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Abstract

Introduction: Right ventricular (RV) pacing is recommended treatment for bradycardia
and can normalise life expectancy and restore quality of life. Clinical trials have
demonstrated that chronic RV apical pacing may be associated with an adverse
prognosis and development of heart failure. Multi-parametric cardiovascular magnetic
resonance (CMR) has several clinical and research applications and can quantitatively
assess cardiac anatomy, function, intracardiac flow and myocardial tissue

characteristics.

Aims: To assess 1.) the feasibility of 4D flow and validity of transvalvular flow
guantification in pacemaker patients. 2.) haemodynamic response of intrinsic
atrioventricular (AV) conduction and forced RV pacing in those with and without focal
myocardial fibrosis. 3.) the hypothesis that long term RV pacing in presence of focal

myocardial fibrosis leads to adverse cardiac remodelling.

Methods: Between November 2017 and August 2019, patients with MRI conditional
devices were prospectively recruited from a single centre. Patients underwent multi-
parametric CMR at 1.5 Tesla. Patients in Chapters 3 and 4 underwent CMR in two
separate pacing modes during a single visit. Patients in Chapter 5 underwent CMR

before and 6 months after pacemaker implantation.

Results:

1. Flow across aortic, mitral and tricuspid valves was consistent and reproducible in
both pacing modes (p>0.05 for all).

2. A greater decline in left ventricular (LV) ejection fraction (p=0.02) was observed
during forced RV pacing in patients with myocardial fibrosis compared to patients
without fibrosis.

3. Patients with AV block and myocardial fibrosis undergoing pacemaker
implantation have greater electromechanical dyssynchrony and a consequent
increase in LV end systolic volume (p=0.008) at 6 months compared to those

without fibrosis.
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Conclusions: Right ventricular pacing in patients with myocardial fibrosis, compared to
those without, leads to greater deterioration in cardiac function both immediately and

after 6 months.
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Chapter 1 Cardiac magnetic resonance imaging in patients with
cardiovascular implantable electronic devices: risks, safety and

iImage optimisation

Magnetic resonance imaging (MRI) is currently the imaging modality of choice in
diagnosing many musculoskeletal, neurological and cardiovascular disorders. MRI offers
unparalleled soft tissue resolution without the need for ionising radiation. In parallel with
this the number of patients with cardiovascular implanted electronic devices (CIED)
continues to expand with 555 pacemakers per million population implanted in England
in 2016 (1). An estimated 50-75% of these individuals will have the need for an MRI
during the lifetime of their device due to the prevalence of diseases such as cancer and
stroke (2). Serious adverse effects related to scanning pacemakers have historically
been reported, albeit rarely, including inhibition of pacing, asynchronous pacing,
induction of ventricular fibrillation and even death (3). Given this, there is now a range of
magnetic resonance (MR) conditional systems available since the first United States
Food and Drug Administration (FDA) approved system in 2011. Unfortunately, patients
with CIEDs continue to have limited access to MRI with only half of UK centres providing
this service (4).

Cardiovascular magnetic resonance (CMR) provides accurate non-invasive assessment
of coronary artery disease as well as offering unparalleled tissue characterisation for
assessing myocardial viability and the aetiology of cardiomyopathies (5-7). Therefore
CMR is now seen as a cost effective imaging technique for diagnosis and management
of cardiovascular diseases and has developed an increasingly prominent role for the
diagnosis, management and monitoring of patients with cardiovascular disease in
European guidelines (8, 9). Patients with CIEDs have a high burden of concomitant
cardiovascular conditions and greater awareness of adverse events, risks and
technological advances in devices is needed in order to widen access to CMR for these
individuals (10, 11).
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1.1 Potential hazards of imaging cardiovascular implanted

electronic devices

CIED systems are sophisticated tools for the management of brady- or tachyarrhythmias
and are usually composed of cardiac leads attached to either an implantable pulse
generator (IPG) or an implantable cardioverter defibrillator (ICD). Although MRI on the
whole is a very safe imaging modality the generation of static and gradient magnetic
fields and use of radiofrequency (RF) pulses have the potential to interact with CIEDs.

1.1.1 Torque effect

CIEDs contain ferromagnetic material which may be subject to force and torque induced
by both static and gradient magnetic fields during MRI. These forces depend on the
strength of the magnetic field, positioning within the field and the amount of ferromagnetic
material and can potentially lead to movement of the IPG or leads (12). However modern
IPGs appear safe with little force or torque effects demonstrated in 1.5 Tesla (T)
scanners and pacing leads do not contain sufficient ferromagnetic material to cause

movement (13, 14).

1.1.2 Heating effect

Radiofrequency pulses during an MRI can induce electrical fields within the body leading
to the dissipation of RF energy into tissues (15). Pacing leads can act as ‘antennae’
during repeated RF pulses and concentrate electromagnetic energy at uninsulated
points such as the lead tip and where local heating may cause tissue damage (16).
Theoretically this can lead to changes in sensing and capture thresholds or even
induction of arrhythmias (17). Factors such as lead design (length and diameter), the
configuration of leads in the body and specific absorption rate can determine the potential
for heating and the presence of abandoned or epicardial leads can further increase risk
(16, 18, 19). Indeed one small study found an increase in serum troponin levels in 4 out
of 114 patients with MR unconditional pacing systems at 1.5T which the authors

postulated may have been due to MRI related myocardial tissue damage (20).
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1.1.3 Electromechanical effects

1.1.3.1 Reed switch activation

Reed switches incorporated into non-conditional devices allow device programming by
the placement of a magnet. The static magnetic field in MRI can have a variable effect
on reed switch activity potentially leading to loss of pacing, inhibition of therapies in
patients with ICDs or activation of an asynchronous pacing mode which can theoretically
increase the risk of ventricular arrhythmias in those with an underlying rhythm (21).

1.1.3.2 Electrical reset

Electrical reset is the term used for the backup mode that a specific device reverts to as
it nears battery depletion. The backup mode depends on the individual device
manufacturer but for pacemakers is usually a VVI (ventricular demand pacing) mode with
advanced functions disabled and in ICDs the tachyarrhythmia therapies may be
deactivated (22). Electromagnetic inference (EMI) during an MRI examination can lead
to electrical reset and this occurred in 6 of 1000 patients in the MagnaSafe registry of
patients with non-conditional devices (23). Electrical reset can often not be
reprogrammed, necessitating a procedural intervention to replace the device.
Furthermore, during MRI RF pulses may be inappropriately interpreted as intrinsic
electrical activity so changing from an asynchronous pacing mode to a demand pacing

mode has potentially life-threatening consequences (24).

