due to the high cost, radiation exposure and limited general availability of these

imaging modalities [3].
Cardiac computed tomography (Cardiac CT)

Cardiac CT is largely used as a non-invasive method of identifying plaque or
coronary artery disease risk in CHF patients and is comparable to invasive
angiography. Cardiac CT is extremely cost effective and recommended by the

National Institute for Health and Care Excellence (NICE) as first-line investigation in
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patients who have new-onset chest pain possibly caused by coronary artery disease
[35].

Cardiac magnetic resonance (CMR)

CMR is the gold standard imaging modality for assessing cardiac ventricular
volumes, mass and ejection fraction. It is the recommended imaging option for
patients with inconclusive echocardiograms and first choice in patients with complex
congenital heart disease. CMR is also preferred in the measurement of myocardial
fibrosis and can be useful in confirming HF aetiology especially in less common
conditions such as myocarditis, sarcoidosis, Chagas disease and haemochromotosis
[3]. There is also utility in using CMR for assessing ischaemia and myocardial

viability in the work up for CHF.

The limitations around CMR largely surface with the capital cost and expertise
required in image acquisition and interpretation. Although MRI is becoming
increasingly accessible to hospitals, it remains at a higher cost than
echocardiography. Due to the size of the ‘bore hole’ (area that the patient slides into
for scanning), claustrophobic or morbidly obese patients may be declined imaging.
Finally, this modality has unclear risks to patients with metallic implants and devices
[3]. CMR will be discussed in further detail at Chapter 3.

Recommendation Class Level

Transthoracic Echocardiogram (TTE) is recommended for I C
the assessment of myocardial structure and function in

patients to establish a diagnosis of HFrEF or HFpEF.

TTE is recommended to assess LVEF in order to identify I C
patients who could be suitable for evidence-based
pharmacological and device (ICT, CRT) treatment

recommended for HFrEF.

Other techniques (including Doppler and deformation lla C
indices) should be considered in the TTE protocol for

subjects at risk of developing HF in order to identify
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myocardial dysfunction at the preclinical stage.

CMR is recommended for the assessment of myocardial I C
structure and function in subjects with poor acoustic

window or complex congenital heart diseases.

CMR with late gadolinium enhancement should be lla C
considered in patients with dilated cardiomyopathy in order
to distinguish between ischaemic and non-ischaemic
myocardial damage in case of equivocal clinical and other

imaging data.

CMR is recommended for the characterisation of I C
myocardial tissue in cases of suspected myocarditis,
amyloidosis, sarcoidosis, Chagas disease, Fabry disease

non-compaction cardiomyopathy and haemochromatosis.

Non-invasive stress imaging (CMR, stress b C
echocardiography, SPECT, PET) may be considered for
the assessment myocardial ischaemia and viability in

patients with HF and coronary artery disease (CAD).

Cardiac CT may be considered in patients with HF and low lla C
to intermediate pre-test probability of coronary artery

disease.

Reassessment of myocardial structure and function is I C

recommended using non-invasive imaging:

e |n patients presenting with worsening HF symptoms.

e In patients with HF who have received evidence-
based pharmacotherapy in maximal tolerated doses,
before the decision on device implantation (ICD,
CRT).

Table 1 - Recommendations for cardiac imaging in CHF by the European Society of
Cardiology [3].
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Chapter 2 — Management of CHF

2.1 Evolution of CHF management

The management of CHF is largely evidence based and the European Society of
Cardiology working group on HF have published international guidance [3]. More
recently we have published a review article that focuses on the relevance of
identifying and monitoring symptoms of patients with CHF [36]. Patient related
outcomes could enable tailoring of management to focus on the symptomology of
the patient and likely improve quality of life [36]. The focus of management in CHF is
to increase survival, improve functional capacity and relieve symptoms. The
management options have gone through a number of changes with one of the most
dramatic being the reversal of betablockers (BB) from being contraindicated in CHF
patients (due to its negative inotropic properties) to becoming a mainstay treatment
in this syndrome. Indeed the first clinical trial in BB that showed an improvement in
survival took place only in 2009 [37]. Other medications such as angiotensin-
converting enzyme inhibitors (ACEI) had proven efficacy as early as 1987 with
mineralocorticoid receptor antagonists (MRA) following suit shortly after in 1999 [38,
39]. There have also been some newer drug mechanisms uncovered and novel
drugs entering the market such as angiotensin receptor neprilysin inhibitors which
have improved survival further. Additionally, device therapy may provide significant
improvements when pharmacological therapies have already been explored.
Notably, many patients (44%) with HFrEF that improve with pharmacological therapy
(a normal LVEF, minor or normal biomarkers and absence of symptoms) relapse
back into CHF within 6 months when medical management is stopped [40]. This
suggests that current markers such as LVEF are likely to not be sufficient for
monitoring disease or to appreciate CHF as a syndrome that causes changes
beyond the heart. The management of CHF can be split into pharmacological and

non-pharmacological options.

25



2.2 Pharmacological management of CHF

Angiotensin-converting enzyme inhibitors (ACEI)

Angiotensin converting enzymes convert angiotensin | to angiotensin Il. Angiotensin
Il is a peptide hormone that causes systemic vasoconstriction and sodium retention
via kidneys and the adrenal gland, thereby increasing SV, afterload and systemic
blood pressure (BP). Inhibition of this enzyme through ACEI thereby leads to
vasorelaxation, reduced afterload, and less renal salt and water retention. Since
ACEI also block the activity of the kininase enzyme, ACEI enhance the vasodilating

properties of bradykinin through inhibition of its breakdown [41].

Guidelines recommend that ACEI are initiated at a low dose with regular dose
increments to the highest level tolerated to maximise renin-angiotensin-aldosterone
system (RAS) inhibition [42]. This has beneficial effects on cardiovascular
remodelling through arterial and venous dilatation, reduced systemic volume and
afterload resulting in lower systemic BP. Optimal dosing of ACEI is associated with
significant improvements to mortality and morbidity in patients with symptomatic CHF
and acute LVSD following Ml [42, 43].

Angiotensin Il type | receptor blockers (ARB)

Patients with CHF usually receive an ARB when they are not able to tolerate ACEI.
ARB independently reduce cardiovascular mortality and are also associated with
lower hospitalisation rates when combined with standard medical therapy including
ACEI [44, 45]. Despite this, ARB should only be combined with ACEI under strict
supervision, often in patients that are intolerant to standard treatment. In general,
ARB are not used in combination with ACEI due to the increased side effect profile,
particularly to renal dysfunction (and the associated serious electrolyte imbalances)

which usually outweigh the benefits to CHF hospitalisation rates [46].

Angiotensin receptor neprilysin inhibitor (ARNI)
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This is a newer class of RAS blocking drugs. It is a combination of an ARB and a
neprilysin inhibitor. Neprilysin inhibitors augment (slows) the breakdown of peptides,
most relevantly, natriuretic peptide levels (A & B-type natriuretic peptides) and
bradykinin. Maintaining natriuretic peptides promotes diuresis, sodium loss,
myocardial relaxation and inhibits aldosterone and renin whilst slowing LV
remodelling. The PARADIGM-HF trial compared ambulatory patients with
symptomatic CHF and found ARNIs superior to ACEI in terms of a reduced
cardiovascular mortality, all-cause mortality and CHF related hospitalisations [47].
The only commercial option is Sacubitril/valsartan and on release represented the

end of a 10 year gap in novel medication approval for patients with CHF [48].

B-adrenoreceptor antagonists (Beta-blockers)

BB reduce the effect of adrenaline on B-receptors, impeding sympathetic nervous
system activation. Patients with CHF have altered neurohormonal activation with
profound increases in sympathetic activity as a compensatory positive inotropic
mechanism to improve SV alongside peripheral vasoconstriction [49]. Inhibiting
sympathetic over-activation is associated with improved ventricular remodelling and
survival [50]. In the last decade, drugs that block beta-1 receptors (predominately
expressed in cardiac muscle) have been utilised in HF although BB that are non-
selective may be more beneficial [51]. Guidelines suggest starting BB following a
diagnosis of HF even in acute circumstances due to the associated improvements in
mortality and morbidity, albeit cautiously [52]. The dosing should be gradually
increased to the maximum dose that is tolerated by the patient with observation of
the BP and heart rate (HR).

Digoxin

Digoxin causes inhibition of the sodium potassium adenosine triphosphatase (Na-K-
ATPase) membrane pump mainly within the myocardium. This results in increased
sodium levels intracellularly producing mild diuretic and positive inotropic effects.
Digoxin also augments neurohormonal function and reduces atrio-ventricular

conduction [53]. Optimising digoxin dosing is difficult as it is primarily excreted
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through the kidneys with low doses producing positive inotropic effects whilst higher
doses can give side effects such as confusion, arrhythmias and death [54, 55]. The
drug has moved from first line treatment to being reserved for specific indications
due to its narrow therapeutic window, increased mortality risk and unclear benefits,
despite being associated with reduced hospitalisation [55-59]. The modern use of
digoxin is to alter the ventricular rate in patients in AF when other medications have

failed.

Ivabradine

Ivabradine inhibits the conduction channels of the heart, specifically the It (funny
channel) found in the sinus node. This causes a slower HR without the classical
changes to BP. Due to its mode of action, Ivabradine is not licensed for use in
patients who do not have a sinus rhythm, for example those in atrial fibrillation (AF).
It is associated with improved survival in patients who have CHF (LVEF<35%) with a
resting HR = 75bpm [60].

Loop and thiazide diuretics

Loop diuretics act on the Na-K-ClI cotransporter found in the thick ascending limb of
the loop of Henle. By inhibiting reabsorption of these molecules, water remains

within the collecting duct and passed from the body through urine.

Thiazide diuretics inhibit NaCl symporter in the distal tubules within the kidneys
giving a longer but weaker acting mechanism of action than loop diuretics [61].
Caution must be given when these two drugs are prescribed together due to potent

synergistic diuresis.

These classes of diuretics have been shown to improve symptoms such as
dyspnoea and peripheral oedema. Indeed meta-analysis suggest diuretics may even

improve exercise capacity and mortality [62].

Mineralocorticoid receptor antagonists (MRA)
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MRA primarily inhibit sodium reabsorption in the kidneys via the collecting ducts.
This promotes diuresis which reduces cardiac preload and afterload. MRA are
recommended in combination with ACEI and BB for further improvements in
mortality and hospitalisation in patients with symptomatic CHF [63]. Caution must be
taken in monitoring renal function, particularly potassium levels in CHF patients

managed with MRA.

Anti-arrhythmic drugs

CHF patients are more likely to develop ventricular tachyarrhythmias and are at
greater risk of sudden cardiac death. However, combining standard treatment such
as BB with anti-arrhythmics such as dofetilide and amiodarone whilst helpful in
converting AF and reducing hospitalisation does not reduce mortality [64, 65].
Guidance is to use standard CHF treatment including ACEI, BB, MRA and
sacubitril/valsartan to reduce rates of ventricular arrhythmia and sudden death.

Risk factors

Modifying risk factors are useful in all patients with CHF. The SPRINT trial has
shown that treating hypertension aggressively (aiming for systolic BP<120 mmHg)
reduced mortality and hospitalisation rates [66]. This supports earlier findings that

controlling BP delays HF development [67].

There is significant evidence that ACEI can stall development of HF and reduce
mortality in patients with IHD [68]. Indeed IHD represents a significant modifiable risk
factor with primary percutaneous coronary intervention associated with a reduced
the risk of HF and impaired LVEF [69]. Medications such as ACEI, BB and MRA are
associated with reduced mortality and HF related hospitalisations following Ml [70-
73]. Statins (HMG-CoA reductase inhibitors) also make CHF less likely to develop
[74].
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2.3 Non-Pharmacological management of CHF

Non-pharmacological management options are often under emphasised in CHF
management. Multiple studies have identified lifestyle modifications as effective in
reducing both preventing and reducing progression of CHF and cardiac disease [75,
76].

Exercise

All patients with CHF are encouraged to carry out regular exercise. Increasing
physical fithess improves exercise capacity and prognosis. This helps to counter the
complex syndrome of CHF (neuroendocrine, haemostatic, inflammatory and
musculoskeletal) which leads to altered haemodynamic response and muscle
wasting [77]. Exercise training has been shown to partially return peripheral
abnormalities to normal including mitochondrial function, composition of skeletal
muscle fibres and skeletal muscle mass [78]. Furthermore, exercise seems to
correlate with reduced risk of HF and related hospitalisations [79]. This is partially
explained through the reduced incidence of some of the CHF risk factors of CHF

such as diabetes and obesity [80].

Alcohol consumption

Patients should stay away from significant weekly alcohol intake; however modest
alcohol consumption (<7 drinks/week) has been associated with a lower risk of future
HF [81]. The benefits are less clear in patients without a history of Ml and it is likely

drinking patterns and genetics that confer risk [82, 83].

Smoking

Smoking is strongly linked to IHD, a significant risk factor for CHF. It has also been
independently linked to worse mortality and morbidity with smoking cessation leading
to improved outcomes [84].
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Diet

Dietary advice in CHF is relatively generic, focusing on eating a well-balanced
healthy diet and cautioning away from salt rich foods which is helpful to offset the
development of hypertension. Diets that are low in saturated fats and high in fruits
and vegetables reduce the incidence of HF and are associated with higher LV
function [85, 86].

Travel

Individuals with HF are more likely to develop venous thrombosis during periods of
sedentary travel. HF patients are prothrombotic due to the reduced blood flow,
altered endothelial wall (such as impaired nitric oxide release) and increased plasma
viscosity present in this cohort [87]. Thus, it is important that patients with CHF keep

mobile on long journeys and stay well hydrated.

2.4 Device therapy in CHF - Cardiac resynchronisation therapy
(CRT)

The effect of conduction delay and indication for CRT

CRT is indicated for symptomatic CHF patients with cardiac dyssynchrony. This is a
complex phenomenon in which there are prolonged atrioventricular intervals and
ventricle-ventricle delays causing pauses and dyssynchronous contraction of the

ventricles [88].

Contraction of the ventricles is controlled through cardiomyocytes and the Purkinje
conduction fibres. As the contraction signal is passed down, a coordinated muscular
contraction occurs giving an efficient powerful ventricular squeeze, generating the
CO via SV. This pattern can become uncoordinated due to disease of the
myocardium, failure within the conduction system itself or from iatrogenic causes
(eg. Right ventricular pacing) leading to reduced LV systolic function [89, 90].
Conduction abnormalities are over-represented in CHF patients with left bundle
branch block (LBBB) present in approximately 25% of the cohort [91]. Presence of

LBBB is a poor prognostic marker in CHF and has been shown to dramatically
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increase 1 year mortality (16.1% vs 11.9% across the general population of CHF

patients) with an associated 58% raised risk of sudden death [92]. The poor co-

ordination of muscle contraction causes late tissue activation resulting in greater

work load requirements (variance in myocyte sarcomere shortening) of the

myocardium via canine models [93]. This in turn reduces myocardial perfusion,

exacerbating the delayed contraction and reducing SV [89, 94]. CRT synchronising

ventricular contraction whilst producing increased energetic efficiency as measured

with myocardial oxygen consumption [95].The cumulative effect is worse survival for

patients who already have a poor prognosis with CHF and thus requires proactive

identification and management [96].

CRT should be considered in chronic HF patients and
LVEF <35% who remain in NYHA functional class Il, Il

and ambulatory IV despite adequate medical treatment

Recommendation Class | Level
LBBB with QRS duration >150 ms I A
CRT is recommended in chronic HF patients and LVEF
<35% who remain in NYHA functional class Il, lll and
ambulatory IV despite adequate medical treatment.
S
€ [LBBB with QRS duration 120-150 ms | A
e
é CRT is recommended in chronic HF patients and LVEF
2 <35% who remain in NYHA functional class Il, Il and
42 ambulatory IV despite adequate medical treatment.
Q0
& [ Non-LBBB with QRS duration >150 m la B
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Non-LBBB with QRS duration 120-150 ms

CRT may be considered in chronic HF patients and LVEF
<35% who remain in NYHA functional class Il, Ill and

ambulatory IV despite adequate medical treatment

l1b

CRT in patients with chronic HF with QRS duration

Patients in permanent AF

Patients with HF, wide QRS and reduced LVEF

CRT should be considered in chronic HF patients,
intrinsic QRS 2120 ms and LVEF £35% who remain in
NYHA functional class Il and ambulatory IV despite
adequate medical treatment, provided that a BiV pacing
as close to 100% as possible can be achieved. AV
junction ablation should be added in case of incomplete

BiV pacing.

lla

Patients with uncontrolled heart rate who are

candidates for AV junction ablation

CRT should be considered in patients with reduced LVEF

who are candidates for AV junction ablation

lla

Table 2 — Indications for CRT in patients in sinus rhythm and permanent AF.

Adapted from current ESC guidelines [88].

How does CRT work and improve outcomes?

CRT devices stimulate both the left and right ventricles via biventricular pacing (BiV)
by creating a state of pre-excitation at the LV free wall and right ventricular (RV)
septum or apex. The lead into the LV is placed using retrograde insertion from the
lateral cardiac vein via the coronary sinus (figure 2). The LV is generally stimulated
slightly earlier than the RV to re-create normal contraction of the heart. It is important
to note that electrical activation delays create corresponding muscular contraction

delays [97]. This is complicated by dyssynchronous contraction due to muscle
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damage and contractility weakness even in the context of normal electrical activity
[89]. Early RV stimulation leads to greater dyssynchrony particularly impacting the
LV [98]. To improve coordination, atrial electrical activity is either measured or paced
with a timer followed by ventricular stimulation and thus contraction. Placing the lead
in the LV more laterally, coinciding with the most delayed region is effective for
outcomes as opposed to an apically positioned lead [89]. However other studies
have found apical placement to be associated with improved survival and reduced
cardiac events [99]. By improving ventricular contraction, a dramatic improvement in
SV and systolic function are obtained. Indeed, both myocardial efficiency and
coronary blood flow are improved [100, 101]. These changes result in reduced
mortality and morbidity in CHF patients which are promoted further in those with
more prolonged conduction [3, 102]. Importantly, functional capacity has been shown
to improve following implantation [103]. Symptoms such as breathing are often less
severe as validated by lung function tests and breathing patterns analysis post
implantation [104]. These improvements are likely due to correction of the
dyssynchrony as CHF patients with relatively normal ventricular conduction do not
receive a benefit and instead have increased mortality following CRT implantation
[105].

Right ventricular lead
Atrial lead

Left ventricular lead S ' CRT pulse

— ~/generator

LV lead inserted

" . LV lead placed into
into coronary sinus

lateral epicardial LV
wall

RV LV
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Figure 2 — The lead positions of a CRT device. Adapted from Albatat et al [106]

Fine tuning CRT for the patient involves optimising both the interventricular and
atrioventricular (AV) delay at rest and on exercise. The interventricular delay can be
optimised using a number of methods including BP or CO monitoring based on
echocardiography, invasive measurement of systolic ventricular pressure and
algorithms within the device. There are many methods of AV delay optimisation with
the target usually depending on the modality chosen such as echocardiography or
formula based parameters [107]. A number of studies have shown that optimising
CRT is associated with improvements to mortality, quality of life and exercise
capacity [102, 108, 109]. Conversely, methods such as AV optimisation has been
found to have a neutral effect on echocardiographic and clinical outcomes [110-112].
Furthermore, it remains difficult to evaluate which methods are the most effective
and guidance suggests optimisation to be trialled in patients who have a poor

response to CRT [3].

CRT is not effective in all CHF patients and a positive long-term outcome is often
associated with the degree of reverse remodelling. A number of factors are
suggestive of a positive response: Female sex, large QRS width and presence of
LBBB [3]. Despite this, approximately 30% of CHF patients do not improve with CRT
[113]. This relatively high rate is associated with the lack of knowledge surrounding
the multi-modal mechanism of CRT action and the variable definitions of non-
response by specialists. Response can be defined by an improvement in mortality,
quality of life, reverse remodelling measurements and composite measures. Indeed,
only 4 studies evaluating CRT response have a strong agreement end points, which
increases to 75% for a weak agreement [114]. CRT effectiveness is also complicated
by AF, which is present in approximately a quarter of CHF patients receiving CRT
[115]. This group of patients did not receive benefits from CRT when compared with
non-AF CHF patients in the RAFT study [116]. The Packer composite score which
categorises patients as worsened, unchanged or improved identified improved
outcomes in the BLOCK-HF study across all time points when comparing BiV to RV

pacing in CHF patients [117].
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Wider QRS, left bundle branch block, females,

Highest
(responders) non-ischaemic cardiomyopathy
Males, ischaemic cardiomyopathy, NYHA class IV,
non-left bundle branch block morphology
Lowest

(non-responders) Narrower QRS

Figure 3 - The factors influencing the response to cardiac resynchronization therapy.
Adapted from Brignole et al [88].

2.5 Other device therapies in CHF

Implantable cardioverter defibrillator (ICD)

An ICD is an advanced pacemaker that has the ability to shock the heart in order to
carry out cardioversion or defibrillation. They are a useful option when medical
therapy has failed to restore an acceptable rhythm. Approximately 40% of CHF
patients die from sudden or explained death [118]. This is blamed in part due to
arrhythmias; however anti-arrhythmic medications have a low success rate and can

increase mortality [3].

ICDs are recommended in CHF patients with an ejection fraction < 35%, however
they should be avoided in patients who have had a Ml within 40 days or those with
New York Heart Association functional class (NYHA) IV and are unresponsive to
medical therapy [3]. ICDs are effective in reducing sudden death and RCTs indicate

mortality reduction of 23% following implantation [64].

Left ventricular assist devices (LVAD)

LVAD are destination therapy or a bridge to transplantation for patients on the
waiting list for organ donation. A LVAD is a mechanical pump placed into the LV to
support the native heart. Patients must be anticoagulated and treated proactively for
pathogens to reduce the otherwise significant risk of pump thrombosis and infection
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respectively. LVADs improve survival and quality of life when compared with optimal
medical therapy [119]. However, these devices are yet to become easily accessible
as only a few centres in the country are capable of implantation and monitoring due
to the high capital cost and associated aftercare. This makes it important to ration it
to CHF patients who have failed to improve following all traditional therapy options
including CRT. It is difficult to gauge implantation rates, however it is believed less
than 80 LVADs are implanted in the UK annually [120]. LVADs have complications
associated with implantation which fall into 3 main categories: Thrombus formation,
infection and device failure. The latter two issues have steadily reduced in incidence
through improvements in the device technology, surgical procedure and driveline
materials. Stroke remains as a significant lifetime risk for LVAD patients which can
be as high as 13.3% though definite numbers remain unclear due to the rapidly
evolving device technologies [121]. Patient selection for implantation also requires
further refinement as comorbidities that are classically found in CHF patients such as
hypertension and chronic kidney disease are associated with higher adverse
outcomes and reduced likelihood of receiving a cardiac transplantation post LVAD
implantation [122, 123]. It is expected that following more research, LVADs will
become more commonplace with a reduced side effect profile (potentially in a
broader cohort) through state-of-the-art developments such as wireless power

sources and miniaturised devices [124, 125].
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Chapter 3 — Magnetic resonance imaging (MRI) and

safety issues

3.1 Introduction

MRI scanners are able to produce incredibly detailed images of the body and tissue
in humans and animals. The technique utilises non-ionising electromagnetic waves,
specifically microwaves and radio frequency waves instead of ionising radiation as
found in x-rays and CT scanners. Dr Raymond Damadian theorised that cancerous
cells should have higher water content compared to healthy cells which can then be
picked up by magnetic resonance (MR) [126]. He then went on to patent and build
the machine that produced the first images of the human body (his assistant) which
was published in 1977 [127]. MRI is useful in many areas of medicine and is typically
used in imaging the brain, spine, heart and musculoskeletal system and is
considered unsurpassed at assessing soft tissue. Initially the cost of these machines
was prohibitive for most of hospitals, however as the capital cost reduced alongside
the potential utility of scanning, the availability of MRI has continued to increase in
keeping with the majority of developed countries. In 2017, the UK had 6.1 MRI
machines per million people which was less than Germany and USA at >10 and >15
per million people respectively [128]. However, the UK utilises these machines at a
rate of 56.3 per thousand people which is relatively in line with the average of
sampled countries. Initially the criteria for obtaining a scan was quite restrictive due
to the known and unknown dangers which largely revolved around being in close
proximity to a powerful magnet. Furthermore, the first few decades of MRI
development focused on increasing the field strength of MRI largely under the
perception of increasing image quality. This has led to the field strengths of MRI
scanners progressing from 0.35T to the clinical standard in the UK of 1.5T to recently
publicised 10.5T scanners that are used in the research environment [129, 130].
Much of the research in MRI in the last decade has focused on studying and
modifying existing scanning protocols and image acquisition techniques. This has led
to superior images, reduced scanning times and many more methods of scanning

tissue each with their own advantages and disadvantages. Furthermore, more
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experience with scanning, larger safety studies alongside the steady standardisation
of MRI compatible devices has created a smaller list of contraindications to scanning

than ever before.

PET Histopathology MRI
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Figure 4 - Frequency range for common cardiac imaging modalities

3.2 The basic principles of MRI

MRI is based on the concept of the absorption and subsequent release of energy,
specifically when taking place in the radio wave range. The human body is largely
made up of muscle, bone, water and fat. MRI relies on imaging the signal produced
by hydrogen nuclei from water. The hydrogen atom is a proton with a surrounding
electron without a neutron present. The charged state of the nucleus gives a
magnetic moment which is usually spinning in a random direction. When exposed to
an external, static magnetic field, nuclei of atoms behave like magnets that align in
the same direction as the magnetic field or switch to the opposite direction. The
larger the magnetic field, the more nuclei that have a magnetic moment aligned in

the same direction (low energy state) as opposed to being anti-parallel (high energy
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state) [131]. This fact is made more important when considering that in most cases
the majority of “noise” or unwanted signal is from the scanned sample rather than
originating from hardware [132]. In theory this means that the larger the magnetic
field, the higher the number of aligned magnetic moments. Simultaneously, the
atoms are spinning on its axis along the primary magnetic field which is called
precession. The exact rate of movement is the Larmor or precession frequency
which is a product of the static magnetic field strength and the unique spin value of

the atom (gyromagnetic ratio) being utilised such as hydrogen.

t'»
., ¢

Magnetic field Stronger magnetic field

Figure 5 - Exposure to a magnetic field aligns the magnetic moments (orange
arrows) of the nucleic (green circle) to the direction of the magnetic field (black
arrows).

An MRI scanner at its foundation has different coils to generate the static magnetic,
magnetic field gradients and radiofrequency (RF) fields. Within the primary magnet,
gradient coils (often one for each plane; x, y and z) provide the spatial encoding for
the MRI signal. As discussed, the static magnetic field aligns into the direction
parallel to the magnetic field (otherwise known as the longitudinal direction) resulting
in the overall net magnetisation being in the same direction. A RF pulse is
superimposed which is absorbed by the protons, this rotates the net magnetisation
direction into what is known as the “flip angle.” The flip angle is defined by the
strength and duration of the RF pulse. Often the flip angle is set based on the

scanning technique, for example it is frequently 90° or 180° for spin echo sequences
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or inversion pulses which results in a net magnetisation direction in the transverse

plane or the antiparallel (anti-longitudinal) direction respectively [133].

Notably, absorption will only take place when the RF frequency is identical to the
Larmor frequency (precession frequency). When the RF coil is transiently turned off,
the energised nuclei relax into a lower energy state which causes the release of
photons, allowing imaging to take place. The rate of relaxation has an exponential
curve called the relaxation time. In MRI there are two relaxation processes each with
their own constant. The time constant for energised nuclei to reach the neutral or
equilibrium point, i.e. return to being in parallel with the magnetic field which is
termed as T1 or longitudinal relaxation time. The time constant for the reduction of
energy of the spinning atoms as they continue to de-phase and lose magnetisation in
the transverse plane is called T2 or transverse relaxation time. Notably T2 is always

shorter than T1 and conversely is not related to the field strength.

MRI scanner

Primary magnetic field \ 0 ]

(chest) [ 1 1 11 ] [ | coil
Patient .
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| ]

) \O

Trolley (docking station)

Figure 6 - Components of an MRI scanner

The combination of fields in an MRI scanner enables signals to be encoded and
spatially localised, enabling a highly sensitive image of the human body to be formed
[131]. Magnetic field strength is measured in Tesla (T). MRI system strengths have
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increased from an original 0.5T to field strengths of 7.0T and 10.5T which are
generally used in the research setting [130, 134]. Routine hospital MRI for patients
utilises 1.5T systems with 3.0T MRI representing the forefront of advanced imaging
techniques in patients with CHF [135]. There are however certain situations when a
lower strength such as 1.5T may be preferred, for example when a patient has
certain metallic implants that have not been safety approved at higher field strengths.
A more powerful signal generally gives improved spatial resolution and contrast,
resulting in an overall higher resolution. However, by increasing the signal and
contrast, new artefacts may appear or become more pronounced. This can be
particularly relevant when scanning MRI compatible devices (CRT, pacemakers)
[131]. Thus, in reality a higher strength magnetic resonance (MR) field can be both
an advantage and hinderance in terms of image acquisition. This is partially why it
takes many years after the introduction of a higher strength scanner for studies to
identify and modify scanning techniques to maximise the advantages and ensure
safety [132].

There are a large number of scanning sequences that can be utilised in CMR to
obtain high quality images and identify areas of interest. One of the most common
techniques is steady-state free precession (SSFP), a modified version of the older
gradient echo method (GRE). SSFP created a paradigm shift in MRI through its use
of both longitudinal and transverse magnetisation that form multiple types of signal
leading to high SNR and rapid scanning whilst also offering a robust contrast to
noise ratio [136]. The scanning method also has inherent flexibility, with utility in
foetal and abdominal imaging. Despite these advantages, GRE is often utilised in
patients with cardiac implantable electronic devices (CIED) due to the higher rate of

diagnostic grade images and fewer artefacts when compared with SSFP [137].

3.3 Safety Issues regarding MRI

Safety in MRI devices has long been a concern due to the association of strong
magnetic fields and metal objects. This led to cardiac devices being considered as a
strong contraindication for CMR. One of the main concerns around an implanted
metal device is MRI induced heating. RF energy is absorbed and focused in the

metallic object and due to a lack of tissue conductivity, heat accumulates which can
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cause damage to both tissue and the device [138, 139]. Animal studies in pigs have
shown that during CMR, cardiac leads can heat up by 20°C [140]. This was
associated with initiation of tachycardia and a significant change in lead impedances
post scanning. Local tissue injury around the leads have also been occasionally
noted, however, it is difficult to differentiate heat damage from potential trauma
during implantation. Studies in humans have found that abandoned leads in patients
heat up during CMR [141]. CIED such as dual chamber pacemakers can become
damaged in terms of the circuitry, leads or battery. The heating effect can also

damage the human heart itself.

There are other safety concerns with regards to MRI. Due to the strength of the
magnetic field, magnetic objects of various sizes can be attracted to the scanner,
placing the patient at potential harm. This has led to careful design of the scanning
area and the control room with strict restrictions on the personnel present in the
environment, mandatory training for staff and the material composition of the
equipment utilised in this setting. This issue also has significant bearing on the
contraindications list for scanning patients. For example, patients with a metallic
brain aneurysm clip are often unable to be scanned with MRI. An expanded list of
risks and considerations for MRI is found below (figure 7). These issues range from
a relative to absolute contraindication and thus require a case-by-case evaluation
with the MRI radiographer and medical physics to ascertain safety. In general, safety
is assessed in a protocolised fashion such as a patient completed questionnaire with
any positive risk factors then discussed in detail to agree on feasibility in scanning.
Issues such as difficulty in breath-holding can often be managed by modifying the
scanning protocol with the use of free-breathing techniques or increasing the time
between breath-holds [142].

The scanning duration must also be considered carefully in patients, not only for
comfort and feasibility issues but to appreciate the specific absorption rate (SAR).
This is a calculation of the amount of electromagnetic energy absorbed by tissue
during scanning. This is a relatively complex calculation that attempts to take into
account varying tissue types (due to the various absorption rates) as well as other
factors such as the scanning protocol itself which can cause significant variance in
energy absorption [132]. The British Institute of Radiology recommends a SAR limit
of 2W/Kg for general full body scanning [143]. Higher intensity scans such as 4D
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scanning or longer scanning protocols give a higher risk of exceeding SAR limits.
Modern scanners have in-built SAR logging software that result in warnings, inability

to start the scan and potential forced termination of scanning if exceeded [131].
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Metal Safety
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Figure 7 - Safety issues for patients with MRI scanning

3.4 Developments in safety around MRI and CIEDs

Over the last two decades, significant strides have been made in making devices
more resistant to damage or harm under MR exposure, subsequently labelled as
“MR-conditional” with an indication of the field strength it has been tested to. The
developments include reduction of magnetic material within the devices, filters to
reduce RF absorption, reed switches to enable safe function when exposed to
significant magnetic field strengths and advanced programming modes for the device
to function safely during planned procedures [144]. Large reviews have shown that if
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careful considerations to the scanning protocol are made on a case-by-case basis, it
is often reasonable to scan patients with CIEDs [145]. Our group have shown that
the majority of large studies investigating safety in scanning patients with CIED have
identified few side effects across a range of protocols, from general body MRI to
CMR at a variety of magnetic field strengths [146]. Modern MRI has continuous
electrocardiogram assessment, live patient monitoring and allow for regular BP
checks to ensure that the patient is alert and comfortable. A two-way microphone
system is also built in to ensure continuous communication is possible between the
patient and scanning team. Protocols are also developed around the scanning
environment to avoid unexpected issues. For example, if the patient were to
experience an Mi, there is a set procedure for all hospitals to follow that would avoid
the CPR team potentially causing increased harm through exposure to the magnetic
field. This has led to relatively safe operation of MRI worldwide, enabling the
technology to be utilised in an ever expanding set of scenarios when conducted in a
cautious manner [147]. The logging of minor and major incidents has been key in
developing safety standards with a modern rate of incidents reported as below 0.5%

across large scanning sites and a fatality rate less than 0.07% with the UK generally

reporting some of the safest rates of operation [148, 149].

Author Yearof N Device MRI MRI Significant
publicati type conditional scanning  complications
on protocol
Lupo et al 2018 120 PM & No Routine No adverse events
[150] ICD including = were observed. One
cardiac temporary

communication failure

was observed (0.08%).

Nazarian et al | 2017 1509 PM & No Routine In 9 examinations
[151] ICD including | (0.4%) the device
cardiac reverted to a transient

back-up programming
mode without long-

term effects.

Ching et al 2017 140 PM Yes Cardiac None (No adverse

[152] events were observed
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Mason et al
[153]

Russo et al
[154]

Schwitter et
al [155]

Higgins et al
[156]

Bailey et al
[157]

Awad et al
[158]

Shenthar et
al [159]

Friedman et
al [160]

Schwitter et
al [161]

2017

2017

2016

2016

2016

2015

2015

2013

2013

178

1246

156

398

221

153

177

171

150

PM &
ICD

PM &
ICD

ICD

PM &
ICD

PM

ICD

PM

PM

PM

Mixture (82%
non-

conditional)

No

Yes

No

Yes

Yes

Yes

Mixture

Yes
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Routine
including
cardiac

Routine
excluding
thoracic

Cardiac

Routine
including

cardiac

Cardiac &
Thoracic

spine

Cardiac &
Thoracic

spine

Routine
including

cardiac

Routine
including

cardiac

Cardiac

or change to device

performance)

None

One patient required
generator replacement
following scanning
whilst in unsafe device
settings. In 6
examinations (0.04%)
the device reverted to
a transient back-up
programming mode
without long-term

effects.

None

None

One adverse event
(0.4%) possibly related
to the implanted

system and scan.

None

None

None

None



Gimbel et al 2013 177 PM Yes Chest and = None

[162] head
Nazarian et al | 2011 438 PM & No Routine In 3 patients (0.007%)
[163] ICD including | the device reverted to
cardiac a transient back-up
programming mode
without long-term
effects
Wilkoff et al 2011 258 PM Yes Head and None
[164] lumbar
spine
Strach et al 2010 114 PM No Routine None
[165] excluding
cardiac
Mollerus et al = 2010 103 PM & No Routine One pacemaker
[166] ICD including  reverted to transient
cardiac back-up programming
requiring

reprogramming

Table 3 - Trials (n>100) of MRI scanning in patients with implanted cardiac devices.
Complications following scanning are rare regardless of the device being MRI
conditional. Adapted from Koshy et al [146]. PM —including conventional and dual
chamber pacemaker, ICD — implantable defibrillator, MRI — Magnetic resonance
imaging.

3.5 How to conduct CMR in patients with a CIED

A patient with a CIED can be scanned using CMR under careful conditions. Patients
follow routine protocols prior to scanning such as completing a safety questionnaire
however there are additional steps required. The CIED must be treated as a
package meaning that not only does the pacemaker itself need to be MR-conditional
but also the leads. Furthermore, the pacemaker and leads must generally be tested
with each other to maintain MR conditionality. This is often conducted by the
manufacturers of the devices through rigorous assessment with the documentation
published clearly for subsequent use in the form of downloadable files or an

accessible database. In the UK, a device technician is generally required to be
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present for the CIED to have a full interrogation. This is important for two reasons;
firstly, to check that there are no issues with the device package such as lead
dysfunction and secondly to produce a baseline set of parameters pre-scanning. The
device is then placed in an MR-conditional or safe mode. The CMR procedure is
largely identical to routine scanning with close attention paid to arrhythmia formation.
On scan completion, the CIED undergoes full diagnostic checks to ascertain any
changes following scanning as well as programming to return to normal function for
the patient. Extra care must be taken during scanning and image analysis to mitigate
the increased artefact generation associated with CIED such as susceptibility
artefacts [167]. The difference in medium with respect to the patient such as metal
(CIED) to air causes distortions and areas of void on the image. This can be
countered in a number of ways. Simple manoeuvres including the patient resting
their left arm underneath their head physically shifts the pacemaker towards the
head, giving less artefact around the heart on the image. Different scanning

protocols such as GRE are also associated with fewer artefacts [137].

One important issue when scanning CIED patients is to consider the pacing mode. In
general, MRI safe modes are RV pacing only which can alter cardiac volumes and
haemodynamics [168]. The availability of MR-conditional devices, sophisticated
scanners and increasing evidence of safety in scanning patients who have a CIED
suggest feasibility in scanning patients whilst biventricular (BiV) pacing is active as
opposed to RV pacing alone. Indeed, our group proposed a model (figure 8) for
scanning patients with an implanted CRT whilst BiV pacing is active. This model
relies on the availability of a multidisciplinary team including a clinician, MRI

radiographer, medical physics and cardiac physiologist (device technician).
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Post scan device checks and Wide band late gadolinium Gradient echo stress
return to normal pacing enhancement perfusion
mode

Figure 8 - An approach to scanning patients with BiV pacing active. Adapted from
Koshy et al [146].
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Chapter 4 - Magnetic resonance spectroscopy (MRS)

4.1 Introduction

MRS employs a similar process to MRI with the same scanning system utilised to
generate a chemical map of the desired area. MRS is used to identify metabolic
changes found within a voxel (a specific location within a grid of 3-dimensional
space). MRS was originally (and sometimes to this day) referred to as nuclear
magnetic resonance (NMR), however over time, perhaps in association with clinical
practice and distancing from the term “nuclear,” MRS has become the standard way
of referring to this technique. MRS identifies metabolites by using the frequency
information obtained on scanning whilst MRI encodes the same information to
produce the image. Similar to MRI, MRS involves moving electrons that create a
magnetic field through exposure of the external magnetic field giving the protons
(within the nucleus) a different Larmor frequency. This results in chemical shift which
can be analysed as different molecules (i.e., have a different number of protons with
surrounding electrons) which resonate at various frequencies due to the variance in
applied fields [169]. Chemical shift is the key step that allows identification of
different metabolites based on the type of MRS used. In MRS the same nucleus is
analysed, i.e. for 31P, phosphorous of ATP, PCr and Pi is investigated. This
phenomenon assesses the entire molecule in terms of shielding which is the
magnetic field experienced by the molecule. Shielding is comprised of multiple
components such as the hydrogen bonding, magnetic anisotropy and the electron
field (electronegativity) present [170]. If a nucleus of an atom is less shielded (thus
enhanced) by factors such as the surrounding electrons then it has a higher
chemical shift whilst if it is shielded well, it has a lower chemical shift. This interplay
of variable shielding leads to the diagnostic identification of the chemical structures
of the atoms. Following the RF pulse, as with standard MRI, the molecules return to
an equilibrium state which produces a signal called free induction delay (FID) [171].
This signal is then manipulated to remove noise and produce identifiable spectra via

Fourier Transformation (FT) and subsequent chemical shift (figure).
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Figure 9 - Converting MRS signal into spectra. Adapted from Tognarelli et al [172].

s {l.

FID — Free induction delay, FT — Fourier transformation.

Notably, the signal can be both positive and negative. Phase correction is
mathematically applied to the signal to produce positive lines that can then be
identified. There are multiple corrections that can be made, for example zero order
phase correction augments all the peaks in an identical manner whilst first order
phase correction has an effect depending on the position in the spectrum which are
used in delays (such as the time to switch phase encoding gradients between an RF
pulse and the acquisition). Subsequently, areas of interest can be amplified (or

background noise can be removed) to increase the SNR [172].

MRS can be conducted using multiple nuclei including: Hydrogen (*H), Phosphorus
(3*P), Nitrogen (*°N), Carbon (*3C), Fluorine (*°F) and Sodium (**Na). Hydrogen and
phosphorus are the most established for academic and clinical assessment.
Hydrogen is frequently utilised for energy and lipid metabolism whilst phosphorus is
often used in energy metabolism research in cardiac focused scans. MRS has a
diverse range of applications as it can assess the presence of metabolites across a
variety of medium from isolated cells and body fluids to giving insight into the

performance and composition of organs.

Interestingly, in vitro MRS predates clinical MRI with work published in the 1980’s
[173]. Phosphorous magnetic resonance spectroscopy (3'P-MRS) was investigated
in 1960 as a method of exploring adenosine triphosphate (ATP) [174]. MRS then had
application in organelles such as mitochondria and excised organs before proof of
concept was shown in vivo by Ackerman et al [175] in 1980. Clinical and human

based research is becoming more common after significant success in central
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nervous system disease [176]. Quantification of metabolites requires a reference
point such as a phantom model with known concentrations of inorganic phosphate
(Pi) to take into account variance in magnetic field homogeneity, coil sensitivity and
relaxation time. Hydrogen magnetic resonance spectroscopy (*H-MRS) obtains a
water supressed and non-supressed spectrum from the phantom to appreciate the

variance in the reference model and the acquired analysis [177].

There are some differences in MRS methodology from standard MRI that occur
following generation of the MR signal (figure 10). One of the divergent points is
shimming which is present in MRS. This is the process of making the primary
magnetic field produced by the scanner more homogenous. Shimming can be active,
passive or both. Active shimming utilises additional coils that produce and
subsequently modify the overall magnetic field, often by varying coil current (usually
during MRS scanning). Passive shimming is the use of materials with magnetic
properties such as sheet metal to modify the magnetic field as desired, it is
particularly useful when the MR system is being installed to ensure that it achieves
desired homogeneity. Modern scanners frequently employ both methods to reduce
artefact generation and improve signal quality in areas of interest [178]. The main
difference between MRI and MRS is that rather than having a read-out gradient as
done with MRI which produces the positional information, MRS simply uses the
frequency information to determine the chemical spectra of the sample. MRS is also
unigue in being able to identify metabolites non-invasively using non-ionising
radiation when compared with PET scanning. Indeed even within MRI, whilst modern
perfusion techniques such as blood oxygenation level-dependent (BOLD) are helpful
in identifying areas of reversible ischaemia, 3'P-MRS is unique in being able to
investigate cardiac energy reserves and efficiency [179]. MRS has had historical
value in the exploration of cardiac work and continues to receive further study due to

its distinctive offering that is hoped to enter clinical practice in the next few years.
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Figure 10 - Flowchart for standard MRI (blue) and MRS spectra acquisition (red).

4.2 MRS in clinical research

Research into the application of MRS in HF has been ongoing for over two decades.
Due to the versatility of the technique, it can be used to explore a number of cardiac
diseases and with CMR overlay can reveal cardiac structure and metabolism more
clearly. One of the most common variables to study in terms of cardiac metabolism is
the phosphocreatine to adenosine triphosphate ratio (PCr/ATP) through 3'P-MRS.
ATP is the primary substrate for cardiac muscle contraction and it is believed that
during stress there is transfer of ATP from production in the mitochondria to areas of
uptake in the myofibrils. In general, glycolysis produces ATP that is rapidly converted
to phosphocreatine (PCr) via creatine kinase (CK) [180]. PCr is a high energy-
phosphate that provides storage and transportation with the most popular theory
resting on the PCr “shuttle” system [181]. This places PCr with the important role of
acting as a transport system for phosphate and ATP from sites of generation to
utilisation. Cardiac cells in particular have a higher reliance on oxidative metabolism
which gives greater availability of phosphate levels and contractility when healthy
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conditions are met [182]. As ATP is used at many sites in the body, the resting rate
of ATP hydrolysis is high in the context of relatively low concentrations. Specifically,
the ATP hydrolysis rate is ~0.5 pmol/g wet wt/s at rest compared with an ATP
concentration rate of ~5 pmol/g wet wt/s during exertion, giving complete cycling of
ATP every 10 seconds [183]. Notably, the majority (~70%) is utilised for contraction
with the remainder on active electrolyte transfer in channel pumps and within the

sarcoplasmic reticulum [184].

Interestingly, the PCr/ATP is relatively uniform across species [185, 186]. CHF
conversely is associated with reduced PCr/ATP; in fact the severity of CHF is
inversely correlated with the PCr/ATP [187, 188]. A lower PCr/ATP is found in DCM
patients when compared with controls [189]. This has led to the notion of PCr/ATP
acting as a metabolic state that may be contributing to the progression of CHF [190].
The depletion of PCr is associated with reduced cardiac ability to increase output in
response to demand or stress [191]. It is likely that the levels of PCr and CK in
particular are controlled to maximise cardiac energy metabolism. Neubauer et al
[192] not only confirmed that CHF patients are associated with a reduced PCr/ATP
but the reduction was associated with a significantly higher mortality rate compared
with CHF patients with a normal PCr/ATP.

Favoured in myofibrils

PCr+ADP + HY &=—— ATP+Cr

Favoured in mitochondria

Figure 11 - Production of ATP. Adapted from Zweier et al [191].
ADP — Adenosine diphosphate, ATP — Adenosine triphosphate, Cr — Creatine, PCr —
Phosphocreatine,

MRS analysis is fraught with complexity. Low concentrations of ATP and PCr make
this technique more insensitive, resulting in saturation effects when compared with
water protons in human tissue. The imaging technique has a number of limitations,
particularly with regards to variable reproducibility and low spatial and temporal
resolution [193]. Some of the common issues associated with MRS are explored

below:
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o Acquisition time - Due to the low concentration of metabolites in comparison
to water protons, the voxel size is large with often repeat scans needed to
achieve a satisfactory signal to noise ratio (SNR). This is through obtaining
a higher number of signal averages which in turn can lead to long image
acquisition or scanning times [172].

o Spatial resolution - Spatial resolution is of critical importance. It is possible
for the voxel size to be too large, for example >2 cm which would be
problematic when aiming to assess small tumours [194]. Large voxel size is
often present in MRS due to limitations in other factors such as acquisition
time. This can lead to multiple tissue types being included in the
assessment which reduces confidence in quantification of metabolites in a
given area (resulting in a contamination like effect).

o Measurement variability - Measurement of spectra can be done in absolute
or relative terms through the utilisation of a reference. In general, absolute
value measurements are not practical to publish due to the known variance
of these values which are associated with differences in field homogeneity
and device set up. Specifically, water protons can be problematic as a
reference point due to the variability of water content in age groups and
disease states [195]. Additionally, metabolite ratios often require
assumptions in the values of certain metabolites such as creatine which can
change similarly to water in different demographics or disease states [172].
Thus, relative changes in samples are generally of more value across
cohorts, however this removes some of the diagnostic value from the tool
and does not resolve the issues around obtaining reference values for
healthy and diseased patients.

o Motion susceptibility - MRS is significantly limited by motion of subjects,
indeed even physiological motion (such as cardiac movement) during
scanning can be problematic as it is prone to causing changes in spectra
peaks, shifts in frequency and often an increased spectra line width.
Additionally, motion can also cause issues around water suppression which
is critical for consistent spectra analysis [169]. Motion impacts higher
resolution scans due to the smaller voxel size. This can cause significant
variance in results from even minor movement. Some of these issues can

be mitigated by cardiac gating (ensuring that the analysis begins and ends
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in time with the cardiac cycle) and multivoxel spectroscopy, enabling
localisation of the voxel to the most appropriate areas in a given scan [196].
Sampling - Spectra can be obtained from single or multiple voxels within the
heart. There are multiple techniques for single voxel 3'P-MRS such as Point
RESolved Spectroscopy (PRESS) and STimulated Echo Acquisition Mode
(STEAM). These protocols both use 3 RF pulses of various degrees (90 or
180°). Similar to CMR, protocols generally require compromise as higher
resolution (or higher SNR) is often at the cost of longer acquisition times.
Image-Selected In vivo Spectroscopy (ISIS) utilises FID with multiple
acquisitions at different gradients to improve the quality of analysis at the
single chosen voxel with subtraction applied to signals from surrounding
voxels. This process is unsurprisingly more vulnerable to motion artifact
[197]. Magnetic resonance spectroscopic imaging (MRSI) allows multiple
voxels to be sampled simultaneously. The advantage of MRSI is that motion
and issues around voxel selection can be mitigated with greater appropriate
sampling. However the trade-off is often in reduced signal quality and/or
longer acquisition time [198]. Modern scanning protocols have dramatically
improved acquisition time without significant issues in SNR, however each
technigue remains with constraints or issues including artefact generation
[199].