1.1.3.3 Inappropriate function

Electromagnetic interference in the MRI environment from rapidly changing magnetic
fields gradients or RF pulses may lead to under or over sensing in the device which in
turn may cause inhibition of necessary pacing or initiation of anti-tachycardia therapy in
those with ICDs (24, 25). No reported cases of ICD therapies have been recorded in the
MRI environment however this may be due to an inability of ICD capacitors to charge
sufficiently in the static magnetic field. Furthermore gradient fields might be sufficient to

capture the myocardium and induce arrhythmias (18, 26).
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1.2 MRI conditional devices

All materials including implantable devices should be evaluated prior to an MRI to
determine their safety in an MRI environment. In 2005 the MR task group of the American
Society for Testing and Materials published the following classification system for the

labelling of medical products (Figure 1-1) (27).

An item that poses no known hazards in all MR
M R MR Safe

environments

An item that has been demonstrated to pose no known
MR Conditional hazards in a specified MR environment with specified

conditions of use.

An item that is known to pose hazards in all MR

MR Unsafe

environments.

Figure 1-1: MR Item Safety Classification System

Originally the presence of an implanted pacemaker was deemed an absolute
contraindication for MR imaging due to safety concerns; in particular reported fatal
events worldwide (28). However, these events were often poorly documented and, in
some circumstances, occurred when MRI staff were unaware of the presence of a
pacemaker in a particular patient. Therefore manufacturer led research has focussed on
the development of MRI conditional CIEDs that enable safe scanning of patients under
certain scanning conditions, such as a specified field strength (i.e. 1.5T) or specific
absorption rate limit [often <2 Watts per kilogram (W/kg)]. These restrictions are often
manufacturer- and device-specific so careful assessment before undertaking MRI is
essential. Manufacturers have also made alterations in both the hardware and software
of devices in order to enhance reliability and performance in the MRI environment.

Examples of hardware modifications and their intended effects can be seen in Table 1-1.
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Generator design
Reduction in ferromagnetic content Reduce torque and susceptibility artefacts

Replacement of reed switch with solid Avoid unpredictable reed  switch

state technology (Hall Sensor) behaviour
Bandstop filter Shield circuitry
Lead design

Inner coil pitch redesigned to alter Minimise lead heating and current

resonant frequency induction

Lead diameter changed Minimise lead heating and current
induction

Bandstop filter at tip of lead Shield circuitry

Table 1-1: Design changes to MR Conditional Devices

Software changes to MR conditional devices have included the introduction of ‘MRI Safe’
modes. These modes differ somewhat between manufacturers but are there to ensure
safe scanning within the MRI environment by avoiding issues such as over-sensing and
delivery of inappropriate therapies. In general this allows pacing in either an
asynchronous mode or completely switches pacing off to prevent the interpretation of
EMI as intrinsic rhythm and subsequent lack of pacing. Pacing outputs are often
increased to reduce the risk of loss of capture and advanced functions are turned off, in
particular the detection and delivery of therapies for tachyarrhythmias in patients with
ICDs.

In 2011 the first MRI conditional CIED was approved by the FDA with a randomised
controlled trial (RCT) demonstrating no MRI related complications with this device (29).
Most modern devices are deemed MRI conditional and the safety of these devices when
scanned under the correct conditions is now well established (Table 1-2). Furthermore
large scale studies in patients without MRI conditional devices have shown that serious
MRI related complications are very rare if patients are scanned in a controlled way in
both thoracic and non-thoracic scans (Table 1-3). These studies have led to international
societies publishing comprehensive guidelines to ensure the safe scanning of patients

with and without MRI conditional CIEDs (22, 30). The growing body of evidence for



27

scanning conditional as well as non-conditional devices is of paramount importance as

the necessity of providing MRI and CMR to these individuals is only likely to increase.



Reference

Wilkoff et
al. (29)

Gimbel et
al. (31)

Gold et al.
(32)

Bailey et al.

(33)

Awad et al.

(34)

Shentar et
al. (35)

2011

2013

2015

2015

2015

2015

Type of study

Multi centre
RCT

Multi centre
RCT

Multi centre
RCT

Multi centre,
prospective

Multi centre,
prospective

Multi centre
RCT

Number

having

MRI

258

177

175

226

153

177

Type of

device

PM

PM

ICD

PM

ICD

PM

Field
strength

1.5T

15T

15T

1.5T

1.5T

1.5T

Area imaged

Brain & lumbar

spine

Brain & cardiac

Brain, cardiac &
cervical spine

Brain & lumbar
spine

Cardiac &
thoracic spine

Whole body

Significant

complications

None

None

None

None

None

None

Lead parameters

Minimal changes - similar to

controls

Minimal changes - similar to
controls

Met inferiority with controls

Freedom from changes in
PCT and sensing in 299%.

No change in ventricular
PCT (>0.5V), one patient
had a drop in R- wave
sensing of >50% at 1 month

Minimal changes - similar to

controls

8¢



Bailey et al. 2016 Multi centre, 216 PM 1.5T Cardiac & One (0.4%) Freedom from changes in

36 rospective thoracic spine ericardial effusion = PCT and sensing in 298%.
(36) prosp p p g

requiring lead

reposition
Ching etal. 2017 Multi centre, 140 PM 1.5T Cardiac None No significant changes
(37) prospective between groups
Williamson 2017 Prospective 526 PM 1.5T Whole body None Six (1%) MRI-related
et al. (38) real world data

observations including AF

and PCT increase

Table 1-2: Large Studies (>100 patients) evaluating safety of MR Conditional Devices

Abbreviations: AF: atrial fibrillation, ICD: implantable cardioverter defibrillator, MRI: Magnetic resonance imaging, PCT: pacing capture threshold, PM:

pacemaker, RCT: randomised controlled trial, T: Tesla.
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Reference Type of study Number Type of Field Area imaged Significant Lead parameters

having device strength complications
MRI
Strach et al. 2010  Single centre, 114 PM 0.2T Whole body None No significant changes
(39) prospective

Mollerus et 2010  Single centre, 103 CRT, 1.5T Whole body One (0.7%) patrtial PCT unchanged Lead
al. (40) prospective ICD & electrical reset sensing & impedances
PM decreased significantly

Nazarian et 2011  Single centre, 438 PM & 1.5T Whole body Three (0.7%) partial Small but significant
al. (41) prospective ICD electrical resets differences but deemed

not clinically important

Cohenetal. 2012  Single centre, 109 CRT, 1.5T Whole body None Small but significant
(42) retrospective ICD & differences but deemed
PM not clinically important

Friedman et 2013  Single centre, 171 PM 1.5T Whole body None Small but significant
al. (43) prospective differences but deemed

not clinically important

0€



Muehling et 2014  Single centre, 356 PM 1.5T Head None No significant changes
al. (44) prospective
Higgins et 2015  Single centre, 198 PM 1.5T Whole body Nine (3.5%) partial N/A
al. (45) prospective electrical resets
Russo etal. 2017 Multi centre 1246 ICD & 1.5T Whole body Six (0.004%) partial Large changes in
(23) Prospective PM excluding electrical resets device parameters
registry thoracic One ICD generator occurred infrequently
required immediate and did not cause
replacement adverse clinical events.
Five cases of atrial
arrhythmia
Nazarian et 2017 Multi centre, 1509 PM & 1.5T Whole body Nine (0.4%) electrical Small but significant
al. (46) prospective ICD resets — one required  differences but deemed
IPG replacement not clinically important
Mason et al. 2017 Single centre, 178 CRT, 1.5T Whole body None No significant changes
(47) prospective ICD & were noted.