Signal isolation - MRS is also vulnerable to a lack of magnetic field
homogeneity which is often found as a result of the materials and equipment
used during scanning as well as the patient themselves. This issue can be
partially mitigated by shimming [169].

Post processing and specialist expertise - MRS generally requires
significant post processing and analysis due to the plethora of variables
such as field inhomogeneity and a low SNR [177]. Specialist knowledge and
specific scanning systems need to be in place to take into account the
various experimental parameters which makes reproducibility difficult [177].
This can dramatically increase the cost and indeed restrict options for
purchasing MRI systems that are able to handle the variety of scanning

protocols required.
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However, there are reasons for 31P-MRS to have significant utility. Phosphate nuclei
have distinctive spectral peaks which makes quantification manageable [199].
Furthermore, it is able to derive molecular activity without requiring ionising radiation
or contrast [177]. Alternatively, H-MRS has been effective in identifying steatosis in
patients with pre-diabetes and in advance of cardiac dysfunction [200]. This finding
highlights the value of MRS in being able to correlate visceral fat with myocardial
triglyceride content, thus a potential early mechanism to a number of cardiac

diseases.
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1H- MRS $1P-MRS
Number of stable 3 1
atomic isotopes
Gyromagnetic ratio 42.6 MHz 17.2 MHz

value at 1T

General use

Most popular form of MRS

First form of MRS that showed

clinical utility and close second

in popularity
Recommended =1.5T =>1.5T
magnetic field
strength
Relative sensitivity 1 (standard) 0.07

Range of spectral

Narrow (O to 5 parts per

Wide (-5 to 25 parts per

peaks million) million)
Equipment None Separate set of RF coils and
required beyond amplifiers to receive lower
standard MRI frequency signals
scanner capable of
spectroscopy
Number of >25 <10

identifiable peaks

Examples of
analysable

metabolites

Lactate, glutamate, lipids,
creatine, n-acetyl
aspartate, choline and

glutathione.

Cr, PCr, ATP, Nicotinamide
adenine dinucleotide and cell
membrane precursors such as

phosphomonoesters

Common issues

Frequently contaminated
by water and fat that

subsequently requires

Often impacted by “J-coupling”
which is related to chemical

connections between atoms
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suppression techniques (such as hydrogen and
phosphorus) causing
reduction or splitting of signal.
This is mitigated through de-
coupling techniques.

Table 4 - Comparing clinical *H-MRS against *P-MRS.

4.3 P-MRS in heart failure

31P-MRS is the most utilised form of MRS for CHF due to its ability to assess energy
and work efficiency. One of the earliest studies was conducted by Wilson et al [201]
in 1985. This identified altered metabolic activity in CHF as a result of blood flow
changes to skeletal muscle and reduced muscle mass as opposed to simply
distorted central haemodynamics. A follow up study was carried out by Wiener et al
[202] in 1986. 21 CHF patients had their forearm scanned at rest and during exercise
(weighted wrist flexion). It identified CHF patients as having a higher Pi to PCr ratio
(Pi/PCR) when compared with controls whilst muscle blood flow was relatively
unchanged. This suggests that there may be either a maldistribution of blood flow or
altered metabolic activity within muscles. These findings led to the seminal work by
Mancini et al [203] in 1989. CHF patient underwent gastrocnemius muscle biopsies
and *'P-MRS during calf muscle exercises. CHF patients had a higher proportion of
Type lIb fibres which are glycolytic and easily fatigable with associated atrophy of
Type | and lla muscle fibres. Using 3'P-MRS it was found that CHF patients had
higher Pi/PCr in relation to oxygen uptake and exercise. As the Pi/PCr relates to
oxidative metabolism, it shows that the skeletal muscle in CHF patients is likely to be
less efficient than in controls. The team went on to show that CHF patients generally
have both altered metabolic function in skeletal muscle in addition to significant
atrophy, giving a lower muscle mass in this cohort [204]. Furthermore, the PCr level
recovery post exercise was also altered indicating that there are complex factors
such as weakened metabolic activity and peripheral blood flow that explain the

reduced exercise performance found in CHF patients [205].
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Weiss et al [206] investigated if there is energy deficiency (concentration of ATP and
ATP flux) in CHF patients. CHF patients had a reduced PCr concentration and ATP
flux whilst ATP concentrations were relatively similar when compared with controls.
Specifically, CHF patients have reduced ATP regeneration via CK reaction. Notably
myocardial Pi levels were not able to be calculated due to the low resonance
obtained and difficulties around delineating signals. Reductions in ATP concentration
have been noticed in CHF patients [207, 208]. It is believed that measuring Pi levels
consistently in CHF will give a more definitive understanding. Regardless, ATP is
appearing to be less of a major factor as measured biopsy concentrations remain
above minimal levels for normal performance suggesting other measures such as
PCr concentration or ATP flux are of greater importance [209]. Subsequent studies
have shown that increased hand exercises cause a depletion in PCr and increased
Pi concentrations [210]. Exercise training is also associated with a reduction in
Pi/PCr resulting in positive metabolic adaptions such as muscle oxidative capacity

over short time frames.

The Pi/PCr looks to be altered in a couple of diseases such as CHF and chronic lung
disease with an exaggerated response during exercise [211]. Interestingly, the half
time of P/PCR during recovery from exercise is proportional to the halftime of VO2
recovery (r = .70, P <0.01) [212]. Chati et al [213] confirmed that increased Pi/PCr is
associated with CHF patients when compared with controls but importantly the ratio
reduces when the participants are trained, presumably through reduced
deconditioning. These findings suggest that metabolic adaptations occur during short
and long-term exercise or conditioning. The Pi/PCr is even higher in CHF patients
with iron deficiency anaemia, potentially leading to skeletal myopathy and symptoms
[214]. There seems to be lower phosphorylation rates in CHF patients which can
explain the depletion of energy storage and lower Oz uptake in patients as opposed
to controls [215]. Nanbu et al [216] found that with increased HR via dobutamine,
circumferential fibre shortening occurred whilst the PCr/ATP did not change meaning

that the energy demand was met by supply in both controls and CHF patients.

These studies show that metabolic function is altered in CHF and are likely related to
the severity or duration of disease leading to peripheral and systemic changes. The

ability to monitor metabolic function whilst altering HR gives a powerful opportunity to
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explore mechanisms that underlie the various cardiac mechanics that occur as a

response.
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Chapter 5 — Force Frequency relationship (FFR)

5.1 Introduction

During exercise, the healthy heart increases performance and CO primarily through
increased B-adrenergic stimulation resulting in higher HR and contractility via
increased end systolic pressure and volume [217]. When combined with vascular
changes including decreased vascular resistance and increased venous return, 4-6
times increases in CO can be achieved from rest. The force frequency relationship
(FFR) also known as the Treppe (staircase) phenomenon or Bowditch effect is a
crucial physiological relationship between the rate of contraction and the force of

contraction in cardiac muscle cells as outlined:
TFrequency or Heart rate o tContractility

FFR was first discussed by Henry Pickering Bowditch in 1871 through
experimentation with a frog heart [218]. Muscle contraction (depolarisation) occurs
through the release of calcium ions from the sarcoplasmic reticulum (SR). Relaxation
occurs when calcium ion levels in the cell are returned to the SR via channels such
as sarco/endoplasmic reticulum Ca2+-ATPase (SERCA). There are 3 main forms of
the SERCA gene, SERCA 1, 2 and 3. SERCAla and SERCAL1b are associated with
fast twitch skeletal muscle and embryonic growth stages respectively [219].
SERCAZ2a is primarily associated with cardiac tissue and slow twitch skeletal muscle
whilst SERCAZ2b is found in non-muscle cells. SERCA3 is found almost exclusively
in epithelial and endothelial cells. For the purpose of this thesis, SERCA will refer to
SERCAZ2a which is most relevant for cardiac analysis. SERCA acts as a calcium
transporter within the SR. During systole, calcium influx occurs with simultaneous
calcium release from the SR. Calcium ions then attach to troponin C in a crossbridge

manner that generates force and subsequent contraction.

Calcium levels are also reduced via action of the Na/Ca exchanger (NCX) and
mitochondrial uptake [220]. However, SERCA is associated with over 70% of the
calcium level removal and so is critical in myofilament relaxation [221].The efflux of

calcium followed by the influx of calcium and sodium during early diastole seems to
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be one of the key steps that produce the FFR. As the HR increases, the higher rate
of action potentials produces higher levels of sodium and subsequent reduction in
calcium efflux through the inherent limiting refractory rate of NCX activity (whilst
continuing movement in the other channels). This results in higher SR uptake and
more calcium present for subsequent contraction [222]. It is likely that the increased
calcium levels within the SR due to the higher HR is a consequence of the influx rate
of calcium ions being greater than the efflux. Importantly, higher calcium levels are
often associated with increased contractility [223]. The less positive and often
negative FFR that is observed in humans with various diseases is believed to be
through reduced SERCA activity via lower rates of phosphorylation of control
proteins by calmodulin kinase [224]. Interestingly, higher frequencies seem to
produce reduced L-type Ca?* channel transfer in healthy mouse cardiac tissue. This
effect has been noted in human myocytes from CHF patients (including those with
RVF) resulting in a leftward shift in FFR and reduced L-type Ca?* channel activity at
the higher frequencies [225, 226]. The reduced interval at diastole associated with
higher HR leads to higher calcium levels that generate more binding of calcium to
thick and thin myofilaments via troponin C [227]. This phenomenon is also present in
skeletal muscle, however there are differences. Cardiac myocytes have a network
effect of grouped contraction that is consistent, whereas skeletal muscle can be
activated further at higher HR to increase the force of contraction. Notably, skeletal
muscle is modulated by intracellular calcium levels alone converse to cardiac muscle

which is also influenced by extracellular calcium levels.

The HR itself has significance. Levy et al [228] were one of the first to identify the
risk of increased HR to prognosis. Participants that had transient tachycardia both
independently and as part of hypertension had a higher mortality rate. In fact meta-
analysis and large trials have shown that a higher resting HR is associated with
increased risk of cardiac and all-cause mortality in the general population [229, 230].
The issue around this finding is if HR should be treated as an endpoint or as a
marker of disease with the answer likely to be both. Vazir et al [231] showed in 7599
CHF patients that a higher HR was associated with a larger all-cause mortality and
subsequent reduction in HR reducing this risk. The SHIFT study discovered that
CHF patients taking Ivabradine had a 16% reduction in HR compared with a 6.3%
reduction with placebo. The HR reduction via Ivabradine was associated with a
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reduction of 26% in HF related death and 10% in all cause death when compared
with placebo. In both studies, the level of HR reduction was not only proportional to
mortality benefits but more specifically seems to reduce HF events suggesting that
HR reduction could slow disease progression. On the other hand, HR rises during
exercise, infection and mental stress [232]. Increases in HR are also associated with
a predisposition towards obesity and diabetes, both notably associated with CHF
[233, 234]. With progression of CHF, there is increased sympathetic activity leading
to increases in the HR and due to the positive feedback loop that forms with

sympathetic overdrive, HR continues to rise [235].

5.2 Changes associated with CHF

Recent work by Balcazar et al [236] investigated the role of SERCA in FFR using
fruit flies. By causing 2 mutations to SERCA via heat shock on conditional mutants
for the Drosophila SERCA gene (ASERCA, Ca-P60A), two completely different
patterns of the FFR were obtained. Specifically, one mutation caused a dramatic
positive FFR whilst another gave a higher negative FFR effect. This in itself suggests
that the FFR can vary amongst species and be affected by external factors such as
epigenetics. CHF is associated with reduced presence of SERCA. Hasenfuss et al
[237] investigated the FFR in human cardiac tissue obtained from patients
undergoing heart transplantation for CHF as a result DCM or IHD (figure 12). The
tissue underwent stimulation at different rates (30 — 180 bpm) whilst at a
physiological temperature, with concurrent analysis of SERCA expression and
calcium uptake by the SR. The twitch tension was higher in non-failing hearts with a
delayed peak when compared with CHF hearts. It is important to note that there was
significant variation in twitch tension and SERCA levels within the groups. Despite
this variation, SERCA levels were on average 36% lower in CHF patients when
compared to non-failing hearts. After normalisation for expression of contractile
proteins (B-myosin heavy chain), CHF patients had 32% lower SERCA levels than
non-failing hearts. This should be considered in the context of the SR (within
myocardium) being the major source of calcium required for systolic contraction and
the excitation-contraction coupling phenomenon between proteins and contractility
[238]. The aptly named excitation-contraction coupling is a process by which the
increased calcium levels and neurohormonal activity is converted to mechanical

contraction [239]. The persistently high levels of norepinephrine (NE) as part of CHF
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alters the excitation-contraction coupling which results in weakened rather than
supportive changes to FFR [238]. It is therefore likely not a coincidence that the
failing heart has lower mRNA levels with respect to SERCA and calcium release
channels which in turn is linearly linked to myocardial function [240]. The
neurohormonal component cannot be understated in CHF, especially with regards to
FFR and being a condition of sympathetic overdrive [241]. Exposure to NE over a
couple of days results in a significant (40%) drop in mRNA for SERCA and can
partially explain the changes associated with progression of CHF [238, 242]. The
sustained demand for higher CO causes persistently raised sympathetic activity and
NE which results in reduced SERCA in turn leading to reduced contractility and a left
shifted, blunted FFR. This develops into a positive feedback loop of higher NE levels,
causing further negative shifts in FFR with an almost inevitable journey to
decompensation at resting levels. As partial validation, BB improve calcium
transportation and helps normalise SERCA activity [243]. It would be interesting to
investigate if this change is independently associated with haemodynamic and
mortality benefits. This could be explored through an observational study comparing
SERCA activity via biopsy in CHF patients with subsequent cardiopulmonary
exercise testing and follow up for up to 5 years. Notably, ventricular tissue in CHF
patients have significantly lower levels of 3 receptor density (both 1 and B2) than
controls [244]. It is therefore relevant that some BB are found to reduce the

inflammatory response in terms of circulating levels of cytokines [245].
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Figure 12 - Comparing cardiac myocyte FFR in CHF (DCM & IHD) and non-CHF at
different stimulation rates. Adapted from Hasenfuss et al [237]

There are other factors associated with a flatter, left shifted FFR such as the role of
phospholamban and cardiac troponin | (cTnl). Phospholamban is a protein that
reversibly phosphorylates the cardiac SR, in turn regulating SERCA activity [221].
Under-expression of phospholambin is associated with increased contractility (in this
case, the rate of myocyte shortening and lengthening) through increases in the
binding ability of SERCA to calcium [246]. Interestingly, phospholambin levels are
relatively unchanged in HF [237, 247]. However, the diminished levels of SERCA
lead to a higher ratio of phospholambin to SERCA in HF which in turn creates
reduced affinity for calcium and a downward shift in FFR. cTnl plays a control role
(inhibitory) within the troponin structure which is a principle component of contraction
[248]. Protein kinase A phosphorylates cTnl which in turn reduces myofilament
binding to calcium [249]. A study by Takimoto et al showed in transgenic mice that
over expression of cTnl improved FFR at higher stimulation frequencies [250]. It is
believed that cTnl via B sympathetic activity increases relaxation and contraction
velocity [251, 252]. This is important as HF is associated with reduced levels of
phosphorylation of cTnl [253, 254]. Therefore, at higher frequencies or HR it would
be expected that B-activity would shift the FFR upwards and to the right whilst
conditions such as CHF would shift it down and left.
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5.3 Clinical investigation into FFR

LV contractility is associated with survival and can be measured in a number of ways
[255]. Laboratory based studies frequently assess twitch tension which was
historically measured by LV end-systolic elastance (Ees). Ees is the gradient
between the point at which LV pressure starts to rise with LV volume increase and
the LV pressure at left ventricular end systolic volume (LVESV). In vivo studies have
shown Ees to increase during exercise [256]. Assessing Ees generally requires
explantation of the heart with arduous preparation to derive contractility from water
exchange and pressure measurements [257]. The often-utilised LVEF is seen as a
surrogate of contractility, however it has significant constraints around variable
cardiac loading and erratic measurements (depending on imaging modality) and so
would not be appropriate as an independent variable for contractility [258, 259]. More
commonly, contractility is derived in the patient via LV dP/dtmax measurement which
assesses the rate of LV pressure whilst isovolumetric contraction is taking place.
This gives a strong measurement of the inotropic state. LV dP/dtmax is obtained
invasively via measuring pressures of the LV using a catheter tip positioned in the LV
apex. This method allows Ees to be derived albeit through complex analysis (slope
assessment of pressure-volume measures via linear regression of peak elastase
within the cardiac cycle). More recently it has been suggested that peripheral
measurement (radial and femoral) of dP/dtmax has a strong correlation with LV Ees.
Despite the multiple measures of contractility, they are generally rendered unfeasible
by the level of invasiveness and complexity of analysis which may explain why they
are not commonly utilised in clinical practice. One of the more modern measures of
contractility is the FFR calculation which is obtained by the relationship between the
systolic blood pressure (SBP), LVESV and body surface area (BSA) via the following
formula which has been validated against gold standard invasive measures of
contractility [260, 261]:

Contractility = SBP / LVESV / BSA

Using early data from Higginbotham et al [262] and the above formula, the
contractility in the normal man can be derived as 4.86 vs 11.58 when at rest and

peak exercise respectively. Participants reached a mean HR of 167 bpm compared
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with 73 at rest. Many studies investigating FFR have been conducted in animals.
Kambayashi et al [263] investigated FFR in dogs who underwent atrial pacing at
different rates with dobutamine infusions (31-agonist agent), thus increasing cardiac
activity by acting as a positive inotrope [264]. This study showed that there were
limited increases in FFR with a rise in HR through pacing; however the addition of
dobutamine had a significant dose dependent increase in contractility. The same
team explored the effect of using a rate limiting agent, zatebradine [265]. This drug
reduces pacemaker activity on the I+ channel without directly reducing myocardial
contractility [266]. Reducing the HR was associated with a reduction in the FFR
showing that the linear relationship between contractility and HR does indeed exist in
both directions. Subsequently a study in pigs found that increasing the load on
myocytes caused decreased velocity in sarcomere shortening in both controls and
CHF specimens, however the effect on the CHF group was more pronounced at both
lower and higher loads [267].
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Figure 13 - Change in contractility in canine hearts with varying HR via atrial pacing
and the influence of dobutamine. Adapted from Kambayashi et al [263].

Cont — control, Low — Low dobutamine infusion dose, Mid — Medium dobutamine
infusion dose, High — High dobutamine infusion dose.
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Early work by Ginzeton et al [268] showed that contractility is generally higher in
normal subjects compared to cardiac patients (IHD). Furthermore, during exercise,
control patients were able to raise their contractility at a much higher gradient than
patients post MI. In vitro studies have validated the notion of different cardiac
conditions (including CHF aetiologies) being associated with various myocardial
function when HR is increased [238]. In general, samples with a CHF aetiology had
reduced myocardial reserve (a specific method of assessing contractility variance
from 60 to 120 bpm). It is also notable that that conditions associated with a lower

myocardial reserve also had a lower optimal frequency.
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Figure 14 - The optimal stimulation frequency in different cardiac conditions with the
subsequent myocardial reserve. Adapted from early work by Alpert et al [238].

ASD — Atrial septal defect, CAD — Coronary artery disease, CAD + DM - Coronary
artery disease with insulin dependent diabetes mellitus, DCM — Dilated
cardiomyopathy, MR — Mitral regurgitation, VM — Viral myocarditis. *Patients with HF.

Bombardini et al [269] pioneered the modern technique non-invasive analysis of
contractility via exercise echocardiography in 2003 by comparing control and cardiac
patients. This is also when the concept of the critical heart rate (CHR) was coined

which refers to the HR at which contractility peaks. This confirmed a positive FFR in
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control participants whilst patients referred for cardiopulmonary exercise testing with
a subsequent negative exercise stress test had a flatter FFR and patients with a
positive stress rest had a left shifted FFR. The same team went on to assess
contractility in patients with permanent pacemakers (PPM) who were either normal,
had a history of IHD or DCM accounting for 7, 8 and 11 patients respectively [270].
Using echocardiography, it was again found that the FFR in controls was higher with
a positive linear relationship when the HR was increased via atrial pacing when
compared with both IHD and DCM patients who had a lower and relatively static
change in contractility with HR. Around the same time an invasive study by
Esfandiari et al [271] showed that HR increases by RA pacing from rest produced a

linear response in control participants whereas CHF patients had a flat FFR.

More recently Gierula et al [272] investigated the effect of rate response
programming in patients with CHF. In this study it was shown once more that control
participants had increasing contractility with higher HR whereas CHF patients had a
relatively static FFR throughout. Notably the CHR was 126 bpm vs 103 bpm in
control and CHF patients respectively. Appreciation of the CHR through personalised
rate adaptive programming was shown in this study to improve exercise time and

even peak oxygen consumption.
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Figure 15 - Increasing FFR compared with static FFR in control and CHF patients
respectively with increasing HR. Adapted from Gierula et al [272].
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Chapter 6 — Assessment of safety in scanning

patients with CRT active and disabled

6.1 Background

CRT devices are indicated in approximately 26.8% of CHF patients and present in
6.8% [273]. Implantation is associated with improvements in functional capacity, QoL
and survival [3, 102, 103]. The mechanism by which these changes are achieved are
not fully understood. It would be expected that with a more synchronised contraction
of the ventricles, a higher LVCO is generated, resulting in improved clinical
outcomes. It would therefore be useful to investigate CRT and HR augmentation
using fidelity that CMR offers. In order to explore this, CRT devices must be
programmed to retain BiV pacing whilst in the scanner. This is not routine practice in
the MRI setting, thus an important step would be to assess safety of BiV pacing
during CMR.

Developments in CMR and pacemaker devices have improved dramatically in the
past 3 decades. When combined with an experienced team of clinicians,
radiographers and medical physics, the risks of CMR on a CIED and the patient are
generally seen as minimal. Despite these advances, common practice in scanning
patients with a CRT device is to switch the device pacing mode from BiV to RV only
pacing as an effort to reduce risks of harm to both patient and device [146]. This
approach is problematic as not only is RV only pacing expected to give a falsely low
overall CO in CHF patients but specifically will mitigate the impact CRT has on LV
function in this cohort during scanning. MR-conditional devices are standard in
developed countries and in theory it is possible to program many devices into a
relatively “normal” BiV mode that is safe in the MRI setting. In the UK, this is
generally only viable in the hands of an experienced cardiac physiologist who
manages CRT devices as well as a skilled MR radiographer to ensure safe
procedural activity and levels of MR exposure are as minimal as possible.
Conducting CMR in patients with BiV pacing would give insight into the mechanical
improvements made by the heart with this therapy as well as enabling the
exploration of HR changes on cardiac mechanics. This work must be done with care

72



to avoid the historical issues associated with scanning a CIED such as heating or
arrhythmia formation [274].

MR-conditional pacemakers started to be formally approved by safety regulators in
2011 following rigorous testing by manufacturers [275]. Major vendors produced
devices that had modified reed switches, RF filters and reduced ferromagnetic
materials in order to reduce the effective exposure of the device to electromagnetic
radiation associated with CMR scanning. Importantly, efforts were made by the
vendors on the programming modes of the devices to ensure reliable functionality of
the device in this environment. Developments in scanning have allowed for shorter
scanning periods as well as strict safety practices (such as investigating
compatibility, awareness of other implanted devices and a safe working area). These
improvements have led to many large studies identifying relative safety in scanning
patients with a CIED implanted, indeed even in the context of a non-MR conditional
device being in situ [151, 276].

Modern CIEDs can be interrogated with a device programmer to assess device and
lead parameters such as battery voltage and lead impedance. In general, current
practice suggests most of the variations following an MRI scan from the pre-scan
values are clinically non-significant, especially when standard scanning protocols are
followed [275]. Based on this information we proposed that scanning patients with a
CRT device and BiV pacing active should be relatively safe if conducted with
experienced healthcare practitioners and a robust selection and scanning protocol
[146].Should this be viable, it would not only allow patients to be reviewed with CMR
using relatively similar programming to their usual settings (thus giving a more
representative impression of cardiac function) but also allow for greater insight into
the mechanism by which CRT improves cardiac function in most CHF patients. We
received research and ethics approval (Appendix 2) to bring CHF patients in for
CMR scanning whilst CRT remained active and HR augmentation takes place. This
chapter will focus on safety, specifically the monitoring of symptoms or clinical
changes in the patient in addition to examining device or lead parameter variation

during and following CMR scanning.
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6.2 Methodology

CHF patients with CRT devices were recruited from outpatient heart failure clinics at
Leeds General infirmary, Leeds, UK. A patient information sheet that was approved
by the research and ethics committee (17/SC/0612) for the study was given to the
patient to ensure informed consent. A full explanation of the rationale, purpose and

structure of the study was also given prior to recruitment.
Inclusion criteria:

e Patient over the age of 18

e Implanted with a 3.0T MR-conditional CRT-D
e CIED in situ for greater than 3 months

e Baseline LVEF less than 45%

e Ongoing symptoms with at least 3 months of optimal medical therapy
Exclusion criteria:

e History of uncontrolled arrhythmias

e Acute myocardial infarction or cerebrovascular event within 1 month
e Patient is unable to lie flat

e Patient is unable to tolerate the CMR environment

e Patientis NYHA 4

Once the patient agreed to take part in the study, a suitable day was booked that

would enable scanning to take place ensuring:

e The patient was available to attend the advanced imaging centre at Leeds
General Infirmary.

e The 3.0T SIEMENS Prisma scanner housed at the advanced imaging centre
at Leeds General Infirmary was available

e A suitably trained radiographer was available for a maximal period of 2 hours

set aside for the visit

e A suitably trained cardiac physiologist was available for the approximate 2

hours set aside for the visit
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Transportation (private taxi) was also organised as required by the patient to aid
recruitment and patient participation. Contact details were given to the patient and
obtained to maximise communication and awareness of any change in

circumstances.

The patient arrived in the department (Advanced Imaging Centre, Leeds General
Infirmary) after the patient’s pacemaker details were confirmed with their records. A
case report form for the patient was completed which included the patient’s past
medical history, HF history, medication history and drug sensitivities in addition to
discussing the aims of the project and patient information sheet. This helped in
reminding the patient of the plan for the scanning session and ensured informed
consent was reached. | conducted a cardiovascular examination and fluid
assessment was completed to assess cardiac rhythm and confirm that the patient

was fit to lie down in the scanner. | collected the following baseline data:

e Age

e Weight

e Height

e BP

e Heart Rate

e Resting rhythm
e NYHACclass

e Smoking history

As per standard procedure in all hospitals across the country, an MRI safety
guestionnaire was completed by the patient to confirm if any additional risks beyond
the CIED were present before scanning. Any identified issues were discussed

between myself, the MRI radiographer and medical physics before proceeding.

All scans were conducted at the advanced imaging centre at Leeds General
Infirmary. One of the advantages of this scanner beyond being able to conduct
standard CMR & MRS is that the trolley has undocking capabilities. This allowed our
study to proceed with efficiency in terms of the device interrogation to patient
scanning. Specifically, we laid down the patient on the scanning trolley within the

operating room, enabling programming and interrogation to take place in this safe
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area. This serves three purposes. Firstly, it confirms the device and lead details held
on the system to ensure that the expected CMR compatibility is indeed present.
Secondly, the CIED interrogation produces updated lead impedance and capture
thresholds. These have to be within safety limits such as the device must have 10%
battery longevity and reasonable lead parameters (specific to each lead and
manufacturer) to ensure safe function during CMR scanning. The scanning visit was
cancelled if not achieved [277]. For example as this study scanned patients with
Medtronic MR-conditional leads, patients were not able to be scanned if the lead
threshold was above 2.0V at 0.4ms or there were signs of lead fracture as per the
Heart Rhythm Society expert consensus statement and Medtronic published
guidance [277, 278]. Finally, the interrogation also creates a baseline set of device
and lead variables including capture thresholds, impedance, pacing mode and
battery voltage to assess for changes post scan. All patients completed a safety
guestionnaire with their device and lead components treated as a package for 3.0T
MRI scanning. To assess for compatibility, documentation and databases were
accessed from the manufacturer’s published resources. Any doubts or complicating
factors were discussed with both the MR radiographer and medical physics. Once
the device interrogation was completed, the CIED was programmed by the cardiac
physiologist into an MRI compatible mode through the manufacturer’'s programming
device with CRT active or disabled (randomised). If CRT was disabled, the patient
was placed in asynchronous pacing of the atria with ventricular pacing if there was a
lack of atrioventricular conduction. The first HR assessed in the study was always

the baseline HR of the patient.

The participant was then wheeled into the scanning area without any change in
position. Preparation for scanning involves ECG electrodes placed on the chest (+
chest hair removal for increased conduction) to enable cardiac monitoring and timed
image acquisition through ECG triggering. An MRI coil over the thorax and abdomen
was placed on the patient followed by a set of headphones (with noise cancelling)
and a BP cuff. Symptomology was monitored with face to face and microphone
communications between the control room and MRI scanning area. Once the survey
scan and baseline scan are completed, the patient is undocked from the scanner
whilst remaining on the scanning trolley. This allows the patient’s CIED to be
reprogrammed to an alternative heart rate (HR) without requiring the patient to
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change position. The HR assessed in this study were: 75, 90, 100, 115, 125, 130
and 140 bpm. 3 patients had a higher baseline and were started at 90 bpm with the
order of HR following the baseline HR randomised to ensure maximal statistical
value and avoidance of cardiac fatigue [279]. Once the CIED was re-programmed to
the randomised HR, the participant was re-docked into the scanner with the same
scan protocol conducted. Each scan took approximately 4.5 minutes and the BP was
checked at the first minute of scanning at each HR to monitor for variance and
patient stability. Notably, the patient’s position was not changed in relation to the
docking trolley during or between HR programming (due to positional memory of the
scanner). This allowed scanning to proceed without duplicate scanning which greatly
increased the efficiency of the study visit as a whole. Indeed, it is generally perceived
that studies should avoid scanning participants for greater than 1.5 hours, as
commonly after this point, patients become fatigued, bored and less likely to engage
in further research. Scanning was stopped if the patient felt symptomatic (chest pain,
generally unwell, light headed) or if any significant arrhythmias such as asystole or
ventricular fibrillation were noted. Following completion of the various HR, the
cardiac physiologist completed a full post scan device interrogation to assess for
changes in device or lead parameters with the patient’s device returned to normal
programming (as per pre-scan). The patient was then encouraged to gradually sit up,
re-hydrate as needed and return to the observation area and changing room. This
period was taken with care as our cohort of patients were generally over the age of
50 and susceptible to balance or vasovagal episodes after a period of lying supine,
thus a period of observation (approximately 30 mins) was completed to ensure
patient safety. A debrief then took place to ensure patient feedback was obtained

and symptoms were not missed.

CIED patients returning to the department for a repeat scan as part of the study

underwent an identical pre scan process of the following:

e Completion of MRI safety questionnaire, informed consent and the case
report form

e Clinical examination

¢ Pre and post CIED interrogation. The device was then programmed to either

CRT active or disabled (opposite of first scan)
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e CMR scanning at baseline HR, 75, 90, 100, 115, 125, 130 and 140 bpm with
BP assessment at each HR.

On completion of the second visit, patients once more completed an observation and

debrief period to ensure feedback and safety was maintained as a priority.
Scanning protocol

Scanning started with a series of planning scans including a vertical long axis,
horizontal long axis and short axis scan of the heart. A 4-chamber view at the mid
ventricular slice was used for further positioning and strain analysis. Real-time free-
breathing GRE scanning with binning was utilised as the main sequence for
scanning participants with CIEDs in this study. Specific CMR parameters are
included (Appendix 1). This sequence was made available to us via the CMR team
within the University of Leeds and collaboration with Kellman et al [280, 281]. The
sequence relies on R-R interval and utilises powerful retrospective cloud computing
to reconstruct the full imaging stack. This method was chosen as our cohort of CHF
patients would not be able to manage the multiple breatholds required in traditional

segmented scanning to analyse cardiac mechanics at multiple HR.

6.3 Results

Following informed consent, 19 patients with a CRT device completed a full CMR
sequence over the two visits. We are pleased to report that no significant changes in
device parameters or patient symptomology were observed with results in keeping
with published observational datasets [282]. All patients were able to be returned to
routine device programming without issue. Patients did not report a sensation of
device heating nor were any arrythmias identified immediately prior to, during or
following scanning. None of the patients identified any issues in their device or
symptomology between the first and second scan. Regular BP monitoring of patients
did not identify any significant drops (>10%) from baseline. A non-significant change

of -0.05% (p=0.15) in battery voltage was observed between visits.
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Atrial RV LV Battery

impedance impedance impedance voltage
CRT active -0.08+7.13 4.03+4.87 -1.2243.17 -2.90+1.00
(Mean %
change from
pre-scan)
CRT disabled -2.68+7.55 -2.66+7.92 -1.08+4.89 -2.92+0.98
(Mean %

change from

pre-scan)

P-value 0.64 0.12 0.86 0.55

Table 5 - Change in lead impedance and battery voltage following CMR in the CRT
cohort whilst CRT was active and disabled in a paired cohort.

6.4 Discussion

As the first study to investigate the cardiac response to changing HR in patients with
CRT active, it was reassuring to find that assessing patients with BiV pacing active in
the context of 3.0T CMR appeared safe. Patients did not experience any significant
side effects during scanning and there were no incidences of arrhythmias or device
failure. It is notable that the battery voltage change was similar regardless of CRT
being active or disabled. This suggests that the additional energy required and
subsequent possible interference of LV pacing represents a negligible effect on
battery as opposed to general functioning of the device in the MRI environment.
Similarly, switching off BiV pacing does not seem to be associated with any
difference lead variation post scan suggesting that the exposure to the MRI
environment may well play a greater role than the functionality of the lead during
scanning. Indeed, all the measured changes were not found to be significant when
comparing CRT active against disabled. Seewoster et al [283] found that atrial and
ventricular amplitudes and impedances did not change significantly 6 months after
CMR in ICD and pacemakers. The trends observed were similar to patients not
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undergoing CMR as part of routine follow up. Furthermore, the battery voltage
reductions that are noticed acutely post CMR are thought to be associated with the
RF energy emitted during scanning, resulting in a temporary drop that generally
resolves after weeks [154]. It is notable that Shah et al [282] found that in patients
with non-MR-conditional devices, exposure to CMR was associated with wide range
of battery and lead parameter changes which in the vast majority of cases were
insignificant statistically and clinically. Significant events when occurring were
associated with older devices (pre-2010) which would predate any device present in

my cohort of patients.

In many respects the results are not surprising as the CRT devices are being
exposed to a magnetic field strength that the devices have already been strenuously
safety tested in by the manufacturers. The changes observed in my study are similar
to those found in previous work investigating safety in patients with a CIED in the
context of MRI scanning [146, 163]. At an approximate 1 hour to complete the full
sequence of scans (per visit) in my study, this work is relatively representative of
academic research protocols (often shorter in clinical scans) and is the upper limit of
time for patients to comfortably undergo cardiac scanning. This is even more
relevant in patients with CHF and/or CIED implanted where extended periods have
significant risks such as breathlessness from pulmonary oedema. It must also be
considered that for a CIED to be scanned in the CMR setting, sensing and thus anti-
tachycardia therapies are disabled setting a contraindication for prolonged scanning
periods in this cohort of patients. Unfortunately there are no published data on time
limits for scanning and it is hoped as CIED scanning becomes more common place
that further research in this area takes place. We carried out this work with a high
level of caution which may have played a role in the reassuring results that we have
obtained. Technical colleagues from the device manufacturer were present during
the first few scans just in case any issues arose. Additionally, we obtained direct
contact details should there be a need for further advice or resources. Beyond the
study methodology, routine CMR procedure for CIED was followed in this study
which mitigated any additional risk to participant, staff and the scanner itself. The
risks to the patient were also potentially reduced by having a participant focused
approach. Patients were aware to disclose any symptoms pre, peri and post

scanning as a matter of importance. Importantly scanning patients with a CIED was
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not associated with exceeding the SAR limit and we were able to complete relatively

routine CMR sequences without issue.

| believe scanning patients with BiV pacing active will become common place. Not
only does this approach show “true” cardiac performance and response in the
context of CRT but could also make CMR imaging feasible in a larger cohort of CHF
patients than ever before. CHF patients often have issues with lying supine due to
the combination of weak hydrostatic pressure present in in this cohort and gravity
causing increased pulmonary oedema and altered pulmonary mechanics giving rise
to breathlessness and discomfort [284, 285]. Having active CRT would be expected
to result in an increased CO for most implanted patients, thus logically resulting in a
higher net pressure towards fluid movement into tissue and reduced pulmonary
pressure. This should help CHF patients lie supine more comfortably for longer
periods and potentially prevent deteriorations during scanning whilst giving rise to

more representative cardiac imaging.

6.5 Limitations

This was a relatively small sample size of CHF patients with CRT devices without
long term follow up and so whilst the methodology appears safe, it must be taken
with care in case there are drops in device parameters such as battery voltage over
time. This would be relatively unexpected due to the short time frame in which the
patient was placed in the MRI environment in addition to the published studies
indicating minimal changes post CMR. All of the devices were one of two models
made by one manufacturer; thus, these findings cannot be readily applied to CRT

devices in general until larger studies take place.

6.6 Conclusion

Scanning patients with a CRT-D programmed to BiV pacing appears to be relatively
safe when conducted by an experienced team with careful protocols in place
including a thorough assessment of the patient, device package and scanning

technique used. Further studies are required over longer term follow up to confirm
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safety. This approach could not only give a more accurate visualisation of cardiac
performance in the implanted patient but also a quality insight into the response and

value of CRT as an intervention in CHF patients.
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Chapter 7 — Cardiac response to HR with CRT active
and disabled using 3.0T CMR

7.1 Background

CRT was adopted into clinical practice relatively swiftly due to the weight of evdicen
in improved outcomes without necessarily full clarification of the underlying
mechanisms [286]. It is also one of the few therapies in cardiology that both
improves cardiac performance and survival. Notably, the FFR appears to be flat in
CHF patients when compared with controls [217]. Despite the intrinsic value of the
FFR in CHF as a marker of cardiac performance, inotropy and even disease
progression, limited study has taken place in this area. Exploration of the FFR in the
context of CRT provides a unique opportunity to understand cardiac mechanics in
response to HR in the CHF population via CIED programming, offering an
experimental level of control in HR. Additionally, CMR is the gold standard for
cardiac volume and flow analysis [3]. Despite CIED being labelled as MR-
conditional, special considerations and protocols must be taken to scan patients with
CIED. In particular, routine CMR scanning would require the CRT device to be re-
programmed from routine BiV to RV pacing. Large scale studies, review articles and
statements from imaging boards throughout the world have generally indicated the
relative safety of scanning CIED if appropriate precautions and operating procedures
are in place [146, 163, 287]. We have suggested that scanning patients with CRT
active is likely to not only be feasible but insightful into physiological cardiac
mechanics in CHF patients and the value CRT may bring to improving cardiac
performance via the high fidelity that CMR offers [146]. This chapter will focus on the
cardiac response to HR augmentation and CRT in patients with CHF. Full approval
for conducting CMR in patients with CRT devices and BiV pacing active whilst
modulating HR was received by our team on 16/01/2018. | believe we are the first
group internationally to receive this permission. Scanning patients with CRT active
enables us to explore cardiac mechanics, the FFR and response to CRT in patients
with CHF. The ability to change HR allows study of the CHR and observe the

potential benefit BiV pacing gives to patients.
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7.2 Methodology

CHF patients with CRT devices were recruited from outpatient HF clinics at Leeds
General infirmary, Leeds, UK. A patient information sheet that was approved by the
research and ethics committee (17/SC/0612) for the study was given to the patient to
ensure informed consent (full methodology 6.2). An explanation of the rationale,

purpose and structure of the study was also given prior to recruitment.
Inclusion criteria:

e Patient over the age of 18

e Implanted with a 3.0T MR-conditional CRT-D
e CIED in situ for greater than 3 months

e Baseline LVEF less than 45%

e Ongoing symptoms with at least 3 months of optimal medical therapy
Exclusion criteria:

e History of uncontrolled arrhythmias

e Acute myocardial infarction or cerebrovascular event within 1 month
e Patient is unable to lie flat

e Patient is unable to tolerate the CMR environment

e Patientis NYHA 4 class

Patients had a full device interrogation before and after the CMR sequence. The
patient’s pacemaker details were validated on the Leeds General Infirmary hospital
records system. Specifically, the patient's CRT device and leads were checked for
compatibility for a 3.0T CMR scan. The CRT device had to be MR-conditional to 3.0T
including all implanted leads creating a valid compatible package for MRI scanning
as mandated by the NHS trust (study sponsor). This is significant as leads are
generally left in situ whilst the CRT device may be upgraded over the patient’s
lifetime. The pacemaker package (CRT & leads) were checked for each patient and
validated by the manufacturer’s published documents or official compatibility
databases. Notably, the validity of MR conditionality was also reliant on all of the
components made by the same manufacturer to remain consistent with the

manufacturer’s testing and subsequent approval. For the purpose of assessing
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safety, we decided to focus on one of the major CRT manufacturers, Medtronic and
specifically the Amplia MRI CRT-D (DTMB1QQ/DTMB1Q1) and Compia MRI CRT-D
(DTMC1QQ) models. These devices were chosen as they are 3.0T MR-conditional,

known to be well tolerated and have a relatively high prevalence in our region.

Once the patient arrived at the Advanced Imaging Centre at Leeds General
Infirmary, a full diagnostic CIED interrogation was conducted to identify changes to
the device (such as battery voltage) and leads (such as impedance). The CIED
check was conducted by a cardiac physiologist and myself with the appropriate

manufacturer’'s programmer.

The patient then completed the full protocol for CMR across multiple HR with a scan
conducted for each HR with CRT randomised to active or disabled (for the entire
session). The scanning protocol took approximately 1 hour to complete from the first
survey scan to the final HR in the scanning protocol (full methodology 6.2). Scanning
was stopped if the patient noticed any significant clinical symptoms, signs of shock
or an indication of device malfunction or arrhythmia formation such as asystole or
ventricular fibrillation. Cardiac, BP, verbal and visual monitoring was maintained
throughout the patient’s scanning period with observation following the scan in
keeping with standard procedure when scanning individuals with a CIED. Once
completed, the patient underwent a full CIED interrogation. The participant then
returned to the department within a month for a repeat completion of the protocol
with the CRT device placed in the opposite mode (active or disabled) from the initial

visit.
Statistical analysis

Analysis was conducted and graphs generated using SPSS v.24.0 (IBM Corp.,
Armonk, NY, USA). Normality for continuous variables was visually explored by
distribution plots, tested using the Shapiro-Wilk test and skewness and kurtosis
levels were confirmed at <1 for all key variables. After testing for normality,
continuous baseline characteristics were reported as mean and standard deviation
(mean (SD)). Categorical variables were reported as frequency and percentages.
Loop diuretic dose and critical heart rate are median and IQR. Changes in the
cardiac mechanics were analysed as a percentage from baseline with paired T test

utilised to derive statistical significance between CRT on and off at each HR as not
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all participants could be scanned at every HR. Error bars when presented are
standard error of means. The statistical methods employed were independently

verified by a statistics research fellow at Leeds University.

7.3 Early experience

As the concept of CMR in patients with CRT active with HR augmentation is novel, a
number of minor discoveries were made with subsequent iterative changes to the
methodology. Our first scans included patients with CRT-P devices, specifically the
Medtronic Percepta (W1TR04/ W4TR04) model. This was hypothesised to give
fewer scanning artefacts (such as susceptibility artefacts) than CRT-D due to being
physically smaller in size and having less ferromagnetic content. We were fortunate
to obtain interpretable scans in our first attempt, however, we discovered that
patients with that specific generation of Medtronic CRT-P devices switched into
“‘magnet mode” (fixed pacing at 70 bpm) due to the detection of significant levels of
electromagnetic radiation (without the ability to utilise a viable MRI safe mode). This
meant that altering the HR via pacing would not be possible in patients with these

devices.

Whilst scanning patients, the heavy reinforced door to the MRI scanning area is
closed for safety reasons in addition to mitigate signal interference. This resulted in a
loss of the wireless signal between the device programmer and patient’s CIED.
During the subsequent scanning sessions, | made a minor discovery that the
programmer would hold the connection for exactly 5 minutes. This means that if for
example the scanner door was opened within 5 minutes of closing, the programmer
would easily wirelessly reconnect to the device. Whereas beyond 5 minutes, the
programmer would need to be re-paired to the CIED through use of the probe being
placed proximal to the CIED. This information focused our team effort into keeping
the individual scan sequences for each HR as efficient as possible which led to
further savings in time which in turn gave a more enjoyable experience for the

patient.

Some of the early scans produced significant artefacts appearing as void that
occasionally entered the cardiac margins thus negatively impacting analysis. We

found that positioning the patient with their left arm raised behind their head led to
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improvement in the images. This is due to the CIED being moved superiorly in turn
shifting the artefact upwards and generally beyond the heart on the CMR image.
This manoeuvre can be found as best practice for improving image quality [146,
288]. Notably this manoeuvre was retained for patients for whom the cardiac margins
were affected by susceptibility artefact due to the discomfort it produces after a
prolonged period. Indeed many of our cohort also struggled with this position due to
existing joint issues. Furthermore, our early CMR scans in patients utilised SSFP as
the scanning technique as it is the industry standard. This scanning method allows
for relative fast scanning combined with high quality images and the option of normal
breathing (as opposed to breath-holding) for participants. As suspected, this
scanning technique often created a high amount of artefact which rendered
significant sections of the image impossible to analyse with confidence. We switched
to GRE which does compromise SNR but dramatically reduced the rate of artefacts

encountered.
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Figure 16 - Areas of susceptibility artefact distorted the cardiac image (yellow
highlight) in a SSFP scan of a CHF patient with a CRT.
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As this study broached multiple new areas of clinical practice, | ensured that we had
device technicians from Medtronic present to assist with any technical issues during
the first couple of scans. This gave the team confidence to continue independently
as it became clear the protocol fell within our collective competency without obvious
issues raised and the availability of assistance should it be required. Indeed, our
team is likely unique in this niche area of CMR scanning CIED during normal

functioning with frequent re-programming of the device.

7.4 Process of contouring

Image analysis was conducted using Circle Cardiovascular Imaging (cmr42, Circle
Cardiovascular Imaging Inc, Calgary, Alberta, Canada). This is a well validated tool
for cardiac assessment [289]. This tool enables an ellipse to be drawn that neatly
defines the LV endocardial border and referred to as a contour. A contour of the LV
is created at systole and diastole for each slice ensuring coverage throughout the
heart. The same process can be applied for the RV. The contours produced in this
fashion build the cardiac dimensions at systole and diastole, thus producing the left
ventricular end diastolic volume (LVEDV) and left ventricular end systolic volume
(LVESV). Many software packages also support automation or semi-automation of
this process. This feature was avoided in my research, with the contours instead
defined manually (albeit with edge smoothening) so as to enable consistency
through the high number of measurements made. Manual contouring also developed
my own skills and also gives more confidence to the moderation process, especially
with respect to the presence of CIED likely complicating the automatic mode. Care
was taken throughout the contouring process. Not only is contouring a time intensive
process but it is a cornerstone for analysis and the project as a whole. One
phenomenon that was occasionally noticed with the images was ECG or cardiac
mis-triggering. This meant that despite the software reconstructing the cardiac cycle,
the images can become discontinuous. To counter this issue, | reviewed every cine
(series of frames of cardiac scan) to ensure that the point of systole and diastole

were correctly analysed.
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Figure 17 - Screenshots of image analysis software enabling dimension
measurement of the LV (red contour) and RV (yellow contour).

The majority of physiological parameters in this research project were derived from
the LVEDV and LVESV. | was fortunate to receive one on one mentoring on this
process from my PhD supervisor, PS, the CMR lead for our institution as well as
other senior registrars and lecturers in this field. After learning the basics of cardiac
anatomy, appropriate margins, image manipulation, magnification, consistency and

smoothening of edges, | proceeded to contour the participants enrolled in the study.
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The contours were then moderated by PS and other senior researchers with
experience in MRI analysis to maintain standard practice [290]. Contouring is a
painstaking process that requires multiple reviews to maintain consistency. This
research project in particular had a high intensity of contours, for example each
patient has approximately 11 slices with approximately 6 different HR leading to 132
contours per scanning session for just calculating the LVEDV and LVESV. This
suggests that | completed in excess of 4500 contours for the primary analysis of this

chapter excluding recontouring for reviewing or reliability.

7.5 Calculations

Calculating the LVEDV and LVESV enables the left ventricular stroke volume (LVSV)

to be calculated:
LVSV = LVEDV - LVESV

The left ventricular ejection fraction (LVEF) can be calculated with the following

formula:
LVEF = LVSV /LVEDV X 100

As the HR was set by the pacing rate, the cardiac output (CO) could also be

calculated with confidence:
CO =HR X SV

LV contractility is related to the SBP, LVESV and body surface area (BSA) of the
patient through the following equation [272]:

LV contractility = SBP / (LVESV/BSA)

| created an advanced Excel spreadsheet to handle this dataset which would
automate data aggregation for easier statistical analysis. Specifically, this database
would automatically selectively transpose data for each patient into ordered groups

by assessed parameter.
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7.6 Results

In total 17 CHF patients with CRT devices completed the two visits giving a

randomised crossover dataset.

Paired CRT cohort

(n=17)

Sex (male [%])
Age (years)
Height (cm)
Weight (kg)
Body Mass Index (kg/m?)
NYHA class

I

I

11
Ischaemic aetiology (n [%])
Atrial fibrillation (n [%])
LV ejection fraction (%)
ACEi/ARB (n [%])
ARNI (n [%])
Betablocker (n [%)])
MRA (n [%])

Loop diuretic (n [%])

Median Loop diuretic dose (mgQ)

91

17 (76.4%)
65.1+12.1
167.9+10.4
87.1+13.8

31.2+6.5

3
10
4
9 (52.9%)
4 (23.5%)
33.7+11.1%
14 (82.4%)
1 (5.9%)
17 (100%)
14 (82.4%)
11 (64.7%)

40 (40-80)



Table 6 - Demographic information of the CRT patients who completed the scanning
protocol with CRT active and disabled.