PM

T€



Lupoetal. 2018  Single centre, 120 PM & 1.5T Whole body None Small but significant
(48) prospective ICD differences but deemed
not clinically important

Table 1-3: Large Studies (>100 patients) evaluating safety of MR Non-Conditional Devices
Abbreviations: CRT: cardiac resynchronisation therapy, ICD: implantable cardioverter defibrillator, IPG: implantable pulse generator, MRI: Magnetic

resonance imaging, PCT: pacing capture threshold, PM: pacemaker, RCT: randomised controlled trial, T: Tesla.

ce
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1.3 Imaging Artefacts

Cardiovascular magnetic resonance is a very safe and robust tool for assessment of
cardiovascular diseases with diagnostic image quality obtained in 98% of patients in a
large European cohort (8). The presence of CIEDs has the potential not only to impact
MR safety but to create significant artefacts which can hinder image interpretation. The
different magnetic susceptibilities of the metallic components of CIEDs compared to
human tissue leads to distortions in the magnetic field, thus generating artefacts. Pacing
leads, although they contain ferromagnetic materials, are thin and therefore create little
artefact that does not impact significantly on image interpretation (49). The majority of
imaging artefacts occur due to the presence of the IPG or ICD which is particularly
pertinent in cardiac scanning where the device is in close proximity to the area of interest.
Greater artefacts over the heart during CMR are associated with larger devices (i.e.
ICDs), the proximity of the device to the heart, the imaging sequence used as well as
field strength (49). The first consideration when contemplating CMR in those with CIEDs
should be whether the clinical questions can be addressed sufficiently by another
imaging modality. Clearly if the optimal investigation is CMR then a flexible approach to

scanning these individuals is required in order to maximise image quality.

1.4 Image optimisation in patients with CIEDs undergoing CMR

1.4.1 Pre-scan considerations

The advent of MRI safe modes on device programmers has simplified programming prior
to MRI. Selecting the correct pacing mode for the duration of the CMR is vital for safety
but may also have the potential to impact image quality. Pacing modes that can be
selected are generally asynchronous modes (Atrial:AOO / Dual chamber:DOO /
Ventricular:VOO), which prevent inadvertent inhibition, or complete deactivation of
pacing (ODO). Clearly, in those who are pacing dependent, an asynchronous mode with
ventricular pacing is mandated. In the remainder of patients there is more flexibility in
choice of mode. If safe, then patients should be scanned with pacing disabled to avoid
the risk of the pacing mode competing with the intrinsic rhythm which in theory could lead
to an R on T phenomenon within the scanner. Furthermore ventricular paced rhythms
can induce ventricular dyssynchrony which can adversely impact on left ventricular
ejection fraction (LVEF) so volumetric analysis undertaken may not accurately reflect

cardiac function (50). In certain situations the initiation of asynchronous pacing modes
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may improve the image quality obtained. CMR utilises a vectorcardiogram (VCG) to gate
images and prevent distortion of images that may result from cardiac motion (51). Most
imaging sequences are acquired over several cardiac cycles, so called segmented
imaging, and the presence of arrhythmias (i.e. atrial fibrillation) and breath holding can
impact on image quality (52). Some of these issues can be overcome with the use of real
time or single shot imaging and arrhythmia rejection algorithms, although the latter may
significantly increase the duration of breath holds which may prove to be difficult in
patients with heart failure. Furthermore these techniques can lead to trade-offs in spatial
resolution and may not capture the entire cardiac cycle if prospective VCG triggering is
used. Therefore in those with atrial fibrillation, for example, the use of a ventricular
pacing mode that sets a regular R-R interval may facilitate better image quality, through
shorter breath holds and less image blurring. The caveat to this is that right ventricular
(RV) pacing can induce alterations in left ventricular (LV) contraction and could
potentially lead to underestimation of LVEF. Interestingly a minority of patients with
devices may also develop MRI associated ectopy, which is another potential cause of
image distortion, when programmed to back up pacing at 40 beats per minute (bpm)
(25). Whether programming to a fixed ventricular pacing rate reduces the chances of this

occurring is unknown.

The amount of artefact present over the heart depends in a large part on the distance
from the IPG or ICD to the heart (49, 53, 54). Indeed less artefact was observed in those
with higher body mass indices in one study possibly due to a greater distance between
the device and the heart (49). In patients with left sided implants raising the arm over the
head during the scan may reduce artefact over the heart by increasing the distance
between area of interest and the device (Figure 1-2). However not all device
manufacturers allow for positioning the arms over the head and it may adversely impact

on patient comfort for the duration of the scan.
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Figure 1-2: Effect of arm positioning on image quality at 1.5T.

Images demonstrate the effect of moving the patients left arm from next to the patient
(Panel A-C) to above the head (Panel D-F) in minimising artefact over the heart.
Balanced steady state free precession (SSFP images) (Panels A,B,D & E) in a patient
with a pacemaker demonstrating how positioning the arm above the head moves the
banding artefact (blue arrows) away from the heart at both end-diastole (Panels A & D)
and end-systole (Panels B & E). Late gadolinium enhancement (LGE) images (Panels C
& F) in a patient with an ICD and an anteroseptal subendocardial infarction
demonstrating how positioning the arm above the head moves the signal void (red

arrows) away from the heart.
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1.4.2 Imaging sequences

1.4.2.1 Cine Imaging

Cine imaging is commonly used in CMR for accurate assessment of both left and right
ventricular volumes. The most widely used technique for evaluation of ventricular
function and volumes is balanced steady state free precession (SSFP). SSFP sequences
have better signal to noise ratio allowing greater endocardial and epicardial definition
and thus are more accurate and reproducible for assessment of LV volumes than spoiled
gradient echo (SGE) sequences of LV volumes (55). However SSFP sequences are
very susceptible to magnetic field inhomogeneity, leading to frequent image distortion
and banding artefacts secondary to the IPG or ICD (Figure 1-2). Indeed, although signal
void from the device is very similar in both SSFP and SGE sequences (5-6¢cm), the
overall artefact distance from the IPG is greater in SSFP compared to SGE (10-12cm vs
~6¢cm respectively) due to banding artefacts (53). In patients with ICDs overall artefacts

are even larger on both SSFP (up to 14.1cm) and SGE (up to 7.9cm) acquisitions (56).