The demographics table for our CRT cohort is reassuring. The BMI and aetiology are
quite typical of the patients seen in outpatient CHF clinics, however our cohort is
younger than the average CHF patient which is closer to 75 years which may be
related to the presence of a CRT device [291, 292]. Local data on the epidemiology
of patients with devices is not available. This cohort was relatively well optimised
pharmacologically with above 80% on an ACEI/ARB, BB and giving further value to
the results. Women only represent 23.7% of the participants recruited in this study.
Women were approached as often as men to take part in the study if not more as
recruitment was non-selective (based on women representing the majority of CHF
patients [3]). Data from those who were not interested in taking part including the

reasoning was not recorded.

Initial analysis was conducted in absolute values. This data was accepted and
presented at the European Society of Cardiology conference in Paris (2019) and

subsequently won the best moderated poster award in the CHF category.
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Figure 18 - Cardiac response (absolute values) to varying HR with CRT active and

disabled.

The feedback received from presenting these results at the 2019 European Society

of Cardiology’s Conference strongly recommended that relative change from

baseline for each parameter would be more useful than absolute values when

presenting the change in cardiac mechanics with augmented HR.
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Figure 19 - Cardiac response (% change from baseline) to varying HR with CRT
active and disabled. *p<0.05 between CRT on and off.

7.7 Discussion

These results are novel and each parameter is discussed below:

e LVEDV & LVESV- CRT on did not acutely alter LVEDV. The diastolic volume
seems to reduce linearly with increasing HR regardless of CRT activity. This
can be explained by a reduced diastolic filling time which has been observed
previously when increasing HR via atrial pacing [293]. LVESV appears to vary
with increasing HR with a maximal reduction obtained at 125 bpm. This
suggests that BiV pacing is able to cause a higher ejection volume. The fact
that ventricular dimensions particularly in systole appear to reduce as the HR
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increases via atrial pacing indicates that the mechanism by which the HR
increases is likely significant. Whilst exercise induced increases in HR
maintain LVEDV with a reduction in left ventricular systolic volume [294],
pacing associated HR increases have historically reduced the LVEDV [295-
299]. The contrast may be due to a reduced sympathetic neurohormonal
response associated with pacing induced HR increases as opposed to a rise
in systemic activity and greater positive inotropy with exercise, in turn
improving cardiac performance [300]. Early work on exercise in healthy
humans has shown dramatic reductions in diastolic filling time, for example a
reduction from 502 to 173 ms as the HR increased from 73 to 167 bpm via
exercise [301]. It has been shown in multiple early pacing studies with healthy
participants that HR increases by pacing alone is associated with reductions
in LVEDV and SV [302-304]. Similar findings have been found in animals
[305]. This suggests that exercise has a ventricular filling effect that not only
compensates for isolated HR increases such as that found by pacing but is
associated with increases in SV through higher LVEDV.
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Figure 20 — Historical studies observing reduced ventricular length in healthy
individuals with pacing as opposed to exercise. Adapted from Sonnenblick et
al [303].

e LVEF - There is an inverse relationship between increased HR and the LVEF.

As LVSV = LVEDV - LVESV, the reducing LVEDV associated with reduced
diastolic filling time alongside a relatively static LVESV gives an overall largely
linear reduction in LVEF. Notably, LVEF is consistently higher with CRT
active. CRT is associated with significant increases in LVEF following
implantation. This finding has been found in CHF cohorts with a pre-implant
LVEF <35% and in those >35% [306]. Specifically, it is likely that BiV pacing is
able to normalise aortic valve closure (rather than delayed as found in LBBB)
resulting in improved ventricular filling [307]. The reduced diastolic filling time
and earlier initiation of systole has been observed previously when increasing
HR via atrial pacing and helps to explain decreasing LVEF [293]. Indeed,
small cohort studies suggests that sympathetic activity associated with
exercise may have a greater role than an increase in preload [297]. A state of
denervation or sympathetic overdrive as present in HF can dampen the
haemodynamic changes to SV traditionally associated with exercise [308].
Similar findings of reductions in ventricular dimensions and SV are also seen
in the human foetus with HR increase via auditory stimulation [309].

e LVCO - As the HR is exquisitely controlled in this study, it would be expected
that as HR increases, a concordant increase in CO would be observed as CO
= HR X SV. However, in our CHF cohort, increasing HR caused CO to
increase and then drop after 100 bpm whereas CRT on extended peak CO to
125 bpm. This is interesting as CO has been shown to significantly increase
with higher HR during exercise in healthy and older participants[310, 311].
Specifically, both HR and SV increase at lower exercise levels with HR
subsequently continuing to increase (whilst SV peaks) during higher exercise
levels [262]. The SV increases with exercise are largely associated with
increased ventricular filling and contractility. These finds are partly due to
exercise producing additional demands on the cardiovascular system which
would not be the case with pacing related HR increase.

e SBP — This parameter appears static with increasing HR in CHF patients,

however activating CRT gives an upward shift of approximately 10mmHg that
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is persistent across the HR. This finding agrees with early work by Mertens et
al [312] that showed increasing the HR by atrial pacing did not result in an
increase in SBP whereas exercise produces the expected rise which is likely
via SV augmentation as a result of increased metabolic demands on the body.
BP rises with BiV pacing has been shown before when compared with RA
pacing, however our work suggests more clearly a lack of response to SBP
with increasing HR [313].

e LV contractility — Contractility appears to be static in CHF patients. This is a
finding that has been shown earlier by Gierula et al [272]. Our contractility
levels are also relatively similar to the previous work. Notably the baseline
LVEF in both studies are similar despite our cohort being younger. It is
interesting to see that CRT on causes an increase in contractility at the higher
HR from 125 bpm onwards which is persistent. Therefore we have found that

the CHR seems to become extended when CRT active.

In summary, the cardiac response of different HR in CHF patients with CRT active
and disabled is made much clearer by focusing on parameter change from baseline.
Whilst LVEDV appears relatively similar, LVESV is dramatically lowered as HR
increases with CRT on vs off. Whilst SBP was not found to be significantly different
between CRT on and off, BiV pacing looks to give an overall boost across the HR
measurements. LVEF reduced with increasing HR, however it was consistently
higher with CRT on and was significantly different at the higher HR. LVCO appears
to have a parabolic response at the studied HR range with a higher peak and
shallower plateau when CRT is on with statistically significant differences in
response at the higher HR. Interestingly, the response to LV contractility is
consistently higher as the HR increases, with statistically significant differences
found intermittently. This pattern in particular suggests that a higher sample size may
have produced more significant results across the range of HR. Overall with many of
the significant differences in parameters found at the higher HR in the context of
plateau or slight decline, the assumption would be that BiV pacing is mitigating much
of the decline in function that would otherwise occur. It would be useful to ascertain

how this improvement would compare to control patients with preserved LV function,
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thus helping to identify if this improvement is a consequence of improved or

normalised LV contraction.

Our results are similar to an inotropy focused study investigating a relationship with
survival conducted by DeVecchi et al [314]. Patients with a CRT device were
switched from CRT on and off and underwent echocardiography whilst being paced
at their baseline (or 70 bpm), 100 and 120 bpm. They also showed a reduction in
ventricular dimensions with increasing HR that was coupled with less dramatic
decreases in SV with CRT active. Notably, contractility measured by LV elastase
was relatively static whereas CRT appeared to trend upward at similar HR to my
study. My findings also largely agree with invasive studies identifying improvements
in contractility with BiV pacing and increasing HR when compared with LV and RV
pacing alone [315, 316]. These studies along with our work suggest that the
contractility benefits associated with active CRT may be due to reduced LV delays.
LV pacing alone is associated with reduced filling time and higher delays in
longitudinal contraction compared with BiV pacing despite haemodynamically
performing similarly [317]. Indeed, this resulted with longer aortic pre-ejection delays.
Additionally, interventricular dyssynchrony is reduced with BiV pacing. Leclercq et al
[318] showed in dogs that mechanical dyssynchrony correction took priority over
electrical dyssynchrony in terms of haemodynamics (aortic pulse pressure and
dP/dtna). It is likely that a similar situation is present in humans. BiV pacing achieves
coordinated contraction through intramyocardial conduction despite this pathway
being often significantly slower in CHF patients [319]. The delays are also present in
non-ischaemic hearts (both epicardial and endocardial conduction velocities are
altered) [320]. This is notable as it enables mechanical synchrony to be often
feasible and an area for further study as cardiac regions generally shorten at similar
times [318]. Furthermore, Ukkonen et al [321] have shown via PET scanning that BiV
pacing seems to improve cardiac function without increasing LV oxidative
metabolism. This is of critical importance as it is one of the key advantages of device
therapy over traditional positive inotropes (and associated lack of improved long-

term survival) such as milrinone or dobutamine [322-324].

Assessing contractility via end systolic index as conducted in the present study is not
load dependent. This is particularly relevant as the traditional marker of contractility

LV dP/dtmax is load dependent and CHF patients are known to have a dynamic fluid
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status and variable preload [263]. Furthermore, traditional markers such as LVEF are
highly load dependent leading to reduced reproducibility in this cohort [325]. The
cardiac functionality improvements noted by my findings also bear some similarities
to the work by Steendijk et al [326]. This group invasively studied the haemodynamic
response to pacing in 22 CHF patients and repeated the study 6 months post CRT
implantation with BiV pacing active. Similarly to my work, they describe a bell-
shaped curve in improving CO that was higher and prolonged when CRT was active
when compared to pre implantation. LVEF also trended downwards at higher HR
which reduced decreases with BiV pacing. Contractility was also relatively flat though
was improved slightly with BiV pacing active. The improvements noticed were more
profound than what was observed in my acute study which likely represents a
combination of BiV pacing and reverse ventricular remodelling which can be
observed. Reverse LV remodelling changes can be identified as early as 1 month
[327, 328]. Further improvements are often noted at 6 months which are maintained
in the majority of patients at 1 year [329, 330]. Despite this, our findings found a
reduction in LVESV acutely with CRT active of 5% at 100 bpm whilst Steendijk’s
group showed a reduction of 42.5% at 100 bpm. This difference is likely explained by
the fact that my study focuses on patients that have a CRT device in situ and
comparing the acute difference between CRT on and off whilst Steendijk’s findings
highlights the effect of a 6 month period of novel BiV pacing in which beneficial
cardiac re-modelling is taking place via CRT and the subsequent difference between
CRT and pre-CRT performance. Similarly, when considering CO, our group
displayed an improvement of 17.18% at 100 bpm when comparing CRT active
against disabled. Steendijk’s group found an improvement 22.02% in over the 6
months follow up after CRT implantation. This is remarkable as it suggests that the
majority of the improvement in LVCO at paced HR is obtained acutely through the
intrinsic action of the BiV pacing. Unfortunately, it is not feasible to compare
contractility directly between the two studies due to the variation in methodology. It is
interesting to compare the pattern of response (figure 20). My data shows that CRT
off produces a relatively flat FFR response to increasing HR with a noticeable
improvement at higher HR with CRT active. Steendijk’s cohort found greater
contractility from baseline and a subsequent flat response to FFR with increasing HR
pre and post CRT implant. The primary explanation for the upward shift in

contractility is the beneficial reverse remodelling that occurs following CRT
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implantation as described earlier. The slight trend to a right shifted FFR with CRT
active that is not found in Steendijk’s data could be explained by the modern imaging
techniques used in my study which employs state of the art 3.0T CMR. Furthermore,
it is possible that in my study with pharmacologically optimised patients receiving
modern therapies, that the level of neurohormonal disruption was less than present
in Steendijk’s group. Notably, only 10/22 patients were taking BB compared to 100%
in my study cohort. This is a critical point as the effects of betablockers are believed
to partially halt the positive feedback loop that occurs when the heart rate goes
above the CHR. Indeed, our contractility improvements agree with the findings by
Vollmann et al [315] who also found a positive FFR at the higher paced HR with BiV
pacing when compared with LV or RV pacing. Whilst direct comparisons are not
possible due to the different study designs, it gives a notion of delineating the
possible direct effects of CRT function from longer term beneficial reverse

remodelling processes.
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Figure 21 - Comparing contractility change with increasing HR in this study (A)
against Steendijk’s group (B). Adapted from Steendijk et al [326].

Note that error bars were only possible to be created in panel B from the baseline
data supplied.

An interesting consideration is the neurohormonal effect of BiV pacing on the patient.
BiV pacing is associated with reductions in sympathetic activity, specifically
sympathetic nerve activity when compared with RA and RV pacing [313, 331]. The
changes longer term (3 months), seem to be less consistent with some studies
indicating a lack of improvement when assessing plasma catecholamines despite
beneficial changes to ventricular remodelling present [332]. Other studies have
shown improvements in muscle sympathetic nerve activity (2-6 months) post CRT
implantation [333, 334]. Cha et al [335] conducted a unique study in which CHF
patients had cardiac pre-sympathetic function assessed via iodine 123
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metaiodobenzylguanidine scintigraphy. This method can assess sympathetic nerve
activity in a number of ways. It identified reduced sympathetic activity after CRT
implantation and appears to reverse the sympathetic overdrive that occurs in CHF
patients. The majority of these studies suggest that CRT likely produces a reduction
in sympathetic activity in CHF patients after months of CRT. The interesting question
would be to assess if this effect is due to direct improvement to the sympathetic
nervous system or more likely as a consequence of improved cardiac function
through the mechanical correction of electrical dyssynchrony. A study by Stahlberg
et al [336] neatly ties this concept together with my own findings. In approximately 10
CHF patients, they found that the MSNA reduced linearly when increasing the HR
from 50 to 70 and then to 90 bpm. Importantly the CO also increased with the HR.
This is notable as the same pattern is noted in my findings and it could be projected
similarly that with a plateau and subsequent reduction in CO that would be expected
at the higher HR, the MSNA would return to a neutral point and potentially increase

further.

7.8 Limitations

A larger sample size would have been useful in some of the parameters to delineate
a trend from statistical difference. However, this is the largest CRT cohort to date to
have been studied with CMR whilst observing the cardiac response to augmenting
HR. It would have been useful to assess sympathetic activity with increasing HR as a
possible factor to the increased CO and upwards trend in FFR with CRT active. This
would have been difficult to achieve due to the lack of robust non-invasive measures
of sympathetic activity that becomes further limited in the MRI setting. Furthermore,
measures such as HR variability as a surrogate measure would not have been valid

due to the process of HR augmentation.

Patients placed into CRT off meant switching the programming to AOO or DOO as
required. AOO pacing was prioritised, however some patients required DOO pacing
(5/17 patients) due to intrinsic AV conduction deficits or presence of AF. Whilst
pacing at the RV rather than the RA may be expected to produce a difference in
conduction pattern, the acute effect on RV dimensions and function have been

shown to be largely limited [337, 338]. Sub-analysis in my dataset did not reveal a
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significant difference between AOO and DOO pacing nor in patients with an

ischaemic aetiology.

7.9 Conclusions

This work has shown for the first time that scanning patients with MR-conditional
CRT-D devices and active biventricular pacing at different heart rates is possible
using 3.0T CMR. | have found an abnormal FFR in patients with HFrEF that seems
to be improved with CRT. Finally, a paced HR of 100 bpm produced peak LVCO in
this cohort, after which performance continued to drop to below baseline. Further

study is required to compare the changes found in CHF patients against controls.
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Chapter 8 — Comparing cardiac response in CHF and

non-HF patients

8.1 Background

Once we completed scanning the CRT patients, it became important to explore the
cardiac response to pacing in non-HF patients. This is particularly relevant as our
results suggest a normalisation effect of BiV pacing in CHF patients. Furthermore,
with our success in CMR with BiV pacing, | wanted to confirm that it is also viable to
scan participants with a non-CRT CIED using the same scanning protocol. Studies in
healthy animals have shown that chronotropy and inotropy contribute to myocardial
perfusion in approximately equal parts [339]. Increasing the HR via pacing in patients
with transplanted hearts showed a reduction in ventricular dimensions in a similar
manner found in my studied cohort, however the degree of relative reduction is
unclear [293]. Notably, there is a lack investigation into the FFR in older participants
which would more closely represent the CHF population. It is possible that the FFR
is affected by age thus it would be interesting to compare the FFR and cardiac
mechanics of CHF patients with older participants who have a CIED implanted that

allows for HR programming in the CMR setting.

8.2 Methodology

Control participants were recruited from outpatient cardiology clinics at Leeds
General infirmary, Leeds, UK. An approved patient information sheet was given to
the patient to ensure informed consent. A full explanation of the rationale, purpose

and structure of the study was also given prior to recruitment.

Inclusion criteria:

. Patient over the age of 18
. Implanted with a 3.0T MR-conditional dual chamber pacemaker device
. CIED in situ for greater than 3 months

Exclusion criteria:
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. Previous diagnosis of heart failure

. Baseline LVEF < 45%,

. History of uncontrolled arrhythmias

. Acute myocardial infarction or cerebrovascular event within 1 month
. Patient is unable to lie flat

. Patient is unable to tolerate the CMR environment

Participants underwent an identical pre-scanning protocol (6.2 Methodology) to
ensure that their device and leads, thus their pacing package was compatible with
the 3.0T MRI scanner. In order to scan control patients in a 3.0T scanner, the Abbott
Assurity MRI pacemaker (models - PM 1272, PM 2272) was chosen due to the
prevalence of this device in our local population and ability to manipulate HR in a
similar manner to the CRT devices (Chapter 7). As the manufacturer of the dual
chamber devices fitted in the control cohort was different to the manufacturer of the
CRT devices, | ensured that technical staff from Abbott (the manufacturer) were on
site during our first few scanning sessions. On arrival at the department, control
participants underwent the same pre-scan protocol as the CRT cohort involving a
medical history, examination and safety questionnaire. Once in the control room, the
control group had a pre-scan device interrogation and then completed a similar
programming and scanning protocol as the CRT patients. Visual, audio and
physiological monitoring (including ECG) was present in all patients. Participants had
a post scan device interrogation via manufacturers programmer followed by a period

of observation and debrief.
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8.3 Results

% change

Atrial

impedance

4.39

RV

impedance

-1.11

from pre-

scan

Battery

voltage

-0.04

Table 7 - Change in lead impedance and battery voltage following CMR in the

control cohort with dual chamber pacemakers.

There were limited changes in device parameters following scan. There were no

significant clinical symptoms during scanning prompting the termination of scanning,

nor the formation of arrhythmias or significant changes in SBP.

CRT cohort

Control cohort

p-value

N (male %)
Age

Height (cm)
Weight (kg)
BMI
Systolic BP
NYHA

Ischaemic aetiology
(%)

Dilated aetiology
(%)

17 (76.4%)
65.1+12.1
167.9+10.4
87.1+13.8
31.246.5

127.1+22.4

3
10
4

9 (52.9%)

5 (29.4%)

13 (76.9%)
76.916.4
166.329.7
84.8+14.8
28.8+3.4

144.9+17.3

3 (23.1%)

0 (0%)

0.97

<0.01

0.68

0.25

0.24

0.02

0.10

0.03



AF (%) 4 (23.5%) 4 (30.8%) 0.67
Baseline LVEF 33.7£11.1% 53.4+8.9% <0.01
ACEi or ARB use 14 (82.4%) 8 (61.5%) 0.21
(%)

ARNI use (%) 1 (5.9%) 0 (0%) 0.21
Betablocker use (%) 17 (100%) 4 (30.8%) <0.01
MRA use (%) 14 (82.4%) 1 (7.7%) <0.01
Loop diuretic use 11 (64.7%) 5 (38.5%) 0.16
(%)

Baseline HR 66.7t14.4 71.5+8.8 0.30
CHR (bpm) 125 100 0.01
Baseline LV 1.74+0.79 3.30+0.87 <0.01
contractility

(SBP/LVESVI)

LV contractility at 2.01+1.16 4.01+1.06 <0.01

CHR (SBP/LVESVI)

Table 8 - Demographics of CRT and Control cohorts

The most notable difference between these cohorts is that the control group were
older. Statistical analysis did not find a identify a correlation between the CHR and
age in my studied cohorts (r=0.22, p=0.24). As this study employs state of the art
3.0T CMR, the qualifying device packages were limited. Furthermore, the mean age
group for implanting dual chamber pacemakers is 76 in the UK with most RCT data
present for patients between 73-80 [340]. With this in mind, prioritisation was given
to non-HF participants with a suitable baseline LVEF in keeping with the described
inclusion/exclusion criteria. In retrospect this was a wise decision as issues were
encountered during this period of study. Firstly, the novelty and breadth of this study
required a significant number of professionals present during scanning to ensure
high quality and safety standards were met. When combined with the second issue

of the COVID-19 pandemic, a large sample size of highly matched participants was
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not possible, especially with the study cohort representing a vulnerable group that
required shielding to minimise health risks. | am grateful that we managed to scan a
reasonable number of patients in both cohorts, enabling interesting and meaningful

analysis to take place.

Figure 22 - SSFP (A) and GRE (B) CMR scans of a 3.0T MR-conditional dual
chamber pacemaker. Susceptibility artefacts (yellow box) and poorly defined cardiac
borders were immediately apparent with the SSFP scan.

A SSFP scan was trialled once more as a different CIED and thus form factor was

being scanned. As observed in the CRT cohort, there were multiple artefacts

produced (primarily susceptibility artefacts) alongside frequent poorly defined cardiac
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borders in the image which impacted image analysis. GRE scans proved to be

superior in terms of artefact formation as found earlier.
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Figure 23 - Comparing cardiac response to increasing HR via atrial pacing in
controls and CRT patients. *p<0.05 between Controls and CRT off. Note there was
no significant difference detected between Controls and CRT on.

8.4 Discussion

It is reassuring that we were successfully able to conduct a similar device
programming and scanning protocol as utilised with CRT devices. This approach
was not associated with any clinically significant device parameter change,
physiological or symptom based consequence. This is largely to be expected as the

programming was more comparable to routine MRI scanning for a MR-conditional
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CIED patients. This gives me more confidence in not only the safety of this technique
but also the versatility of this scanning protocol which seems to be feasible across

device types and manufacturers.

Control participants displayed a similar decrease in LVEDV to CRT patients with
increasing HR, a finding supported by previous work in non-HF patients [293].
Furthermore, control participants have a reduction in LVESV that appears more in
line with CHF patients when CRT is active. This suggests that BiV pacing is creating
a similar contraction at systole to what is achieved by individuals without HF.
Interestingly, there is no obvious difference in SBP between controls and CRT
activity. | believe this is due to a combination of factors causing controls to rest in
between these two groups. A possible explanation for the control group having a
lower rise in SBP than patients with CRT active could the due to LV pacing giving a
more responsive cardiac response at higher HR. The notion of superior performance
with LV pacing at higher HR requires further study as it could suggest benefits of

implantation in a larger cohort than current indicated.

Increasing HR had a largely similar effect in both CRT patients and control
participants to varying degrees. Control participants maintained their LVEF longer
(primarily through greater reductions in LVESV) as HR increased than CRT patients,
resulting in a higher LVEF at all points. This manifests in the control group producing
the highest increase in LVCO of the 3 groups at the higher HR. Both controls and the
CRT active cohort showed a positive response to increasing HR. This suggests that
experimentally it is possible for both CHF patients and controls to increase CO
beyond their basal requirements via pacing in a similar manner to medications such
as dobutamine. Indeed even in exercise, the relationship between CO and oxygen
consumption is not at a linear ratio of 1 in controls with CHF patients known to have
greater inefficiency [341]. Interestingly, both groups have a CHR within our HR range
suggesting that negative inotropic factors are present. Furthermore the CHR in the
controls was 100 bpm compared with 125 bpm for CRT on patients. Hasenfuss et al
[237] identified that there was a significant correlation between frequency at which
peak twitch tension was reached and levels of SERCA. As peak twitch tension is
similar to the concept of CHR, there could be value in not only comparing SERCA
levels against the CHR but considering if the CHR is indeed determined by SERCA

activity. This could be achieved by obtaining biopsy samples from CHF patients to
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identify SERCA levels at the point of CRT implantation and then conducting an
echocardiography based methodology as utilised by Gierula et al [272] with a
subsequent CMR based protocol as utilised in this study once the device has been

situ for > 3 months.