In patients with pacemakers the presence of the IPG can impact on the image quality
obtained with SSFP acquisitions with artefacts most commonly seen over the anterior
and anteroseptal LV segments (53, 57, 58). Published data suggest that good or
excellent image quality obtained with SSFP imaging varies from 48-84% for the LV and
87-93% for the RV (54, 57, 59). Image quality that is acceptable for diagnostic purposes
may be as high as 95% and 98% for the LV and RV respectively (59). The use of SGE
can further improve image quality particularly in those with non-diagnostic SSFP imaging
(53, 54, 57, 58). Kaasalainen et al. have also shown in a small study of sixteen patients
that use of a frequency scout to optimise the centre offset frequency led to improved
image quality by moving banding artefacts away from the myocardium (53). MRI
conditional devices, compared to non-conditional devices, are also less likely to be
affected by artefact presumably due to the lower ferromagnetic content. The same
applies to generators implanted on the right side, relating to the increased distance from
the heart (49, 54, 57).

In patients with ICD or cardiac resynchronisation therapy (CRT) devices the larger
ferromagnetic content has the potential for greater image distortion. Schwitter et al.
showed that good to moderate image quality using SSFP, in patients with a single MRI
conditional ICD system, was obtained in 53% for the LV and 69% for the RV (56). In
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another study that included a mixture of conditional and non-conditional systems, good
LV image quality was seen much less frequently with SSFP imaging, i.e. in only 6% of
ICD patients and 14% of CRT-defibrillator patients (CRT-D) (54). The use of SGE
improved the proportion of patients with good or moderate image quality to 68-74% which
was significantly better than SSFP acquisitions (Figure 1-3). Furthermore, in the latter
study, the use of post-contrast SGE led to further small incremental improvements in the

proportion of patients with good image quality.
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Figure 1-3: Effect of cine imaging sequence on image quality in patients with ICDs.

Images demonstrate the effect of changing from an SSFP acquisition (Panel A-C) to a
SGE acquisition (Panel D-F) on artefact in patients with ICDs. There is minimal impact
on signal void (red arrows) but loss of banding artefact (blue arrows) with SGE
acquisitions. Image quality was substantially improved in patients with left sided ICDs at
both 1.5T (Panel A & D) and 3T (Panel B & E) but little improvement was observed in a
patient with a subcutaneous ICD (Panel C & F).

Therefore the data suggest that diagnostic cine image quality is possible in nearly all
pacemaker patients and over three quarters of patients with ICD or CRT devices with a
stepwise approach to image acquisition. However, despite these changes, diagnostic
image quality may not be possible in some patients (Figure 1-3).

1.4.2.2 T2 weighted imaging

T2 weighted imaging, specifically T2 short tau inversion recovery (STIR) sequences, are
often used for assessment of myocardial oedema to look for specific pathologies such
as acute myocardial infarction or myocarditis. Due to the short echo time they are less
sensitive to susceptibility artefacts from the device (Figure 1-4). Indeed little or no
artefacts were seen using T2 STIR sequences in patients with both pacemakers and
ICDs (49, 53, 54, 57, 58).

Figure 1-4: T2 STIR acquisition in a patient with a pacemaker.

No artefact from the IPG is seen over the heart. Image shows high signal in the basal

septum in a patient with sarcoidosis.
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1.4.2.3 First pass perfusion

Assessment for myocardial perfusion is a common indication for CMR (8). Patients with
CIEDs often have co-existent coronary artery disease so diagnostic image quality is key
in this group of patients (60). Hilbert et al. have recently shown that artefacts with test
SSFP and SGE acquisitions were in agreement with the respective cine imaging (54).
Furthermore they found that artefact free delineation of all myocardial segments was
achieved in >99% of patients, with SGE acquisition, regardless of the type of device
(Figure 1-5) (54). These findings are similar to previously published work using SGE
perfusion acquisitions (49, 57, 61).

Figure 1-5: Mid ventricular short axis perfusion acquisitions in a patient with an
ICD at 1.5T.

SSFP acquisition (Panel A) has better signal-to-noise ratio (SNR) but banding artefact
(blue arrow) is present over the anterior wall which may affect image interpretation. No

banding artefact is seen on the SGE acquisition (Panel B).

1.4.2.4 Parametric mapping

Parametric mapping techniques such as pre- and post-contrast T1 mapping are
increasingly used in both clinical and research practice as tools to evaluate intracellular
myocyte character and extracellular fibrosis (62). To date there are very few published

data on the feasibility or reproducibility of T1 mapping techniques in patients with CIEDs.
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However T1 and T2 weighted sequences show very little artefact in the presence of
pacemakers and pre-clinical work has demonstrated the feasibility of utilising wideband

sequences to overcome the off resonance effects caused by ICDs (63, 64).

1.4.2.5 Late gadolinium enhancement

Late gadolinium enhancement imaging is a well-established technique for assessment
of replacement myocardial fibrosis for both diagnosis and prognosis in a broad range of
cardiovascular conditions (65-69). In patients with pacemakers, LGE imaging is less
prone to artefact than cine imaging and good to excellent quality images are obtained in
84-100% of clinical studies (49, 57, 58, 70, 71). The presence of an ICD or CRT can
cause a frequency shift of 2-6 kHz within 5-10cm of the device. As this off resonance is
outside the usual bandwidth, typically 1.9 kHz, of the inversion pulse used in
conventional LGE sequences it can lead to hyper intensity artefacts over the LV which
may make image interpretation challenging or can potentially lead to the artefact being
misinterpreted as myocardial fibrosis (72, 73). Indeed conventional LGE sequences are
often less interpretable in those with ICDs or CRTs with artefact free LV segments being
present in only 69% and 50% of segments respectively (54, 71). Therefore diagnostic or
nearly diagnostic exams are as low as 11% in these patients (70). The recent
development of wideband sequences that increase the spectral bandwidth of the
inversion pre-pulse can overcome the hyper-intensity off resonance effects (Figure 1-6).
Hilbert et al. showed a significantly greater proportion of artefact free LV segments using
a wideband acquisition compared to a conventional LGE sequence (96.4% vs. 73.1%;
p<0.01). In another study, Bhuva et al. have shown that using wideband LGE can
provide diagnostic imaging in the 32% of patients whose conventional LGE imaging was
non-diagnostic (70). Furthermore in these patients the use of wideband LGE provided

an unexpected diagnosis in 16% of patients and altered management in a further 83%.
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Figure 1-6: Late gadolinium enhancement images in a patient with an ICD.

Hyper-intensity artefacts (yellow arrow) are seen on the conventional phase sensitive
inversion recovery (PSIR) LGE sequence (Panel A). Artefact disappears with the use of
a wideband LGE sequence (Panel B) with a frequency offset OHz and inversion pulse
bandwidth 4MHz.