One factor that could be relevant to my dataset which may potentially explain the
lower CHR in the control group is that the average age was 65.1 and 76.9 in the
CRT and control cohorts respectively. Notably, increasing age was not associated
with a change in the CHR in my dataset. Ageing is likely to be a factor in causing
contractility issues at higher HR that BiV pacing via active CRT could be mitigating
for. Ageing has shown to cause a downward shift in FFR in skeletal muscle [342].
Both ageing and CHF are associated with reductions in Type |l fibre area within
skeletal muscle. Notably, this change in muscle distribution is independently
connected with a leftward shift in FFR [343]. This is validated further in animal
studies which have found FFR to become left shifted in older subjects [344]. Ageing
is a complicated variable to assess with regards to performance and disease. A
study by Herraiz-Martinez et al [345] examined right atrial myocytes in 80 non-HF
patients according to three age groups; <55 years, 55-74 years and >75 years old.
They found an age dependent decrease in calcium handling, specifically, a decrease
in L-type calcium channel, free calcium, reduced SERCA and slower transportation
of calcium. The changes in calcium handling that are found in ageing and those
associated with CHF per se seem almost identical. Notably, ageing is known to be a
strong risk factor for CHF and the prevalence of HF increases from 1-2% amongst
adults aged 45-54 to >10% in those >75 years old. CHF generally represents a
common outcome for most cardiovascular diseases such as IHD or HTN which result
in ventricular remodelling and the development of reduced exercise capacity via
ventricular dysfunction [346]. Moreover, age is an important risk factor for
hospitalisation and mortality in CHF [347]. My belief is that there is significant overlap
in the syndromes of CHF and ageing. This explains the multiple commonalities such
as calcium handling, breathlessness, deconditioning and infection [348, 349]. Indeed
it would be near impossible to conduct a study on CHF in patients <40 and if
possible, would likely represent a different set of haemodynamic or performance
parameters to what the cardiology community would consider as CHF. Our results

suggest that the FFR response is depressed and left shifted not only by CHF but
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also by age as this is the only plausible variable that is significantly different between
the two groups. An interesting extrapolation of this point would be the reminder that
parameters such as the FFR, CO and even LVEF are likely to be regressive with
increasing age. This concept not only has impact in disease progression but also on
a practical level in areas such as device programming. My results suggest that
monitoring of cardiac mechanics could have a beneficial impact on tailored
programming which takes into account factors such as CO and the FFR. Ageing and
CHF is an area that has received limited study with regards to cardiac mechanics
and haemodynamics. We look forward to further study that may delineate or indeed

the merge these two entities more accurately.

Overall, these results show that both control and CHF patients are susceptible to
reduced LVEDV with increasing HR that is believed to be due to decreased diastolic
filling time. The functional LV in patients with active CRT and control patients seem
to produce a protective effect on performance with higher HR resulting in a superior
LVEF and LVCO. The superior ventricular response to HR produces an upshifted
FFR in both controls and CRT on when compared with CRT off. It would be
interesting to explore these findings in future work to see if the improved
performance at higher HR is associated with increases in functional capacity. The
fact that the LV contractility curves between controls and CRT on bear such as
resemblance is reassuring and for CRT on to have a higher CHR is suggestive of
additional benefits of BiV and encourages the further study of CRT pacing in older

cohorts of patients.

8.5 Limitations

This analysis is limited by the sample size which ideally would have been larger to
smoothen some of the variance noted in some of the parameters. The sample size
was limited by importance placed on a similar methodology as conducted in the CRT
cohort and the viability of scanning patients in the context of the outbreak of COVID-
19. Despite this, significant differences were noted and my work represents the only
study investigating the effect of augmenting HR in control patients with a focus on
FFR and common cardiac mechanical parameters. A larger sample size would have
also enabled investigation into more than one device and CIED manufacturer to

ensure that the methods and results are not vendor specific. It would also have been
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useful to follow up device parameter changes over the longer term to confirm a lack

of significant issues downstream of scanning.

8.6 Investigation of Strain

In order to assess LV contractility further we utilised strain analysis which has an
increasingly important role in assessing ventricular contractile function. Strain
analysis, otherwise referred to as myocardial deformation analysis quantifies tissue
movement at a frame-by-frame level from diastole to systole using imaging
modalities such as echocardiography or CMR [350, 351]. It has advantages over
markers such as LVEF as it can be segregated into regions and different movement
types. Additionally, it is less load dependant or affected by artefacts or observer
variance. We are fortunate in this study to be able to utilise high quality feature
tracking (FT) which is generally able to assess myocardial deformation in 3 different
axes; radial, circumferential and longitudinal (figure 23) [352]. Radial strain (RS) is
the measure of contraction towards the centre of the ventricle and depicted as a
more positive value the more the LV thickens in systole. Circumferential strain (CS)
is the analysis of shortening across the perimeter based on the transverse plane.
This is generally a negative value, with the more negative values translating to
greater shortening. Longitudinal strain (LS) is the contraction of longitudinal cardiac
fibres from the base to apex and is often depicted as a negative value. One of the
primary advantages of FT is that it does not require any further MRI scanning or
contrast that would be expected with alternative MRI techniques such as myocardial
tagging or strain encoding [353]. CMR FT uses a “block matching” [354] method
which follows the cardiac cycle and tracks features of interest around the myocardial
borders along each frame. The technique provides a rapid assessment of ventricular

strain without significant compromise to accuracy and performs well when compared
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with echocardiography [355-357].
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Figure 24 - Determinants of strain and the 3 axes in which strain is routinely
calculated.

Strain is calculated by the following equation:
Strain = (L1 — Lo) / Lo

Global RS and CS analysis was possible in all of the scans conducted across the
two patient groups, CRT and controls. Unfortunately, LS analysis would have
required additional scanning to be performed for the required views and so was not
possible to include in this analysis. Following iterative learning from educational
resources, my PhD supervisor PS and experienced colleagues, | completed analysis
of RS and CS in my dataset. Subsequent moderation was completed by PS and a
senior cardiologist trained in image analysis. Strain analysis was obtained using the
same MRI software package, Circle Cardiovascular Imaging (cmr42, Circle
Cardiovascular Imaging Inc, Calgary, Alberta, Canada). Importantly, this software
package compares favourably across vendor options and has reassuring
reproducibility [358-360]. Specifically, the LV endocardial and epicardial borders
were manually contoured at the mid ventricular slice. Strain is then calculated via
automated computation of the total slices available for the relevant scan. Contouring

for strain analysis was then conducted for all patients (CRT and control cohorts) at
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each assessed HR.
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Figure 25 - Conducting strain analysis following CMR. The LV endocardial (red) and
(green) epicardial contours are manually defined.
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CRT Control
17 (76.4%) 13 (76.9%) 0.97
65.1+12.1 76.946.4 <0.01
_ 31.246.5 28.8+3.4 0.24
33.7+11.1% 53.4+8.9% <0.01
13.246.6 30.4£9.7 <0.01
-9.16+3.9 -17.8+3.8 <0.01

Table 9 - Baseline characteristics for CRT and control patients.
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Figure 26 - Changes in RS (left) and CS (right) with increasing HR when comparing
CRT on vs off. *p<0.05 between CRT on and off.
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Figure 27 - Changes in RS (left) and CS (right) with increasing HR when comparing
controls vs CRT patients. *p<0.05 between Controls and CRT off. Notably there were
no significant differences found between Controls and CRT on.

Comparing my control data (table 9) with “normal value” data (figure 27), it is
reassuring to see that my values compare favourably in both RS and CS, albeit on
the lower range of normal in all cases. The range that is apparent in these measures

makes it more valuable to compare change from baseline as conducted earlier.
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Figure 28 - Comparing global RS and CS values in healthy individuals using CMR
feature tracking. Adapted from Amzulescu et al [354].

This is the first dataset to describe the effect of increasing HR on strain in CRT and
control participants. The baseline RS and CS is much lower in CRT than in controls.

This has been noted in earlier studies using both echocardiography and alternative
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CMR methods [361, 362]. It is notable that LV strain (both RS and CS) appears
higher when CRT is on compared to off throughout the entire HR sequence,
reaching significance at 125 bpm when RS and CS seems to be dipped maximally. It
seems unlikely that strain values improve after this point, rather that appears to

plateaus after having reached a limit in minimal strain.

There is a relatively clear strain pattern with increasing HR in CRT off for both RS
and CS. CRT off seems to generate a small increase in strain that drops quickly after
90 bpm. The trough that is found at 125 bpm in the CRT off cohort is likely to be
more of a plateau due to the minimal changes found at 125bpm in any of the other
many parameters assessed in this cohort in addition to the minor changes noticed at
the neighbouring HR of 115 and 130 bpm. CRT on follows a similar pattern to CRT
off whilst being shifted upwards throughout in terms of both RS and CS. This
suggests that the addition of BiV pacing improves ventricular shortening radially and
circumferentially without altering the behaviour or response at higher HR. This
pattern is similar to what was obtained in my dataset for LVEF. Zhang et al [363]
showed that patients improve their RS and CS significantly following 3 months from
CRT implantation (37.0% and 40.9% respectively). Over a longer period of 1 year,
improvements in strain persist suggesting that the superior performance is
maintained by ongoing CRT [364]. My findings of an approximate 10% improvement
across the HRs between CRT on and off in strain amongst well optimised patients
shows that a significant portion of the improvements noted in studies could lie within
the acute action of CRT in addition to the longer term beneficial reverse remodelling

changes associated with CRT.

It is fascinating to compare the strain results found in CRT patients against controls.
Controls have a better response to increased HR in terms of strain decrease than
CHF patients with CRT disabled with a significant difference observed at 125 bpm.
However cardiac strain is not as responsive in controls at higher HR when compared
against CRT on. A similar pattern was obtained in the LV contractility results across
the 3 groups suggesting that BiV pacing may be offering additional contractility
improvements at higher paced HR in older patients. The concordance across the
parameters is reassuring as the strain work is conceptually akin to LV contractility
and in this case appears to validate my findings further. There does not seem to be a

great difference in cardiac performance in terms of the strain method assessed (RS
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or CS). This suggests that either pacing based increases in HR produces a similar
contractile pattern regardless of if the patient has CHF or is a control. An alternative
explanation as eluded to earlier is that older patients mimic some of the contractile
patterns found in CHF patients. My results correlate well with the findings made in
early work done by Weidemann et al [365] who studied the effect of HR increase on
SV and strain in the porcine heart. They observed a general decrease in baseline
strain as HR increased with atrial pacing whereas dobutamine infusion caused a
parabola effect over the HR range. It is notable that the use of esmolol, a
cardioselective BB caused a dramatic drop off from baseline. This pattern was not
noticed in our cohort which suggests that the presence of BB is not likely to be a
major contributor to the results observed and rather more defined by pacing and

sympathetic activity.
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Figure 29 — Similar patterns of strain were obtained in earlier work exploring the
effect of HR change via atrial pacing (A), dobutamine infusion (B) and esmolol
infusion with subsequent atrial pacing (C) using porcine hearts. Dobutamine is a
alpha and beta receptor agonist that reduces vascular resistance unlike Esmolol (
cardioselective BB). Adapted from Weidemann et al [365]. BS — Baseline.

However other studies have failed to find a significant change in strain with
increasing HR despite showing a downwards trend [366]. This may be relevant as
RV pacing is associated with worsening strain and dyssynchrony generally across
the range of measures in animal studies [367, 368]. Thus, my results which show
improved cardiac response with CRT on could be explained by the partial

normalisation effect of BiV pacing.

| believe my strain results require further investigation, particularly with regards to the
effect of ageing and sympathetic activity which are expected to be determinants of
strain values. Strain has recently been shown to have value in identifying HFpEF
patients with a higher level of certainty than traditional measures such as LVEF
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[369]. As RS represents the entire myocardium, it has been associated with
concentricity in CHF patients [369]. Concentricity is defined by the LV mass divided
by the LVEDV and so is associated with remodelling and general function.
Deterioration in the rate of CS is also believed to be predictive of ventricular
remodelling, thus healthy CS should partially mitigate ventricular enlargement
associated with CHF progression [370]. Strain is being investigated for utility in
patients with CRT devices and has been helpful in locating ideal LV lead positioning
including areas to avoid lead placement due to presence of scar [88, 371]. As the
results of my research suggest improved strain performance in patients with active
CRT as well as greater preservation at higher HR, it could be of significant value to
explore this further in a larger cohort with exercise included to compare the level of

normalisation that occurs against controls when CRT is functioning.

8.7 Limitations of strain analysis

The primary limitation is the sample size of the controls and CRT patients. Strain
analysis is improving dramatically, however myocardial deformation analysis remains
with a non-insignificant variability rate that suggests large sample sizes are needed.
It is likely that the presence of the CIED slightly impacted analysis, potentially
increasing variability further. It would have been useful to analyse the changes that
occur in LS; however this was not felt to be viable in this study due to the majority of
scans completed before this measure was considered. There are newer techniques
such as hyperelastic warping that could have been utilised in this cohort to rapidly
assess strain in a semi-automated fashion, however this was not a technique our
team has experienced in conducting which is important in the context of the observer
variability rate [362]. Additionally, it is becoming apparent that strain values alter
between layers of cardiac tissue. For example, CS appears to reduce when
transitioning from endocardial to epicardial layers regardless of the pathology
present in the heart [369]. It is therefore not unreasonable to take a global
assessment of strain as utilised in this study. Finally, strain is likely to require sex-
specific reference values as men generally have higher strain values when

compared with women [369, 372]. This is an area of ongoing study and due to the
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lack of uptake of this principle thus far, it was felt to be inappropriate to separate this

modest cohort sample further.

8.8 Investigation of the RV

One the advantages of CMR as an imaging modality is the ability to analyse
ventricular dimensions and function of the RV [3]. RV impairment is often caused by
LVSD via increased LV end-diastolic pressure raising pulmonary artery pressure and
RV afterload or pulmonary disease causing a similar cycle of events starting from the
pulmonary circulation [373]. The increased pressure on the right heart in either
situation generally leads to RV dilation and tricuspid regurgitation, eventually
resulting in RV failure. Furthermore, RV function is recognised as a predictor of
mortality and hospitalisation in patients with CHF [374, 375]. In most circumstances
RV function is measured using echocardiography, however due to the difficulty in
imaging this structure and the inherent assumptions that have to made with the 2D
technique usually employed, the variability is markedly high [376]. This has
positioned CMR as one of the few methods of measuring RV dimensions accurately,
non-invasively and without ionising radiation, making it the gold standard for
assessment [3, 377, 378]. Despite this, RV analysis is difficult due to the irregular
shape of the ventricle, contraction pattern and the lack of study in this area [379,
380]. Even with CMR, analysis of the RV must be done with care. The geometry is
complex and as with the LV, areas of trabeculation in the RV should be considered
with a consistent decision made with regards to the inclusion or exclusion of

trabeculations which can significantly alter the analysed dimension size [381].

| carried out RV contouring at the same time as LV contouring albeit at a slower pace
with more iterative learning and moderation from senior colleagues than required for
LV dimension assessment. RV contouring and analysis was done using Circle

(cmr42, Circle Cardiovascular Imaging Inc, Calgary, Alberta, Canada).
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Figure 30 - Ventricular dimension assessment enabling analysis of LV (red) and RV
(yellow).

N (male %) 17 (76.4%) 13 (76.9%) 0.97

Age 65.1+12.1 76.916.4 <0.01
31.246.5 28.8+3.4 0.24
Baseline RVEF 28.7+10.9% 37.8+10.3% <0.01
Baseline RV RS 19.4+10.6 18.6+9.2 0.82
Baseline RV CS -10.9+4.7 -10.9+4.9 0.99

Table 10 - Baseline characteristics for CRT and control patients.
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Figure 31 - Comparing cardiac response to increasing HR in controls and CRT
patients. Note there was no significant difference detected between the groups.

As there is a high level of overlap in the error bars, it seems most appropriate to
discuss the trends noticed in these parameters as opposed to specific regions with
respect to the RV. As the HR increases with pacing, RVEDV reduced almost
immediately in both CRT on and off whereas controls only start dropping after 90
bpm. The gradient of decline is similar across the groups. As with the LV, it is likely
that this is related to reduced ventricular diastolic filling time leading to a steady
reduction in RVEDV [382]. The RVESYV appears to reduce from baseline to 90 bpm
after which increasing HR does not change dimensions significantly. It is interesting
to note that BiV pacing gives a greater reduction in RVESV than when CRT is
disabled which may explain the improvements noted in RVEF and RVCO in CRT on

at the lower HR compared with off and seemingly matched by the controls. This
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suggests that the improved functionality of the LV improves RV function. At the
higher HR, RVCO is relatively similar in response across the 3 groups. RS and CS
appear to show similar patterns in all 3 groups, with a negative trend as HR
increases, with a notable delayed peak in the controlled groups at 90 bpm rather
than closer to baseline with CHF patients. This is interesting as RV strain
assessment is increasingly positioned as a marker of general RV function [383]. With
many of the parameters merging at the higher HR, one interpretation would be that
much of the benefits of a “normally” contracting LV are at the lower HR with higher
HR via pacing going past physiological capacity in this cohort. This notion is further
supported by the fact that nearly all the parameters have gone past their
physiological peak by 140bpm. The common factor in these 3 cohorts are that all are

receiving a paced rhythm to the RV and are of an older age group.

RV analysis is a growing area and is showing increasing utility in prognostication
[384]. The error bars found in my research and previous studies investigating the RV
with its higher observer variability suggests that these results should be taken with
care. Itis likely a higher sample size would be needed in order to make a stronger
conclusion on RV response to HR increase in CHF patients especially. Importantly,
recent work by Erley et al [385] has validated a concern held in the cardiac imaging
community, being that different strain imaging techniques should not be used
interchangeably to monitor or compare RV strain. Despite this, it is exciting to look
into RV function, especially as it was obtained in the same scanning protocol
conducted for LV analysis. The finding that BiV pacing seems to improve RV function
is not new [386]. Donal et al [337] found that RV peak velocity increased with BiV
pacing over RV pacing alone. RV strain has also shown to improve in approximately
two thirds of patients who were implanted with a CRT device which was concordant
with being a CRT responder, thus suggesting that the improvements in RV are
associated with the improvements in LV contractility and LV reverse remodelling
[387]. However, a number of studies have not found significant changes in RV
function post CRT implantation. Burri et al [388] utilised radionuclide angiography at
baseline, acutely after CRT implantation and at 6 months follow up. They found that
there was no change in RVEF when switching from RA pacing to CRT pacing

acutely, however a significant increase of 1.8% was noted at follow up.
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There are likely to be a number of reasons for the variable improvement of RV
function post CRT. The methodology of assessment being primarily
echocardiography focused makes RV assessment, especially around function
difficult due to the complex anatomy and contractility pattern of the RV. Additionally,
CRT studies have had a trend to split CHF patients by groups such as responder
and non-responder. Whilst there is merit in this approach, the variability of what is
defined as a responder (such as LV dimensions or NYHA class change), generally
low sample sizes and a lack of complete or supplementary data has made assessing
the effect of CRT on RV function difficult to assess objectively. | suspect the LV in
terms of CRT which still remains unclear in many respects has taken priority and RV
function remains a low secondary interest to conduct appropriately powered studies
to investigate this area. However, there are number of reasons why CRT should lead
to improvements in RV function in CHF patients with conduction deficit. One
mechanism of improvement is the normalisation of mitral regurgitation which in turn
would be associated with reduced left atrial pressure and left ventricular end-diastolic
pressure [389]. This seems to be likely due to the more coordinated activation
(mechanically) of the papillary muscle giving reduced regurgitation and importantly
this benefit is noticed immediately post CRT implantation [390]. Le Tourneau et al
[391] found that patients with corrected mitral regurgitation and existing RVF had the
greatest improvements after surgical correction and concluded that RV function is
relatively dependent on LV ventricular remodelling and septal function. The
explanation for the majority of patients who improve RV function following CRT is
likely related to beneficial LV reverse remodelling. Indeed as RVF is often secondary
to LVF via increased pulmonary pressure to mitigate pulmonary oedema or reduced
coronary perfusion, it is reasonable to consider improvements in LV function should
at least dampen if not partially reverse this sequence [392, 393]. My finding that
these improvements do not persist at the higher HR suggest that ageing could be a
factor in these cohorts. Ageing is associated with increased myofiber stiffness and at
a clinical level is directly proportional to reduced RV function in healthy individuals
[394, 395]. Interestingly, conducting myofiber in vitro and in vivo studies suggest that
skeletal muscle fibres undergo cytoskeletal disorganisation with ageing, a
phenomenon that leads to myofiber collapse and increased stiffness [396]. Indeed it
is likely that the increased stiffness found in aged myofibers is related to the reduced

regenerative capacity of these fibres themselves [397]. My research also suggests
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that the RV should be treated separately to the LV due to the variance in response
across HR when compared to the LV. Bristow et al [244] conducted a fascinating
study in 1992 in which ventricular tissue was analysed from 3 patient cohorts: non-
failing organ donors, patients with end stage BiV failure and those with isolated RVF
secondary to primarily pulmonary hypertension. Total 8 (both B1 and B2) receptor
density was reduced in both the LV and RV of congestive CHF patients when
compared with controls; however the isolated RVF patients only had reduced
receptor density in the RV. Binding affinity of the 3 receptor sites was not majorly
different across the different groups. This suggests that there is a surprising level of
selectiveness or localisation to the neurohormonal response with the LV and RV

responding differently based on the underlying pathology.

These results emphasise the value of further study into the RV mechanistically and

in terms of response to CRT. It is known that the LV and RV are significantly different
to each other not only in terms of anatomy and contractility pattern but also
potentially in terms of inotropic response [398]. My findings particularly around the
methodology and safety suggest value in utilising CMR to explore the RV both

mechanistically and in response to interventions such as device therapy.

8.9 Limitations of RV analysis

The main limitation around the RV assessment in this dataset is the sample size. RV
assessment is certainly more complex and is associated with a higher inter and
intraobserver variability [399]. This issue is likely exaggerated with regards to RV
strain [400]. Technologies such as CMR is expected to limit the variability however, it
remains an unclear area especially when complicated by the presence of a CIED.
Notably, my research protocol was not focused on RV function which meant the
aetiology and method of investigation was not as thorough as would be ideal for a
RV study (such as exploring pulmonary circulation). This also meant that RV function
was not considered as part of participant eligibility. Future studies that investigate RV
in a more focused manner will benefit from larger sample sizes and stricter inclusion

and exclusion criteria.
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8.10 Investigation of Exercise

Based on my findings that HR increases via pacing generally reduces ventricular
dimensions amongst both CRT and control patients whilst LV contractility is static
when CRT is disabled, | was curious to explore the effect of exercise. Exercise
should result in an increase in sympathetic activity that would be expected to shift
FFR upwards [365]. This effect is also interesting to consider in the context of the
sympathetic overload present in CHF patients. Exercise induced increases in HR
have been associated with limited change in LVEDV in either athletes or CHF
patients, with a significant improvement in LVEF found in healthy individuals (largely
through reduced LVESV) [294]. The aim of my research into exercise was to
compare the cardiac changes observed in the context of exercise induced HR
increases in participants with CHF and those who are healthy. As this had not been
conducted by our team before, this work was positioned as foundational to assess

for feasibility.

| was keen to utilise CMR as it is the gold standard for ventricular assessment,
however this makes exercise difficult due to the fact participants generally need to be
supine and the risk of ferromagnetic materials present in most standard equipment.
Additionally, ECG gating issues arise with high variation in HR whilst movement
gives rise to artefact generation and difficulty in identifying important ECG signs such
as ST elevation due to the MRI magnetohydrodynamic effect. The fact that our
patient cohort have CIED heightens the issues particularly around safety and image
guality post acquisition. Maximal exercise would not be appropriate based on the
patient cohort and equipment requirements. | have had previous success in HR
increases via supine leg raising in CHF patients who are undergoing catheterisation
[401]. My supervisor, PS suggested the use of resistance bands (figure 31) with leg
raising that would both standardise the exercise intervention as well as achieving
various intensity of exercises (instead of duration based) through various
resistances. Resistance bands placed around the legs are an inexpensive method of
sub-maximal methods of HR increase via exercise that mitigates upper body
movement and is safe in the MRI environment [402]. We confirmed that it is possible

to raise HR relatively quickly with these bands via leg raising with myself as the test.
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Figure 32 - Resistance bands made of thermoplastic rubber that have various
resistances.

Subsequently it was necessary to validate the ability of the bands to increase HR in
the MRI setting. | recruited two healthy medical students to assess this, excluding
any chronic medical diseases or issues around exercise performance. Once
informed consent was obtained and a complete safety check was undertaken as per
normal MRI protocol, we conducted the same CMR scanning sequence as utilised in
the LV analysis of CRT and control patients (7.2 & 8.2 Methodology). As a team, we
discussed scanning CRT patients with exercise. One important consideration to be
made is that pacemakers once in the MRI environment lose their ability to reliably
sense native electrical activity in the heart. This made the notion of performing
exercise in patients with pacemakers performing ventricular pacing whilst in an MRI
environment unpalatable following discussion with our scanning team (cardiologist,
MRI radiographer and cardiac physiologist). One of the primary concerns is the risk
of exercise induced tachycardia giving propensity for R-on-T and possible cardiac
arrest [403, 404]. We decided that it would be viable to scan CRT patients who had
already been recruited into our series of studies whilst keeping CRT disabled for the
exercise period. The required personnel in addition to the entrance of COVID-19
stopped us conducting more than 4 scans in total (table 2). It was reassuring to

127



obtain high quality scans in both healthy participants and those with CHF and a CRT

implanted (figure 33).

Figure 33 - Example of using the resistance bands in the MRI scanning environment.

Figure 34 — CMR images using a GRE sequence to produce analysable slices of the
heart during light resistance exercises in a healthy (left) and CHF (right) participant.
The LV (red) and RV (yellow) have been contoured with an artefact noted (blue) as a
result of the CRT device.
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Healthy CRT

N (% male) 2 (50%) 2 (50%)
Baseline HR 69.027.1 59+8.5

Table 11 - Demographic details of the healthy and CRT cohort who underwent
exercise CMR. CRT — Cardiac resynchronisation therapy, HR — Heart rate.