1.5 Conclusion

Real world data suggest that, if imaged with the correct sequence, good image quality is
attainable in the majority of patients with CIEDs. This is particularly important as recent
work has shown that CMR alters either diagnosis or management strategy in at least two
thirds of patients with pacemakers or ICDs (58) (70). However, there is not a single
strategy for imaging patients with CIEDs and a flexible approach that trades off image
quality and safety against overall scan time is required. A proposed pathway for imaging

patients with CIEDs is shown in Figure 1-7.
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Likely no specific
changes tc:! protocol S C—
required

Cines

Utilise a stepwise approach
to optimise images

Frequency scout
SSFP cines

SGE cines

SGE cines post
contrast

T2STIR & T1/T2
mapping (as required)

Perfusion

SGE stress perfusion
(Use SSFP if required and
no artefact on test images)

LGE

Conventional LGE

Wide band LGE if CRT/ICD
or artefact with
conventional LGE

Figure 1-7: Suggested algorithm for CMR imaging in patients with CIEDs.

Abbreviations: AF: atrial fibrillation, CRT: cardiac resynchronisation therapy, ICD:
implantable cardioverter defibrillator, LGE: late gadolinium enhancement MRI: Magnetic
resonance imaging, SGE: spoiled gradient echo, SSFP: steady state free precession,

STIR: short tau inversion recovery.
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Chapter 2 Pacing Induced Cardiomyopathy: Pathophysiology,

Treatment and the Role of Imaging

2.1 Introduction

Since the first implantation of a pacemaker in man on October 8", 1958 (74) cardiac
pacing has transformed the management of patients with symptomatic bradycardia by
normalising life expectancy and improving quality of life (75). Currently cardiac pacing is
a class | recommendation in European Society of Cardiology (ESC) guidelines for
symptomatic sinus node disease (SND), Mobitz type Il 2" degree and 3" degree
atrioventricular (AV) block (30). At present 555 pacemakers per million population are
implanted annually in England and given the ageing population this is on an upward trend

1)

Wiggers et al. identified as early as 1925 that artificial ventricular simulation results in
reductions in left ventricular performance (76). Since the advent of transvenous cardiac
pacing the RV apex has been the most commonly adopted site for ventricular stimulation
due to ease of access and lead stability. Animal and human studies have demonstrated
that RV apical pacing induces abnormal electrical and mechanical activation patterns
(dyssynchrony) which can lead to worsening in haemodynamic parameters and adverse
remodelling (50, 77). Indeed large clinical trials evaluating optimal pacing modes over
the last two decades have highlighted the potential deleterious effects of long term RV

pacing on clinical outcomes and heart failure (78-80).

The development of left ventricular (LV) dysfunction in the setting of chronic RV pacing,
which in turn may lead to the development of heart failure symptoms, has been termed
pacing-induced cardiomyopathy (PICM). However many patients tolerate RV pacing for
years without clinically apparent adverse sequelae. There is therefore a need to improve
identification of patients at particular risk of developing PICM in order to prevent the

clinical and economic implications of chronic heart failure.
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2.2 Pathophysiology of adverse effects of RV pacing

In the human heart electrical propagation occurs very rapidly (2-3m/s) through the His-
Purkinje system enabling synchronous contraction starting at three separate endocardial
sites throughout the LV, with RV activation occurring rapidly (5-10ms) afterwards (81).
However this process is slower in RV apical pacing where the wavefront propagates from
the LV apex to base as conduction occurs from myocyte to myocyte (0.3-0.4m/s) with
little involvement of the Purkinje system (81, 82). This electrical dyssynchrony is most
commonly measured using the QRS duration on a surface electrocardiogram (ECG).
The resulting heterogeneous electrical activation can lead to both inter- and
intraventricular dyssynchrony (83). Intraventricular dyssynchrony can occur as there is
early activation in the septum with the later activation of the basal infero-posterior LV
which is similar to that seen in left bundle branch block (LBBB) (84).

It is thought that the electrical and subsequent mechanical dyssynchrony induced by RV
pacing is likely to be responsible for adverse effects on haemodynamics, remodelling
and myocardial perfusion (Figure 2-1).
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Electromechanical
Dyssynchrony

Molecular and
cellular changes

Abnormal regional
contraction and
loading

Neurohormonal
activation

LV dilatation and
asymmetric
hypertrophy

Figure 2-1: Proposed Mechanism of Pacing Induced Cardiomyopathy
Left panel: Normal atrioventricular conduction through the atrioventricular node and His-
Purkinje system.

Right panel: Pacing lead activating the right ventricular apex with subsequent
propagation of the electrical wavefront from myocyte to myocyte. Coloured boxes

represent the proposed pathophysiology mechanisms leading to heart failure.

Adapted from Servier® Smart Medical Art (85)

2.2.1 Animal work evaluating RV pacing

Animal studies evaluating the effects of RV pacing have demonstrated that RV apical
pacing is associated with changes in LV haemodynamics (86). Prizen et al. used
magnetic resonance tagged images in canines during right atrial (RA), RV apical and LV
basal pacing to evaluate changes in LV strain and work (77). Ventricular pacing, in
particular RV pacing, led to a redistribution of myocardial strain and work throughout the
LV. Systolic fibre shortening and work were reduced at the sites of early activation and
increased to twice the normal values at most remote sites to activation, while the number
of hypo-functioning regions near the pacing site was greatest during RV pacing.
Therefore pacing causes differences in the timing of onset of contraction as well as local

contraction patterns. Early contraction of segments, against low pressure, closest to the
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pacing site causes pre-stretching at the opposing sites of latest activation. Pre-stretching
of these late activated segments causes an increased local force of contraction due to
the Frank-Starling mechanism and imposes loading on the earlier activated segments

so they undergo paradoxical systolic stretch (Figure 2-2).
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Figure 2-2: Strain traces of left ventricular walls during RV pacing.

Representative strain traces of the lateral (red) and septal (green) walls during right
ventricular apical pacing. There is a reduction in the peak strain of the early activated
septum (green arrow) with rebound stretch (grey arrow) as the lateral wall is activated
and begins contraction. There is a delay in the time to peak strain delay between the
septal (green arrow) and lateral (red arrow) walls due to delayed mechanical activation
which results in intraventricular dyssynchrony (black arrow). The blue trace represents

the electrocardiogram.

This reciprocal stretching and contraction of opposing LV walls results in inefficient
contraction and energy waste (87). These regional changes in strain are associated with
reduction in blood flow and myocardial oxygen consumption in the earliest activated

segments compared to the latest activated (88, 89). This in turn may further worsen



47

electrical conduction and myocardial contraction (90). Disco-ordinate contraction and
reduction in LV contractility lead to rightward shift of the LV end-systolic pressure volume
relationship with subsequent slower ejection times as well as reduced LVEF and diastolic
filling time (86, 91). Right ventricular apical pacing has also been shown to induce mitral
regurgitation in dogs using contrast echocardiography which may further contribute to

reductions in effective stroke volume (92).

Over the longer term these abnormal activation and contraction patterns lead to LV
remodelling with LV dilatation and re-distribution of cardiac mass (93, 94). Hypertrophy
of the late activated segments and thinning of the early activated segments suggest that
local mechanical loading may be an important stimulus. Longer term ventricular pacing
leads to increased sympathetic stimulation and locally elevated tissue catecholamine
activity which may contribute to remodelling (95). Cellular and histological changes have
also been described with myofibrillar cellular disarray and dystrophic calcifications as
well as evidence of downregulation of proteins involved in calcium homeostasis and
impulse generation in late activated segments (96, 97). On a molecular level, pacing
induced dyssynchrony has been shown to be associated with activation of extrinsic and
intrinsic apoptotic pathways and altered myocardial calcium handling (98).

2.2.2 Effects of RV pacing in humans

The acute effects of RV pacing have been studied extensively in humans predominantly
using echocardiography based techniques to evaluate LV dyssynchrony and mechanics.
Delgado et al. have demonstrated using speckle tracking strain imaging that RV apical
pacing induces acute dyssynchrony through impairment of LV longitudinal shortening
and twist, leading to a significant drop in LVEF compared to baseline (50). Similar
findings have been shown using echocardiography in patients with SND and dual
chamber pacemakers (DDD) pacemakers where dual chamber pacing is associated with
acute dyssynchrony and impaired LV twist leading to reductions in LVEF compared to
atrial pacing and intact AV conduction (99, 100). However not all patients develop
significant dyssynchrony. In a study of 93 patients with SND who had been paced for at
least 6 months only half developed mechanical dyssynchrony with acute ventricular
pacing although the presence of dyssynchrony was associated with increases in LV
volumes and deterioration in LVEF (101). Importantly as with the animal models, RV
apical pacing is associated not only with changes in timing of contraction and global

impairment of LV function but also regional changes in contraction and strain, particularly
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in the apical segments (102-104). Temporary RV pacing is also associated with cardiac

sympathetic activation (105).

Over the longer term RV apical pacing may also be associated with changes in LV
function and remodelling. In patients with congenital complete heart block followed up
over 10 years, RV apical pacing was associated with LV dyssynchrony, LV cavity
dilatation, asymmetrical LV hypertrophy and worse exercise capacity than matched
controls (106). Histological evidence of remodelling, from cardiac biopsy, has also been
shown in patients with congenital complete heart block with interstitial fibrosis, fat

deposition and variations in myofibre size (107).

Myocardial perfusion has also been shown to be affected in the longer term with RV
apical pacing. The use of exercise perfusion scintigraphy in patients with chronic pacing
has shown that localised perfusion defects, particularly in the inferior and apical
segments, are present in two-thirds of patients even in the absence of flow limiting
coronary artery disease (CAD) (108, 109). Over the longer term persistent RV apical
pacing was associated with a higher incidence of perfusion defects and lower LVEF
compared to right ventricular outflow tract (RVOT) pacing (110). Interestingly these
perfusion defects may be reversible with cessation of pacing as global myocardial blood
flow, assessed by positron emission tomography, improves significantly when patients
are programmed from dual chamber pacing modes (such as DDD) to atrial demand
pacing (AAl) at the same base rate despite long term ventricular pacing (111). Therefore
it seems that functional ischaemia is a consequence of RV apical pacing and this may
possibly contribute to longer term myocardial dysfunction. RV pacing can also increase
or cause mitral regurgitation, worsen endothelial function as well as lead to long term

changes in regional myocardial glucose metabolism (112-114).

2.3 Incidence of Pacemaker Induced Cardiomyopathy

The incidence of PICM reported in the literature depends on the definition applied as well
as the study population and has never been examined in any large prospective study.
The majority of registry studies have defined PICM as a greater than 10% fall in LVEF
from baseline in the absence of an alternative cause for a cardiomyopathy (Table 2-1).
Khurshid et al. showed in 257 patients with frequent RV pacing (>20%) that 19.5%
patients developed PICM (210% decline in LVEF resulting in LVEF of <50% with
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exclusion of alternate causes of cardiomyopathy) over a mean follow up of 3.33 years
with mean baseline LVEF, in these patients, falling from 62.1% to 36.2% (115). Using
the same diagnostic criteria Lim et al. showed a prevalence of 16.1% at a mean of 4.5
years in patients with baseline preserved LVEF and complete heart block (116). However
Kiehl et al. found the prevalence of PICM fell to 12.3% when PICM was defined as post
pacemaker LVEF of less than or equal to 40% or CRT upgrade in a similar cohort of
patients (mean follow up 4.3 years) (117). Conversely a retrospective analysis by Ebert
el al. of 991 patients with predominantly normal baseline LVEF found that only 6% of
patients had a significant reduction in LVEF (drop in two predefined LVEF categories: at
least an 11-15% fall in LVEF) at 44 months compared to baseline (11). These studies
demonstrate the difficulty in interpreting retrospective analyses particularly as patient
numbers were generally small, definitions of PICM differed and there was selection bias
given a large number of patients failed to meet inclusion criteria. Kaye et al. have recently
demonstrated that variability in incidence of PICM is largely dependent on the definition
applied (118). Using three different definitions of PICM in their cohort of 118 patients the
prevalence of PICM ranged from 5.9% to 39%. They concluded that a significant
proportion of patients experience a decline in LVEF (39%) after pacemaker implantation
but a clinically significant deterioration in LVEF was much less prevalent (5.9%-9.3%).
Indeed a recent prospective study of 55 patients, with preserved LVEF and 2" or 3™
degree AV block, has demonstrated that pacing induced left ventricular dysfunction
(decline in LVEF of 25%) is much more prevalent than pacing induced cardiomyopathy
(LVEF <45%) at 12 months (27% vs. 7% respectively) (119).