129



Healthy CRT p-value
LR 33.19% 24.60% 0.66

MR 47.55% 40.71% 0.81

LR 8.02% 5.07% 0.75

MR 10.86% 14.18% 0.81

LR 2.79% 0.34% 0.81

MR 4.76% 3.50% 0.91

LR 12.45% 2.48% 0.59

MR 21.30% 20.08% 0.94

LR -6.66% -6.02% 0.98

MR -5.18% -50.01% 0.17

LR 19.90% 20.98% 0.98

MR 33.83% -31.81% 0.25

LV LR 29.24% 3.59% 0.59
contractility

MR 29.00% -6.09% 0.45
LR 65.81% -2.64% 0.26
MR 44.03% -15.35% 0.25

LR 42.33% 6.40% 0.44

MR 39.56% -4.48% 0.34

Table 12 — Comparing percentage change from rest to exercise in CRT and healthy
participants. LR — Low resistance, MR — Moderate resistance.
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Figure 35 - Comparing % change from baseline in common parameters during
various exercise at various low and medium resistance in CRT and healthy
participants.

Most notably even with some parameters displaying a large difference at different
exercise states between CRT and healthy participants, the p-values were never
found to be significant between the two cohorts due to the low sample size. Despite
this, it is reassuring to see that our proof-of-concept analysis does suggest that
exercise bands are useful alongside leg raising to increase HR, SBP and CO in both
healthy and CHF patients. This simple exercise is in line with previous work finding
that stretches and repeated movements can produce significant and rapid increases
in HR [405]. As HR is increased via exercise, LVEDV is increased in both my healthy
and CHF patient cohorts. Exercise with moderate resistance appears to have
collapsed LVEF and LVCO in CHF patients which is likely due to the non-beneficial

increases in HR with a lower increase observed in healthy individuals. LV
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contractility looks to be slightly increased in light exercise in CHF patients before
reducing to below baseline which suggests that the higher tension caused
performance to go beyond the CHR. In both the healthy and CHF cohort, the light
tension bands were enough for participants to reach the CHR with a more dramatic
drop found in CHF patients. RS and CS have both remained relatively static or
marginally increased in CHF patients with exercise whereas dramatically increased

in healthy individuals.

These results, albeit in the context of a low sample size do suggest that exercise
induced HR produces a different cardiac response when compared with pacing
induced HR changes. This is likely due to the sympathetic effect of exercise, leading
to increases across the board of parameters observed. Our results in the healthy
cohort agree with previous work into exercise haemodynamics in non-HF patients in
which modest improvements in CO and EF are observed [262, 297, 308]. O’Driscoll
et al [406] showed that isometric squats in non-HF patients increased CO, LVEF,
SV, RS and CS. Our findings are similar in terms of producing an upward and right
shift in strain with increasing HR via exercise as found with an infusion of
dobutamine [365]. The blunted response to exercise in CHF patients has been noted
in previous studies and is likely related to the neurohormonal dysregulation present
in this cohort [407, 408]. We look forward to future studies that investigate the effect
of exercise in CHF patients with CRT devices via CMR. This is expected to be an
area of significant interest. Software and programming around CRT is increasingly
sophisticated with tailored programming showing improvements to cardiac function
[272]. Hopefully solutions around higher pacing rates whilst exercising can be
navigated in CMR through safety assessments. This would enable greater
appreciation of pacing on cardiac mechanics during activity which may be one of the

key areas in improving functional capacity post CRT implantation.

8.11 Limitations of exercise analysis

A sample size of 4 means that meaningful analysis of the findings is not possible.
Increasing the sample size was not possible here due to issues with patient
enrolment and the COVID-19 pandemic. However as a proof of concept, the findings

are promising. It was also not possible to perform exercise in patients whilst
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ventricular pacing was active due to the concerns of serious arrhythmia formation.
This is a significant limitation with respect to CMR that requires further thorough
safety focused research studies. If resolved it would allow the assessment of the
change in CO during different levels of exercise and HR giving greater insight into
mechanical response of the heart.

8.12 Observer variability of analysed parameters

One of the strengths of CMR is the comparatively low inter and intraobserver
variation in measurements. Inter-observer variation in CMR for ventricular
dimensions and general function is around 4% with our specialist unit at Leeds
benchmarked as <5% [409]. RV measurements are known to be less consistent due
to the more conical and irregular shape in addition to the complex contraction pattern
[410]. Interobserver variability is noted to be approximately 9% for RV based
dimension analysis with our unit believed to have a variability rate of 10% [399, 411].
However, many of the techniques conducted in this study are novel or have received
limited study. Indeed, my research is one of the few to have investigated RV in CRT
devices and is unique in exploring HR augmentation via pacing with CMR imaging.
Whilst my training in MRI analysis was organised in a teaching environment with
early educational training and moderation by experts, it remains valuable to explore

inter and intraobserver variation in my dataset.

Interobserver variability was conducted by a senior cardiology registrar and
academic trained in CMR analysis. A scan list of random anonymised participants of
the study was generated in order for 20% of the patients scanned to be moderated in
terms of LV and RV dimensions in addition to LV and RV strain (RS & CS).
Intraobserver variability involved myself re-contouring 20% of patients scanned. This
was randomly selected and conducted in a blinded fashion >3 months after the
original scan and analysis took place. Statistical analysis was conducted using
GraphPad Prism version 7.04 for Windows (GraphPad Software, San Diego CA,
USA). Bland-Altman analysis was utilised with results presented as % difference to
aid comparison between inter and intraobserver variability. 95% upper and lower
confidence intervals are indicated by blue dashed lines with the bias line shown as a

red dashed line with label.
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Figure 36 - Bland-Altman chart of interobserver variability with regards to LV
assessment of dimensions and strain.
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assessment of dimensions and strain.
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Bland-Altman analysis traditionally compares two sets of measurements and
generally should be assessed informally with a focus on the overall picture as well as
the context of the measurements. Overall there does not seem to be much inter-
observer difference with respect to LV dimension assessment. This is important as it
is the cornerstone of my research despite the complicating factor of the CIED.
Specifically, the level of variation identified is in keeping with the 5% that is followed
for LV dimension assessment. The interobserver variation strain was much higher at
11% and 16% for LV RS and CS respectively. When compared with the standard 5-
16% variability for LV strain analysis with feature tracking, my values are quite
reasonable [412-414].The intraobserver variability for LV dimensions and strain are
also reassuring and are likely a reflection of the training received and number of
contours done (in excess of 10000) as part of this study. The interobserver variability
for RV dimensions is quite similar to the published standards which is encouraging
for further work in this area. However, RV strain displayed more variation in my
dataset than previously published [400, 415]. This is presumably due to the inclusion
of a CIED and the HR augmentation. The combination of the higher areas of artefact
due to the CIED with varying and specifically higher HR could be causing issues on
the feature tracking software. The HR changes could also have been occasionally
problematic for the ECG triggering required for image acquisition, however if this was
a major issue it would have been expected in other parameters such as simple LV
dimension assessment which does not seem to be the case. Additionally, it is
possible that the software vendor used (cmr42, Circle Cardiovascular Imaging Inc,
Calgary, Alberta, Canada) may have reduced accuracy on the automated feature
tracking mode utilised. This is not borne out in the literature and this potential issue
was mitigated by routine procedure with FT by reviewing the cine slice by slice and
frame by frame to ensure appropriate tracking throughout [416]. It is reassuring to
see that the intraobserver variability for both RV dimensions and strain was tighter

and within reasonable limits.

One observation that can be made from the Bland-Altman plots with respect to strain
analysis is that there appears much more variation at the lower strain values for both

inter and intraobserver assessment. This pattern has a relatively convincing funnel
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shape in almost all of the strain plots. There are a few possible explanations for this
finding. It could be that in periods of ECG mis-triggering in the context of HR
augmentation or CIED related artefact generation, there is subsequent reduced
strain change. This hypothesis is countered by the fact that the funnel pattern is not
present in the LV or RV dimension plots which, if mis-triggering or artefact
generation was the issue, would be expected to be similarly present. A second
possible explanation could be that the vendor specific FT software is not as capable
of consistent analysis at lower strain values present in disease patients such as
CHF. CHF patients likely present more complexity (such as segmental variation) and
higher intra and interobserver variability values than found in healthy individuals. A
third explanation is that CMR FT whilst highly convenient and generally robust has
been shown to have greater variation in obtaining strain values than other
techniques such as CMR tagging or even echocardiography [354]. However, it is one
of the newer techniques and is likely to continue to improve due to the sheer
flexibility it offers and few associated issues around acquisition when compared with
nearly all other techniques currently available. Indeed, my study findings despite the
complicating factors fared reasonably well overall, particularly with regards to LV
assessment. It is known that training reduces observer variability as does experience
[414, 417]. A fourth possible explanation is that having the y-axis as % difference
could give the appearance of a larger distance at areas of high readings. | repeated
the analysis in all studied parameters for both interobserver and intraobserver
measures using another standard variable, absolute difference. This did not
dramatically alter the funnel appearance found in the strain parameters (figure 39)
nor made any obvious changes to the other measures. Changing the Y-axis to
absolute difference did not obviously change the results obtained. This suggests that

the variance observed is more related to the MRI analysis process.
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Figure 40 - Bland-Altman chart of intraobserver variability using absolute difference
instead of % difference as utilised earlier.

This change did not change the appearance significantly. The confidence intervals
(blue dashed line) and percentage bias (red dashed line with red text) are presented
for each parameter.

8.13 Conclusions

CHF patients appear to have a dampened cardiac response to increased HR when
compared with controls. Active CRT is associated with a partial normalisation effect
in the majority of parameters assessed in the context of increasing HR however the
changes were non-significant in this cohort. It is reassuring that strain analysis
complimented the FFR response observed. Assessment of the RV in the CRT and
control cohorts suggests that LV pacing is providing a beneficial effect to the RV that
may go beyond what is found in older controls. Our pilot data from healthy and CRT
patients gives confidence to the use of leg raising with resistance elastic bands as a
method of increasing HR via exercise in the MRI setting. Variability analysis
investigating interobserver and intraobserver variance shows that this body of
research around the LV and RV largely falls in line with accepted variation
associated with MRI analysis despite the presence of a CIED and HR augmentation.
Further work is required to expand these findings through larger patient cohorts and

explore the myocardial origins through non-invasive imaging and cellular studies.
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Chapter 9 - MRS in a porcine phantom with
implanted CRT leads

9.1 Introduction

31P-MRS analysis is able to investigate cardiac metabolism and has found CHF
patients to have reduced energy capacity in cardiac and skeletal muscle [179, 187,
204]. For the purpose of assessing the effect of varying HR on cardiac energetics,
31P-MRS is the best choice as it enables evaluation of metabolites such as ATP and
PCr, thus obtaining the PCr/ATP. My findings thus far have shown that CRT provides
improvements to cardiac performance in response to HR augmentation.
Interestingly, this is in the context of CRT reducing metabolic burden to the heart
through improved efficiency and energy reserve [286]. | wanted to explore the
viability of 3!P-MRS in patients with a CRT implanted as it would be fascinating to
observe the variation in cardiac energetics in terms of active and disabled CRT and
HR augmentation. The first step to achieve this is a phantom model for 3'P-MRS to
ensure that analysis is possible. Specifically as MRS has not yet been performed in
CHF patients with implanted CRT devices, it is important to check that MRS would
be viable in assessing energetics without significant interference from the CRT
device or leads. If the interference or artefact generation is unduly high or unable to
be mitigated, it could mean that MRS would not be viable in patients (due to lack of
appropriate ventricular signal capture). Unfortunately there are no known phantom
models for CRT and MRS.

A phantom model in this case needed to have a few characteristics. We required a
heart in a medium similar to blood, with a CRT device and leads placed in
anatomically correct areas of the heart. All the components for the phantom model
should be safe for MRI scanning. The container for the model should enable the
relatively accurate positioning of the device in the context of the heart (importantly
appreciating the space between the CIED to the patient’s heart). A porcine heart
seems most appropriate cardiac model for the purpose of the phantom. Porcine
hearts are frequently chosen as the cardiac model of choice due to their anatomical
and physiological similarities to humans [418-421]. Porcine hearts are also relatively

accessible and affordable.
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9.2 MRS methodology

| was fortunate at my institute to not only have relevant expertise but also key
components that were made available for this work. Specifically, we received a “Not
for Human Use” version of the actual CIED that are used in clinical medicine from
Medtronic, who are a global leader in pacemaker design and manufacture. In fact |
was given the same device and leads implanted in the CRT cohort of this study
(table 13).

Component name Description

DTMB2QQ Amplia MRI Quad CRT-D 3.0T MRI-Conditional CRT-D

SureScan

6947M Sprint Quattro Secure RV lead
4298 Attain Performa LV lead
4074 CapSure Sense RA lead

Table 13 - CIED components (Medtronic) that were utilised for creating the CRT
phantom model.

After making contact with a large local abattoir (John Penny & Sons, Leeds, UK, |
was fortunate to collect fresh pigs’ hearts (<5 minutes from extraction) directly from
the abattoir for this project. Furthermore, | am extremely grateful to receive guidance
and assistance from Dr Nadira Yuldasheva who is an expert in animal anatomy and
was able to aid in the preparation steps. Additionally, my supervisor JS was a major
source of knowledge for creating the phantom model. The majority of the protocol
follows standard procedure for animal heart fixation [422]. | conducted the following
protocol for producing the porcine CRT phantom model at Light Laboratories,

University of Leeds, UK:

¢ Obtained porcine heart from abattoir.
e Stored heart in a professional grade thermal insulated Thermo future box®
packed with a mixture of ice and Thermafreeze® (cooling crystals) for

transportation to the University.

140



e Irrigated the heart with large volumes of distilled water at room temperature to
maximise perfusion, remove thrombi and reduce thrombus formation.

e Dissected vasculature to 2-3 cm.

e Placed heart into autoclaved container (bucket) with 4% paraformaldehyde
(PFA) solution in PBS for 1 minute. The container was surrounded with ice
and distilled water.

e Washed heart with 1% PFA and stored for fixation over 5 days.

e Washed heart with PBS X3.

e CRT device is suspended within phantom container (device approximately
8cm above the heart). The heart is placed on the bottom of the container with
the RA, LV and RV leads implanted.

e Poured 2.5% agarose (Iberose high specification agarose for electrophoresis)
in 0.9% saline and kept warm at ~30°.

e Stored for cooling and setting for a minimum of 4 hours.

This methodology whilst relatively standard, had two obvious differences to most
other similar studies. We initially opted for 2.5% agarose instead of 1 or 1.5 due to
the human sized heart and CRT device that should be kept stationary in multiple
positions. Furthermore, this study required a significant volume of agarose in 0.9
saline to be made up, approximately 6L. This is orders of magnitude larger than most
laboratory work and | was fortunate to be allocated separate laboratory space to
conduct this protocol in a timely manner. Once the agarose process was started,
timing was critical to ensure a smooth pouring of large volumes of agarose. This was
important for three reasons. First, care had to be taken to pour in a smooth
continuous fashion to minimise bubble formation which would cause decreased
image quality after MRI scanning. Secondly, timing was critical to ensure that the
agarose was poured with minimal delays so that 6L volume solidified as a single
column (rather than layered). Thirdly, care was needed during the agarose stage to
ensure that the CRT device and leads remained in the anatomically accurate

positions.

All MRS was conducted using the same 3.0T Siemens Prisma scanner housed at

the advanced imaging centre at Leeds General Infirmary as described in earlier
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chapters. Imaging was conducted with myself, an MRI radiographer, medical
physicist and my supervisor JS present. A standard 3P transmit/receive surface coil
as used for clinical studies was utilised. Positioning of the phantom was confirmed
with a survey scan. The RF field and receiver sensitivities were analysed using the
departmental purpose-built cuboidal phantom housing a 2cm? cube of KH2POa(aq)
surrounded by 500mL of saline. Shimming was conducted with Siemens standard
software. The porcine phantom model was placed horizontally with the coil placed
over it at the isocentre of the magnet [423]. 3!P-MRSI with 3D chemical shift imaging
(CSI) sequences were employed with voxels placed in the mid-ventricular septum.
This generated a series 32x32 CSI grid at the mid-ventricular slice. Analysis was
conducted using tailored (inhouse) software utilising Matlab version R2012a
(MathWorks, Natick, Massachusetts) with the kind assistance of David Broadbent, a
medical physicist at the Advanced Imaging Centre. This approach allowed the

assessment of voxels around areas of interest across the myocardium.

Phantom model attempt 1

The first attempt of the porcine model produced appropriate survey scans of the
phantom model which confirmed anatomically correct positioning of the CRT device
and leads in relation to the porcine heart. However, 3!P-MRS failed to obtain the
expected discrete spectra required for analysis. From reviewing the scan, it was
believed that the higher contractions of agarose was interfering in the signal
acquisition. After discussing the methodology with my supervisor JS, we decided to
reattempt the phantom model whilst reducing the agarose concentration closer to
more standard levels at 1%.
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Figure 41 - First attempt at phantom model with 2.5% agarose.

Phantom model attempt 2

The same protocol for creating the phantom model was conducted as previously.
However, this time the agarose concentration was reduced to 1% to balance the
need for physiological similarity and potential signal interference with stability for the

positioning of the CIED and heatrt.

Unfortunately as with attempt 1, the MRS spectra signal was neither discrete or of an
adequate quality to obtain reliable data. However, it was reassuring to find that 1%

agarose was strong enough to hold the CIED and porcine heart in place.

Phantom model attempt 3

The same protocol as conducted with attempt 2 was followed, but this time we opted
to use gadolinium solution (Omniscan ™0.5mmol/ml) to enhance image acquisition
further. Gadolinium shortens relaxation time at both T1 and T2 giving a hyperintense
and hypointense signal respectively. Specifically, the tissue undergoes interstitial
and intravascular enhancement [424, 425]. A concentration of 0.5 millimolars of
gadolinium was added to the 1% agarose in 0.9% saline solution. | am pleased to
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report that this attempt was successful in obtaining discrete and high-quality spectra
following MRS-P in the phantom model. This was a breakthrough moment for the
team. However, on analysis there was poor delineation of the porcine heart and
contained surface (giving poor appreciation of the cardiac borders) as the heart was

resting directly on the container.

Phantom model attempt 4

My supervisor, JS recommended that we repeat the process but this time, an
agarose layer could be created at the bottom of the container to keep the glass
container separate from the porcine heart. Attempt 4 was conducted with the same
methodology as attempt 3. An additional step was made just prior to the agarose
step at which point a 3 cm agarose layer was set onto the base of the phantom
container. After partial setting (approximately 30 minutes), the porcine heart was laid
down on the agarose layer with the remainder of the agarose used to fill the
container as per protocol. This attempt was a complete success in terms of stability,
image acquisition and the obtained spectra. A full analysis was completed as shown

below.

Figure 42 - Phantom model attempt 4 in which the porcine heart is placed on top of
the agarose layer with leads inserted and CRT device suspended above (left).

144



The container is then filled slowly with the agarose solution and left to set, note the
reduced turbidity of this model (right).

Figure 43 - Porcine phantom model being broken down post scanning.
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Figure 44 - The phantom model (red arrow) placed in the clinical 3.0T scanner a
standard Siemens flexible body coil for MRI T1 and T2 sequences.

Figure 45 - Porcine phantom model being scanned in the 3.0T Siemens Prisma MRI

scanner.
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Short axis Long axis

Figure 46 - T2 weighted turbo spin echo short axis (left) and long axis (right) view of
phantom model. The LV lead (blue arrow) and RV lead (red arrow) artefacts are
visible. Notably, there is a large area of void artefact caused by the pacemaker
generator (green arrow).

Figure 47 - Interrogating porcine phantom with CRT active using a standard
programmer.
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Figure 48 - Successful linking and interrogation of the CRT embedded into porcine
phantom model (red arrow) using a standard programmer (black arrow). The results
of the live readings (white arrow) and interrogation were within expected ranges for
this device.
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9.3 Results
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Figure 49 - CSI of frequency offset variance of porcine myocardium with CRT device

(top white voxel) and implanted lead (bottom white voxel).
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Figure 50 — CSI of linewidth variance of porcine myocardium with CRT device (top
white voxel) and implanted lead (bottom white voxel)
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Figure 51 - CSI of amplitude variance of porcine myocardium with CRT device (top
white voxel) and implanted lead (bottom white voxel)

Frequency offset is the change in frequency across the voxels at the Larmor
frequency of the metabolites. A perfect shim would manifest in similar frequencies
across the analysed voxels. Linewidth is the width at half the maximal peak of the
spread of Larmor frequencies from the metabolites during MRS and is formed during
T2* relaxation [426]. Therefore, linewidth shows the frequency variation within each
voxel and is a measure of data quality. The amplitude is described in arbitrary units
(au) and follows the standard definition of the maximal strength of vibration. It is a
combination of the coil sensitivity profile (a measure of signal noise) and the
linewidth, thus the area under the peak. This is primarily determined by the number
of spins in the voxel. Increased linewidth causes the peak height to be reduced (as

the peak gets wider) whilst the amplitude (the area) remains the same
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These results (figures 48-50) show the spectra (single peak) across the myocardium
of the porcine phantom model with the implanted CRT device and leads. It is
apparent that there are limited changes found in myocardium close to the leads.
Both frequency offset and linewidth showed few changes, however there is a
noticeable shift focused on the superior aspect, i.e. the area closest to the CRT
device. Indeed, the finding that the linewidth largely varies towards the pacemaker
instead of the leads implies that the shim is mainly affected by the pacemaker pulse
generator. Amplitude variance was relatively low throughout the myocardium,
however is in a different direction to linewidth indicating that the primary factor is the
imaging coil rather than the pacemaker components. Thus, the positioning of the 3P
coil and subsequent sensitivity is the key component to factor rather than intrinsic
issues with scanning the CRT device.
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Figure 52 - Spectra analysis at various voxels within the myocardium of the porcine
heart.

The voxel or landmark view of the myocardium (top left) shows positioning of the
voxels at various points in relation to the lead ranging from superior (top right/blue),
inferior (bottom left/green) and adjacent (bottom right/orange). Colour coded to ease
appreciation of respective voxel locations.

The direct spectra analysis at various locations (figure 51) gives a more detailed
insight into the previous matrix results and highlights the aforementioned trends. The
voxel on the superior aspect (blue) stands out as the most different and this is likely
due to its proximity to the CRT device itself (rather than the leads) producing artefact
that alters expected readings. Specifically, the smoothened spectrum fit is quite
similar across the majority of the voxels with a relative discrete narrow peak found on
the individual peaks. The residual parameter which shows the spectra with the
principal peak subtracted is relatively stable throughout. The initial values for non-
linear fit (non-corrected) is helpful to assess for over correction. These results show
relative consistency across the range of assessed areas with the minor variance
largely explained by the proximity to the CRT device (with a smaller change adjacent
to the lead).

9.4 Discussion and limitations

These results are reassuring with analysis overall being appearing to be minimally
affected by the presence of the CRT device and leads. The consistency of the
results suggests MRS being viable in the clinical setting in terms of scanning CHF
patients. This foundational work has further credibility in the fact that it is has utilised
not only a pig’s heart but also a functioning CRT device that is commonly implanted
model in CHF patients. Indeed the device interrogation checks (figure 47) confirmed
that the device was functioning normally, thus unlikely to present an issue when
scanning patients. Whilst these results are better than expected there are two major
differences in this phantom model when compared with the real-world setting. Firstly,
instead of a largely saline solution, the patient will have blood which has a different
set of issues such as artefacts from flowing blood which can be mitigated by spatial
presaturation protocols [427]. Another problem is that in patients, hearts would be
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pumping which when combined with the CIED could produce problematic
susceptibility artefacts. However, as **P-MRS has been conducted in patients with a
focus on cardiac function, | believe this would not be an insurmountable problem if at
all. The pig heart has been shown as a robust choice in MRI studies due to its size
and can prepared in an ex vivo fashion whilst beating [428]. A beating ex vivo
preparation would have been technically challenging in our institute, especially whilst
coordinating the placement of the CRT device and leads. This could be an
experiment for the future though | suspect efforts focused on scanning CHF patients

with CRT devices directly would be of greater value based on my findings.

It was hoped that this work would lead onto MRS in CHF patients with CRT devices
implanted. Unfortunately a series of problems arose that could not be solved.
Principally whilst we have thus far achieved reassuring results and feasibility in
scanning CIEDs in 3.0T MRI, 3'P-MRS has not been formally assessed by the
device manufacturers for safety. The theoretical risk here is that the local
transmitting surface coil would be resting in proximity to the CIED and would cause
more RF related heating to the CIED than standard imaging or *H-MRS. Specifically
as the majority of device manufacturers have only confirmed safety for an active
CIED whilst using the integrated coil (which is often sufficient for H-MRS) or
commonly utilised coils (such as head or knee), the use of a different coil such as
that required for 3!P-MRS would be beyond the tested circumstances. Additionally,
the frequency of 31P-MRS is 49MHz compared with 126MHz in standard *H-MRS
leading to a longer wavelength. To assess this properly, real-world testing, modelling
or simulation ideally should take place. This is quite an extended series of testing to
assess limits and variability which in turn incurs significant financial costs. As a team
we investigated this further and received a quote of approximately €60-100k for RF
safety and €125-200k for full MRI safety certification with this method. We discussed
the possibility of safety testing with the device manufacturers; however this
discussion was fruitless due to the time and financial cost associated with this
research direction. As a panel (cardiologists, medical physics, MR radiographer,
cardiac physiologists and academics) we went through all the options of progressing
with MRS in patients and following multiple meetings and advice obtained
internationally, the decision was made not to proceed with MRS in patients until

further safety work was conducted. This decision mainly rested on our work being a
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research study and not clinical thus the risks were felt to outweigh the benefits to

both the patient and research group.