Kachboura et
al. (2008) (120)

Dreger et al.
(2012) (121)

Khurshid et al.
(2014) (115)

Kiehl et al.
(2016) (117)

Ebert et al.
(2016) (11)

Khurshid et al.
(2016) (122)

43

26

257

823

991

184

Nature of

study

Prospective

Retrospective

Retrospective

Retrospective

Retrospective

Retrospective

Follow Inclusion criteria Definition of PICM Incidence
up of PICM
((VEE))
18 Preserved LVEF Post-implant LVEF <40%* 25%*
T 2" or 3" degree AV
block
24.6 RVP >15 years due to LVEF <45%, dyskinesia during RVP and 15.4%
years 3" degree AV block absence of other known causes of
cardiomyopathy
3.3 RVP >20% 210% decrease in LVEF, resulting in LVEF 19.5%
o
Years  pre implant LVEF 250% <50% and absence of other known causes of
cardiomyopathy
4.3 3 degree AV block CRT upgrade or post-PM LVEF <40% 12.3%
Years  pre.implant LVEF >50%
44 Any indication for PM Deterioration of LV systolic function 22 pre- 6%
. . o :
months Pre-implant LVEF 241% defined LVEF categories (211% fall in LVEF)
3.4 RVP >20% 210% decrease in LVEF, resulting in LVEF 22.8%
years <50%

Pre-implant LVEF 250%

0§
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130

118

Prospective 12
months
Retrospective 4.5
years
Retrospective 3.5
years

Absence of other known
causes of

cardiomyopathy
Pre-implant LVEF 255%

2" or 3" degree AV
block

3" degree AV block
Preserved LVEF
Any indication for PM

TTE <12 months prior to

implant

Absence of other known
causes of

cardiomyopathy

Reduction in LVEF to <45%

>10% decrease in LVEF, with a resultant
LVEF <50%

3 separate pre-defined groups

1. LVEF =<40% if baseline LVEF 250%, or
absolute reduction in LVEF 25% if baseline
LVEF was <50%

2. LVEF £40% if baseline LVEF 250%, or
absolute reduction in LVEF 210% if baseline
LVEF £50%

3. Absolute reduction in LVEF 210%

irrespective of baseline LVEF

7.2%

16.1%

9.3%

5.9%

39.0%

TG



Cho et al. 618 Retrospective 7.2 AV block or SND LVEF <50% with either 210% decrease in 14.1%

(2019) (123) years LVEF or new regional wall motion

Pre-implant LVEF >50%
abnormality unrelated to CAD
No history of heart failure
Absence of other known causes of LV

dysfunction

Lee et al. (2019) 604 Retrospective 5 years AV block or SND =210% decrease in the LVEF, with a resultant 6.1%

0,
w2 Pre-implant LVEF >50% SEF =20
Absence of other known
causes of
cardiomyopathy.
Safak et al. 170 Retrospective 2 Any indication for PM LVEF =45%, dyskinesia during RVP and 6.5%
(2019) (125) years« absence of other known causes of

Pre-implant LVEF >45%
cardiomyopathy

Table 2-1: Incidence of pacing-induced cardiomyopathy in studies of right ventricular pacing

* Pacing induced cardiomyopathy with a post implant left ventricular ejection fraction of less than 40% was not a pre-defined outcome
~Median follow up

Abbreviations: AV: atrioventricular, CAD: Coronary artery disease, CRT: Cardiac resynchronisation therapy, LV: Left ventricle, LVEF: Left ventricular
ejection fraction, PICM: Pacing induced cardiomyopathy, PM: Permanent pacemaker, RVP: Right ventricular pacing, SND: Sinus node disease, TTE:

Transthoracic echocardiogram

A4S
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Furthermore the majority of studies did not report the clinical implications of these
arbitrary changes in LVEF and therefore we do not know if they are in fact predictive of
the development of heart failure. A recent study in 604 patients with SND and complete
heart block has shown, over a 5 year follow up, that 51 patients (8.4%) developed either
heart failure (HF) requiring hospitalisation and/or PICM (HF admission: 30 patients;
PICM: 37 patients) suggesting significant overlap between these two entities (124).
However these definitions largely ignore patients who may have heart failure with
preserved ejection fraction and indeed Kaye et al. have demonstrated that a significant
proportion of patients who experience a drop in LVEF still have a LVEF greater than 50%
at follow up (118).

Development of heart failure symptoms or HF hospitalisation clearly need to be taken
into consideration when defining PICM particularly as HF hospitalisation is prevalent
among cardiac implantable device recipients. In the Mode Selection Trial in Sinus-Node
Dysfunction (MOST) trial HF hospitalisation rates were between 10.3-12.3% dependent
on pacing strategy at follow up (median 33 months) with a greater risk seen in those with
a higher RV pacing burden (79, 126). Similarly in the The United Kingdom Pacing and
Cardiovascular Events (UKPACE) trial of patients with high degree AV block, new or
worsening heart failure developed in nearly 10% of patients at 3 years (60). Furthermore
the risk seems to be higher for patients with a baseline reduction in LV function with heart
failure hospitalisation occurring in over a quarter of patients assigned to RV pacing in the
Biventricular Versus Right Ventricular Pacing in Patients with AV block (BLOCK HF) trial
and 22.6% of those patients assigned to dual chamber pacing in the Dual Chamber and
VVI Implantable Defibrillator (DAVID) Trial (80, 127). Data from a large registry of 21,202
patients demonstrated that new onset heart failure occurred in nearly 16.8% at a median
follow up of 2.35 years and the risk was increased for patients with complete AV block
(128). Furthermore Tayal et al. have recently shown in a large registry of 27,704 that the
cumulative incidence of heart failure in patients with pacemakers and a right ventricular
pacing lead without pre-existing heart failure was 10.6% up to 2 years (10). Importantly
risk of heart failure was significantly greater than age and sex matched controls with the

risk being highest in the first 6 months after implantation.

Although variable approximately 10-15% of patients with normal baseline LV function will
experience a significant decline in LV function after pacemaker implantation. The extent
to which a decline in LVEF leads to the clinical syndrome of heart failure is unclear and
variability in both changes in LV function and HF hospitalisation between studies
suggests that several patient and pacemaker related factors influence the development

of PICM. Furthermore, one could argue that LVEF may not be the most useful defining
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factor for PICM. Ejection fraction is calculated by the following formula where LV stroke
volume (SV) is calculated by the difference between the left ventricular end-diastolic

volume (LVEDV) and the left ventricular end-systolic volume (LVESV)

LVEF (%) = LVSV/LVEDV x 100

Equation 1: Calculation of Left Ventricular Ejection Fraction

This in turn means that LVEF is very dependent on LVEDV. End-diastolic volume (EDV)
is largely dependent on preload which may vary greatly in patients awaiting pacemaker
implantation. Indeed during bradycardia the LV filling time is increased leading to a larger
preload and subsequently bigger EDV. In addition this may be confounded in patients
with AV block where loss of AV synchrony further augments preload. Left ventricular
end-systolic volume, which is relatively insensitive to preload, is a better measure for the
longitudinal assessment of response to pacing and subsequent cardiac remodelling.
White et al. have previously shown in patients with myocardial infarction with impaired
LV function that LVESV has greater predictive value in survival than LVEDV or LVEF
(129). Furthermore in patients undergoing CRT, reductions in LVESV are associated
with clinical response to therapy and lower risk of long term heart failure events (130,
131). Therefore changes in LVESV can potentially be used to evaluate remodelling and

heart failure risk over the longer term.

2.4 Risk factors for pacing-induced cardiomyopathy and

development of heart failure

Given a significant proportion of pacemaker recipients have a measurable decline in LV
function following implantation, several studies have attempted to identify risk factors,
both before and after implantation, that may lead to development of heart failure or PICM.
As with the data on prevalence of PICM, the data often focus on small retrospective

cohorts with differing definitions of PICM and variable lengths of follow up.