9.5 Conclusions

The presence of a CRT device and leads in the anatomically correct areas are not
expected to be an absolute barrier to MRS in terms of read out analysis in patients
with MR-conditional CRT devices implanted. Further safety testing is required before
a clinical MRS assessment can be conducted in humans due to potential issues

around heating and damage to either human tissue or the CIED itself.
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Chapter 10 — Conclusions

10.1 General discussion

| feel privileged to have conducted a number of pioneering experiments. To my
knowledge, this work is the first internationally to have investigated cardiac response
to active CRT in CHF patients and HR augmentation with the use of CMR.
Furthermore, we have investigated strain and RV function in the context of CRT at a
higher resolution than ever before. Finally, my work represents the only known
investigation into CRT via MRS. This resulted in reaching the limits of primary
research in the clinical setting by requiring device safety testing that is generally
conducted by the manufacturers to proceed further.

My research identifies what appears to be a safe methodology for scanning patients
via CMR with CRT active and augmentation of the HR through pacing. This
methodology was not associated with any significant deviations from baseline
pacemaker values post scan and notably none of the patients experienced any
significant side effects. Importantly, the quality of images obtained after image
enhancement techniques that ranged from appropriate positioning to the scanning
technique employed enabled adequate MRI analysis. This is a milestone event and
should give confidence to other centres internationally to explore cardiac
mechanisms in response to CRT activity, utilising the fidelity that CMR offers.
Maintaining BiV pacing whilst scanning was only possible due to the experienced
team members of this project consisting of a cardiologist, MRI radiographer, cardiac
physiologist, medical physicist and assistance as required from the device
manufacturers. Further studies are required to prove safety in a larger cohort, but
certainly these findings are reassuring. It is hoped that in the near future it becomes
standard procedure to scan CRT patients with BiV pacing, thus similar to their native
programming rather than switching the device to RV pacing which is associated with

reduced CO and worsening of cardiac function long term [429].

We have found that BiV pacing results in contractility benefits at increased HR. Many
studies have shown the survival benefit of CRT pacing in patients with CHF [102].
CRT is also associated with improvements in exercise capacity, reverse remodelling

and LVEF [430, 431]. It is difficult to interpret my findings of increased performance
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with CRT active as the inotropic improvements acutely of BiV over RV pacing
obtained with CRT active have not been found to be predictive of HF related
rehospitalisation or death [314]. It is likely that CRT acts as a mechanical corrector
for the dyssynchrony that is present in the implanted cohort of CHF patients. Early
studies validate this concept by showing that BiV pacing conferred improvements in
cardiac mechanics such as SV without placing additional oxidative metabolic
requirements on the myocardial tissue [95, 321]. This should not be underestimated.
Cardiac tissue in patients with CHF are likely to be energy starved based on
physiological and MRS investigations [192, 432]. Further study is needed to
investigate the effect improved contractile function could have on factors intrinsic to
CHF such as altered SERCA levels and energetics. The shallower FFR slopes in
response to increasing HR found in my cohort of CHF patients likely reflect the
higher sympathetic activity required to reach adequate CO in HF patients [238]. This
relationship can explain some of the benefits of BB by stopping the FFR peaking,
thus mitigating the sympathetic overdrive that occurs through the positive feedback
loop associated with CHF in failing to reach required CO. The same rationale can be
applied to CRT devices which are able to mechanically increase CO and LV
contractility and are similarly associated with reductions in sympathetic activity post

implantation [331].

We have identified a a HR window (100 bpm in this cohort) beyond which further
increases via pacing worsens CO in CRT patients. This finding could explain why
previous studies that have raised HR have failed to increase exercise capacity [433].
The bell-shaped curve that is observed in my research supports previous findings by
Steendijk et al [326] which showed a similar pattern in CO, ventricular dimensions
and LVEF via pacing induced HR increases as found in my work. Notably, a similar
peak point of 100 bpm in CO was noted suggesting that despite the vast changes in
medical optimisation therapy, core physiological changes associated with CHF may
be the determining factor. This could be a significant finding and further work into
FFR and cardiac response is likely to lead to important discoveries that appreciate
CHF as a syndrome. My results also suggest that active CRT gives a partial
normalisation effect towards a positive FFR as found in controls. This is valuable
information as CRT is a practical solution in many CHF patients with conduction

delay. Indeed, the improvement is not too dissimilar from early work by Mulieri et al
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[434] who used Forskolin to reduce FFR reductions in CHF patients. Forskolin is an
adenylate cyclase activator that has been shown to almost completely reverse the
FFR shift and tension blunting found in failing hearts. This is believed to be through
the effect of the drug increasing cyclic adenosine monophosphate (CAMP). However,
this drug is not utilised in clinical practice which may be due to its side effect profile
and narrow of therapeutic range [435]. The fact that CRT appears to give a similar
mechanical response whilst being well tolerated is appealing and merits further

investigation in a larger cohort.

Assessing controls and CHF patients in terms of response to HR seems to produce
variable response. It is possible that this technigue could be valuable in identifying
contractility and cardiac health in general. Our work has shown a difference in
LVCO, contractility and strain with the use of CRT and in controls when compared to
when CRT is disabled. Importantly this imaging protocol at 3.0T CMR is likely to be
feasible in the majority of patients with modern CRT or dual chamber pacemakers
implanted. Future studies that couple these profiles with traditional endpoints such
as functional capacity, quality of life and mortality could reveal the FFR response to
changing HR as a powerful examination tool for risk stratification and response to
intervention. | believe it could even be more useful than the current utilisation of LV
reverse remodelling which seems to be reported in a variety of fashions and does
not take into account the variation in HR that would be expected in active patients.

My results imply that in some areas such as strain and LV contractility, BiV pacing is
superior to physiological LV contraction in control participants at higher HR. Whilst
there is an age difference in favour of the CRT cohort, the fact that at higher HR
there is superior contraction in a CHF patient suggests that CRT may be helpful in a
wider group of patients than currently implanted. Indeed, it supports the notion that
that cardiac mechanics in response to HR are likely to be dynamic and regressive
with age. This finding should be followed up with studies that focus on endpoints
such as exercise capacity, breathlessness and quality of life scores in older patients.
Similarly, BiV as opposed to RV only pacing appears to increase RV function in CHF
patients that are suitable for CRT implantation for which there is limited study in this
area. This is potentially significant as RVF has been shown to be a predictor of poor
outcomes in patients, specifically as a cohort with a low response to CRT [436]. My

research highlights the RV as a poorly understood component of the heart. At the
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higher HR there was a convergence across the majority of parameters assessed
such as RVCO, RVEF and RV dimensions across the 3 cohorts. Whilst this is
partially explained by commonality of mechanism (RV pacing), it may relate to the
concept of chamber specific effects which focuses on the failing LV producing a
different neurohormonal feedback loop when compared to the failing RV despite
CHF being a syndrome with systemic effects [244]. Further research is required here
with my work indicating CMR as a reasonable imaging modality for subsequent

investigation.

We have shown that exercise CMR appears to be safe and viable in patients with
CRT devices using inexpensive techniques such as leg raise with resistance bands.
It is early but reassuring to see increases in HR, SBP and CO in both healthy
individuals and older patients with CHF through such simple techniques. Future
research could utilise this and investigate the effect of exercise induced HR
increases on cardiac mechanics such as FFR in paced patients. It is likely that
preliminary safety work to create accepted working practices and avoid risks such as
hazardous arrhythmia formation will be required to achieve this goal.

MRS has not been utilised in the context of CRT devices before. Through multiple
porcine phantom models, we have found that 3!P-MRS in CHF patients with
implanted compatible CRT devices is expected to be viable, or more accurately not
likely to be limited by image acquisition issues. There are technical and safety
challenges remaining in order to achieve MRS analysis in patients with implanted
devices which revolve around the safety assessment for heating and damage risk to
human tissue and the device itself. This will require an arduous battery of tests that
likely need to be conducted by device manufacturers. However, my research
highlights the feasibility and potential value of 31P-MRS in CHF patients which
hopefully entices manufacturers and other research groups to pursue this further.
The ability to evaluate metabolite changes with regards to ATP and changes in
energetics such as PCr/ATP would be valuable in assessing not only the benefits of

CRT but may be one of the missing links in patient selection and device optimisation.

Despite much of this work being novel with the use of state-of-the-art technology, it
was reassuring to find that the variability analysis across the board of measurements
studied were largely within the standards for MRI reporting. Notably this largely

applied for both LV and RV analysis despite HR augmentation via MR-conditional
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CIED. This gives confidence to not only utilise many of the findings within this thesis
further but also for research groups to implement some of the imaging techniques
utilised which may well lead to significant discoveries around cardiac mechanics and

pacing.

10.2 Future work

CRT is a largely effective device therapy that remains with a significant non-
responder rate [3]. This is likely in relation to the lack of mechanistic work conducted
on this technology and the CHF population [286]. It would be valuable to explore the
effects of exercise on the FFR and cardiac mechanics in patients with implanted
CRT. This would be the next step in clarifying the cardiac response to HR increase
via the two main modalities present in patients (exercise and pacing). Exercise would
be expected to result in a right and upward shift in the FFR, however as CHF is
syndrome of reduced cardiac function, sympathetic overdrive and peripheral
manifestations, it is likely that the response is complex. | believe it would also be of
value to conduct cellular studies on muscle samples from CHF patients, specifically
focusing on calcium handling and SERCA and comparing this with FFR and exercise
performance in well optimised patients. This work could be helpful at the point of HF
workup as a marker of disease progression and likely benefit decision making

around intervention, indeed even guide ideal CIED programming.

| remain in contact with major device manufacturers with the aim of progressing
safety testing of MRS. Hopefully this will enable assessment of patients with
implanted CIED as my work suggests significant value in exploring the effects of
CRT on energetics. This approach could lead to improvements in device functionality
and fine tuning. My results have identified CMR in general as both a robust and
versatile imaging modality enabling the assessment of multiple performance
markers, especially with regards to RV function and LV response to HR. This merits
further investigation into the concept of personalised care with the use of MRI as a
key technology, for example in the role of patient assessment for expected response

to CRT implantation and programming modes.
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10.3 Final conclusion

3.0T CMR appears to be a viable and versatile imaging modality for assessing
cardiac function in response to active CRT and HR augmentation. BiV pacing offers
improved mechanical function and FFR with a partial normalisation effect when
compared with CRT off and controls. 3!P-MRS is expected to be a useful tool for the

analysis of energetics in CRT patients once further safety testing is completed.
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Appendix 1 — CMR settings utilised for scanning

patients using GRE sequence

FOV (mm?) 450
FOV phase (%) 89.6
Slices 13
Slice thickness (mm) 8

Flip angle (degrees) 12

TE (ms) 2.36
TR (ms) 139.72

FOV - Field of view, TE — Echo time, TR — Repetition time
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Appendix 2 — Favourable opinion from REC for
conducting HR augmentation in CHF patients with

iImplanted CRT devices

NHS!

Health Research Authority

South Central - Berkshire B Research Ethics Committee
‘Whitefriars

Lewel 3, Black B

Levwing Mead

Bristal

BS1 INT

Telephone: 0207 104 8055

Pleasa nota: This is the
favourable opinion of the

REC only and does not allow
you to start your study at NHS
sites in England until you
receive HRLA Approval

30 Movember 2017

Dir Klaus Witta
Senior Lecturer in Cardiology
University of Leeds

LIGHT building

[

L52 9T

Dwaar Dr Witte

Study title: Using an MRI scan to explore the Bowditch
phenomenon in chronic heart failure

REC reference: 1TISCIDE12

EudraCT numbser:

IRAS project ID: 231889

Thank you for your letter of 28 Movember 2017 responding fo the Committee’s request for
further information on the abova research and submitting revised documentation.

The further information has been considered on behalf of the Commitiea by the Chair.

\We plan to publish your reseanch summary wording for the above study on the HRA website,
togethar with your contact datails. Publication will be no earlier than three months from the date
aof this opinion letter. Should you wish to provide a substitute contact point, require further
information, or wish to make a request to postpone publication, please contact
hra.studyregistrationi@nhis. net outlining the reasons for youwr reguest.
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Confirmation of ethical opinion

On behalf of tha Commities, | am pleasad to confirm a favourable sthical opinion for the above
research on the basis described in the application form, protocol and supporting documentation
as revised, subjact io the conditions specified below.

Conditions of the favourable opinion

The REC favourabla opinion is subject to tha following conditions baing met prior to the start of
the study.

Management pemmission must be obtained from each host organisation prior to the start of the
study at the site concemed.

Management penmission showd be sought from all NHS organizations involved in the sfudy in
acoordance with NHS research governance arangemenis. Each NHS organisafion must
confirm through the signing of agreements amdéor ofher documents that if has given permission
far the research fo procesd (sxcept where explcitly specified otherwiss).

Guidance an gpplying for MHS permizsion for ressarch is gvalable in the Integrated Ressarch
Application System, www.ra.nhs.uk or &t hiipdeww rdforum.nhs ok

Whers & NHS organization's rode in the study is limifed o identifiing and refeming patential
parficipants fo research sites [“paricipant identification centre”), guidance shouwld be sought
from the RE&D office on the information it requires lo give permission for this activiy.

For mon-WHS sites, site management parmission showld be ablained in accordance with the
procedures of the refevant hosf arganisafion.

Sponsors are nof required fo notify the Commities of management permizsions from host
organizations

Registration of Clinical Trials

All clinical trials (defined as the first four categories on tha IRAS filter page) must ba registared
on a publically accessible databases within & weeks of recruitment of the first participant (for
madical device studies, within the timeline determined by tha current registration and publication
traes).

Thera is no requiremeant to separataly notify the REC but you should do 5o at the aarliest
opportunity a.g. when submitiing an amendmeant. We will audit the registration details as part of

thea amnual progress reporting process.

To ansure fransparency in research, we strongly recommend that all research is registered but
for non-clinical trials this is not currently mandatory.

If a sponsor wishes to request a deferral for study registration within the required timeframa,
thay should contact hra.studyregistrationi@nhs.net. The expectation is that all clinical trials will
be registerad, howewver, in axceptional circumstances non registration may be permissible with
prior agreeament from the HRA. Guidance on where fo register is provided on the HRA websita.
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Clinical trial authorisation must be obtained from the Medicines and Healthcare products
Regulatory Agency (MHRA).

The sponsor is asked o provide the Committee with a copy of the notice from the MHRA, either
confirming clinical trial authorisation or giving grounds for non-acceplance, as soon as this is
availabla.

It is the responsibility of the sponsor to ensure that all the conditions are complied with
before the start of the study or its initiation at a particular site (as applicable).

Ethical review of research sites
NHE sites
The favourable opinion applies to all MHS sites listed in the application, subject to management

permission being obtained from the NHS/MHSC RED office prior fo the star of the study (see
"Conditions of the favourable opinion™ balow).

Approved documents

The final list of documeants reviewed and approved by the Commities is as follows:

Docurment Varsion Date

Covering letier on headed paper [Covering better] 27 Movember H01T
Ewsdence of Sponsor insurance of Indemnity (non NHS Sponsors 21 Septernber 2017
only) [Liability insuramce]

GREfeonsultant information sheets or letters [GP letter (Tracked)) 11 27 Movember 2017

Inatructions for use of medical device [Maneal Percepta)
|hatm::ﬂnn5 for use of medical device [Manuwal Amplia)

[IRAS Application Form [IRAS_Form_28112017] 2B Movember 2017
IRAS Checklist XML [Checkist_28112017) 20 Movember 2017
Letters of invitation bo participant [Invitaton letter (Tracked)] 11 27 Movember 2017
MHRA Notice of Mo Objection Lefier (Medical Devices) and relevant 08 Cctober 2047
comespondence [MHRA advice]

Other [WITTE GCF)] 27 Movember 2017
Participant consent form [Consent form] 11 27 Movember 2017
Participant information sheet (P1S) [F1S Mon-CHF (Tracked)] K] 27 Movember 2017
Participant information sheet (PIS) [F1S CHF (Tracked)) K] 27 Movember 2017
Research protocal of project praposal [Protocol] 10 26 June 2017
Summary GV for Chief Investigater (C1) [KW CV] DB Movember 2017

Statement of compliance

The Committees is constituted in accordance with the Governance Arrangements for Research
Ethics Committeas and complies fully with the Standard Operating Procedures for Resaarch
Ethics Committesas in the LK.

After ethical review
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Reporting reguiraments

The attached documeant “Affer ethical review — guidance for researchers™ gives deftailed
guidance on reporfing reguirements for studies with a favourable opinion, including:

Matifying substantial amendmeanits
Adding new sites and investigators
Matification of serious breaches of the protocol

Prograss and safaty reports
Matifying the end of the study

o B B ¥

The HRA website also provides guidance on these topics, which is updated in the light of
changes in reporiing requirements or proceduras.

User Feedback

The Health Resaarch Authority is continually striving fo provide a high quality service to all
applicants and sponsors. You are invited fo give your view of the service you have recaived and
the application procedure. If you wish to make your views known pleasa use the feedback form
available on the HRA websita:

http:ffhenesna. hra.nbs ukiabout-the-hralgovemancaiouality-assuranceal’

HRA Training

We are pleased to welcomse researchers and RED staff at our training days — sae details at
http:fifwww. hra.nis. ukfra-training

[17/5C0812 Please quote this number on all correspondence

With the Committes’s best wishes for the success of this project.

Yours sincerely

{7
Pp- e
I
Dr John Sheridan
Chair

Email-nrescommities. southcentral-barkshireb@nhs.net

Enclosures: “After athical review — guidance for researchers”

Copy to: NHE Research Ethics Officer
Mrz Amanda Burd, LTHT R+
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Appendix 3 — Favourable opnion received from REC
for Ammendment 1 allowing FFR exploration in

control participants

INHS

Health Research Authority

South Central - Berkshire B Research Ethics Committes

‘Whitafriars
Level 3, Block B
Lewins bMead
Bristal
BS1 2NT
Please note: This is the
—[ bl — f the REC
]
amendment to be implemented
at NHS sites in England wntil
the outcome of the HRA
assessment has been
confirmed.
17 July 2018
Dr Klaus Witte
Senior Lecturer in Cardiology
University of Leads
LISGHT building
LS2 8T
Dear Dr Witte
Study title: Using an MRI scan to explore the Bowditch phenomenon in
chronic heart failure
REC reference: 1TISCI0612
Amendment number: 1.0
Amendment date: 29 June 2018
IRAS project ID: 231889

The above amendment was raviewad by the Sub-Committee in correspondence.

Ethical opinion

The members of the Committes taking part in the review gave a favourable ethical opinion
of the amendment on the basis described in the notice of amandment form and supporting
documeantation.

The Sub-Committee reviewed the following amendment:

1. Increase subject numbers (n=50 CHF patients, and n=20 non-CHF patients) and
also expand aexperience to Biotronik devices.

The Sub-Committee raised no matarial ethical issues and the amendment was approved.

Approved documents
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The documents reviewsed and approved at the meeting wera:

Document Version Date

Caowering letier on headed paper [Covening letter 20th June 2018 28 June 2018
Amendment 1 231889)

MNotice of Substantial Amendment (CTIMP) 1.0 28 June 2018
[AmendmentForm_ReadyForSubmission June 23th 2018]

Other [Function-Manual_Enitra-6-8_en_428316-8_2017-11-16..pdf] 16 Movember 2017
Other [Bowditch in CRT using MRI V1.1 29th June 2018) 11 28 June 2018

Membership of the Committea

The members of the Committes who took part in the review ara listed on the attached
shaet.

Working with NHS Care Organisations

Sponsors should ensure that they notify the R&D office for the relevant NHS cara
organisation of this amandment in line with the terms detailed in the categorisation amail
issued by the lead nation for the study.

Statement of compliance

This Committes is recognised by tha United Kingdom Ethics Committes Authaority under the
Medicines for Human Use (Clinical Trials) Regulations 2004, and is authorised to carry out
the athical review of clinical trials of investigational medicinal products.

The Committee is fully compliant with the Regulations as they relate to ethics commitiees
and tha conditions and principles of good dinical practice.

The Committee is constituted in accordance with the Governance Arrangements for
Research Ethics Committees and complies fully with the Standard Operating Procedures for
Resaarch Ethics Committees in the UK.

We are pleased to welcome rasearchers and R & D staff at our Research Ethics Commitiee
meambears’ training days — sea details at htp:ffwww.hra.nhs. uk'hra-training’

1TISC0612: Please quote this number on all correspondence |

Yours sinceraly

PP

A Pchaks .

Dr John Sheridan
Chair

E-mail: nrescommittee. southcentral-berkshireb@nhs.nat

Capy to: Mrs Amanda Burd, L THT R+l
NHS Research Ethics Officer
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South Central - Berkshire B Research Ethics Committee

Attendance at Sub-Committee of the REC meeting via correspondence

Committee Members:

Name Profession Presant Nofes
Mrs Sue Harrson Retired Managing s

Dwrector of a Trade

Associamon
Dr John Sheridan Consultant Toxicologist | Yes

and Chemist

Also in attendance:

MName Position for reason for aitending)

Migs Charlotie Femis REC Manager
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Appendix 4

NHS

Health Research Authority

South Central - Berkshire B Research Ethics Committee
Whitefriars

Leved 3, Block B

Lewins Mead

Buistol

BS1 ZNT

Tel: 0207 104 8059

Please note: This is the
favourable opinion of the REC
only and does not allow the
amendment to be implemented
at NHS sites in England until
the outcome of the HRA
asseszment has been
confirmed.

03 May 2019

NHS Research Ethics Officer

Faculty Research Ethics and Governance Administrator
Faculty Research Office, Room 9.29

Level 9, Worsley Building, Clarendon Way, Leeds

L52 SNL

Dear NHS Research Ethics Officer

Study title: Using an MRI scan to explore the Bowditch phenomenon in
chronic heart failure

REC reference: 17/5CI0612

Amendment number: 2. March 8th 2019

Amendment date: 08 March 2019

IRAS project 1D: 231889

The above amendment was reviewed by the Sub-Committee in correspondence.

Ethical opinion

The members of the Committee taking part in the review gave a favourable ethical opinion
of the amendment on the basis described in the notice of amendment form and supporting
documentation.

Approved documents

The documents reviewed and approved at the meeting were:
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Document Version Date

Covering letter on headed paper | Covering letter Bth March 2018 08 March 20159
Amendment 2 231883)

Notice of Substantial Amendment (CTIMP) [ 2, March 8th |08 March 2019
AmendmentForm_ReadyForSubmission | 2019

Participant consent form [ Consent form Bth March 2018, V1.2] 12 08 March 20159
Participant information shaet (PIS) [ Patient information CHF w12 |12 08 March 2015
Bth March 2018 - MRICONT ]

Participant information shaet (PIS) [ Patient information non CHF 1.2 08 March 20159
w1.2 Bth March 2018 - MRICONT]

Research protocol or project proposal [ Bowditch in CRT using MRI (1.3 08 March 2019
1.3 Bth March 2019]

Membarship of the Committee

The members of the Committee who took part in the review are listed on the attached
sheat.

Working with NHS Care Organisations

Sponsors should ensure that they notify the R&D office for the relevant NHS care
organisation of this amendment in line with the terms detailed in the categorisation email
isgued by the lead nation for the study.

Statement of compliance

This Committee is recognised by the United Kingdom Ethics Committes Authority under the
Medicines for Human Use (Clinical Trials) Regulations 2004, and is authorised to camry out
the ethical review of clinical trials of investigational medicinal products.

The Commitiee is fully compliant with the Regulations as they relate to ethics committees
and the conditions and principles of good dinical practice.

The Committee is constituted in accordance with the Governance Arrangements for
Research Ethics Committees and complies fully with the Standard Operating Procedures for
Research Ethics Committees in the UK.

HRA Learning
We are pleased to welcome researchers and research staff to our HRA Learning Events

and online leaming opportunities— see details at: https:.fwww . hra.nhs ukiplanning-and-
improving-researchiearning/

| ATISCN612: Please quote this number on all comespondence

Yours sinceraly

PP
Mr John Inman
Alternate Vice-Chair
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South Central - Berkshire B Research Ethics Committea

Attendance at Sub-Committee of the REC meeting in Correspondence.

Committee Members:

Name Professian Present Notes
Mrs Sue Harrison Ratired Managing Yas
Director of a Trade
Association
Mr John Inman Retired Pharmacist Yas Meating Chair
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