2.4.1 Pre-implantation factors

Pre-implantation risk factors identified for development of PICM range from patient

factors such as older age at implantation and male sex to simple ECG criteria (115, 132).



55

Baseline ECG parameters that have been associated with PICM include wider intrinsic
QRS duration and pre-implantation LBBB (115, 123). Interestingly pre-implantation
LBBB in pacemaker recipients has been shown to be an independent predictor of heart
failure hospitalisation and death (133). Lower preimplantation LVEF and a baseline LVEF
<50% are associated with development of PICM and the risk of heart failure
hospitalisation (115, 117, 133).

Using the ECG to derive a myocardial scar score has also been shown to be associated
with the development of pacing induced heart failure (132). Perhaps the myocardial
substrate plays an important role in development of heart failure after pacing. Sub-
analysis of the MOST trial highlighted the presence of AV block, pre-existing heart failure,
lower LVEF and history of myocardial infarction as pre-implantation factors that were
associated with an increased risk of subsequent heart failure (134). Tayal et al. have
more recently shown in a large registry that the risk of heart failure after RV pacing was
increased with male sex, chronic kidney disease and history of myocardial infarction (10).
They speculated that perhaps underlying myocardial fibrosis in the presence of RV
pacing is the mechanism for the development of heart failure. Indeed the presence of
dyssynchrony, assessed by echocardiography, in patients after acute myocardial
infarction has been shown to be a strong predictor of long term hospitalisation for heart
failure (135). They thought a similar mechanism may exist in those with chronic kidney

disease as myocardial fibrosis is prevalent in these patients (136).

2.4.2 Post implantation factors

Data from the MOST and DAVID trials identified a threshold of total RV pacing burden
over 40% for the ’tipping point’ at which the risk of heart failure hospitalisation is greatly
increased (126, 137). However retrospective studies examining the burden of RV pacing
on development of PICM are conflicting. It has been found to act as a continuous variable
or a categorical variable with the latter ranging from a cut off of >20% to 286% (117, 123,
132).

Longer paced QRS durations have been shown to be associated with development of
PICM in those with preserved LVEF although cut off for the duration differed between
studies (116, 122). Khurshid et al. found that a paced QRS duration of >150 milliseconds
(ms) was 95% sensitive for PICM. Similarly Kim et al. showed a paced QRS >140ms had
a sensitivity of 95% and a QRS duration >167ms had a specificity of 90% for detecting
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PICM. A paced QRS duration >163ms was also associated with a significantly increased
risk of HF hospitalisation over a 5 year follow up (HR 3.37; 95% CI 1.53-7.43; p=0.003)
(124). Furthermore a paced QRS duration of >163ms with an axis of 2-65° has been
shown to be associated with a nearly six times greater risk of heart failure than <163ms
with an axis of <-65° (138).

More recent work has focussed on the use of advanced imaging techniques to improve
identification of those at risk of decline in LV function. Two separate studies in patients
with AV block and preserved LVEF have evaluated the role of strain analysis and global
longitudinal strain (GLS) for subsequent detection of decline in LV function. Xu et al.
performed 3-dimensional (3D) speckle tracking in 68 patients to assess whether GLS at
one month could predict subsequent pacing-induced LV dysfunction (PIVD; reduction of
LVEF by 25% at 12 months) (139). On multivariate analysis only GLS at one month was
an independent predictor of PIVD at 12 months (Odds ratio 1.62; 95% CI 0.986-2.210;
p=0.009). Similarly in a study of 55 patients, 27% of whom developed PIVD, GLS was
significantly lower at one month in those who developed PIVD at 12 months compared
to those who did not (119). Global longitudinal strain also had high predictive accuracy
for not only PIVD at 12 months but also for PICM (reduction in LVEF to <45%) although
the absolute number who developed PICM was low (n=4)
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Despite numerous studies evaluating risk factors for PICM it seems that no single factor
is absolutely predictive of the development of PICM (Figure 2-3). Indeed, the risk of PICM
increases with the number of risk factors present in an individual (123). The data suggest
that those with LV dysfunction upfront are at higher risk and perhaps this is because
pacing induced dyssynchrony and electromechanical decoupling are exaggerated in the
presence of intrinsic myocardial tissue damage. In those with a normal LVEF at baseline
the presence of subclinical disease may potentially be ‘unmasked’ by the induction of
RV pacing leading to an increased risk of heart failure or decline in LV function. Risk
factors such as longer intrinsic and paced QRS durations and lower GLS are not
mechanisms of development of PICM and perhaps just reflect an underlying problem
with the myocardial substrate that leads to slower myocardial conduction times and
altered deformation. Fent el al. have previously shown that GLS is lower in patients with
prior myocardial infarction even when LVEF is preserved (140). Therefore, it may be the
interaction between the underlying substrate and pacing factors such as paced QRS
duration or burden of RV pacing that ultimately determine an individual’s risk of heart
failure. However, assessing for subclinical disease in patients is challenging and even

more so in patients with advanced AV block and haemodynamic instability.

2.5 Prognosis of PICM

Unfortunately, despite a growing body of evidence of the adverse effects of RV pacing,
there are very little data on the prognosis of patients who develop PICM. Cho et al. have
recently shown that at median follow up of 7.2 years the risk of all-cause death or heart
failure admission was significantly higher in patients with PICM compared to those
without PICM [38.3% vs. 54.0%, adjusted hazard ratio (HR) 2.93; 95% confidence
interval (Cl) 1.82—-4.72; p<0.001] (123). Baseline impairments of LV function or a greater
burden of RV pacing seem to pose the greatest risk of heart failure hospitalisation (79,
80, 126). Indeed in an unselected population of bradycardia pacemaker recipients, there
was an 8% increased risk of death from heart failure per 10% increase in RV pacing
(141). A greater degree of LV dyssynchrony induced after long term RV pacing was also
associated with the risk of heart failure hospitalisation and mortality (142). Furthermore
the development of heart failure after pacing in patients with acquired AV block (>90%
RV pacing) was an adverse prognostic marker with greater downstream cardiovascular
mortality compared to individuals who do not develop heart failure (36.7% vs. 2.7%, p<
0.001) (143).
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2.6 Therapeutic options for prevention or treatment of pacing-

induced cardiomyopathy

Pacing mediated factors such as RV pacing burden and paced QRS duration have been
implicated in the development of PICM and heart failure after initiation of RV pacing.
These associations have stimulated research into attempting to mitigate for these factors
through the avoidance of unnecessary RV pacing, alternate RV pacing lead positions
and upfront physiological pacing.

2.6.1 Biventricular Pacing

One potential therapeutic option for the prevention and treatment of pacing induced heart
failure is the advent of biventricular pacing or CRT. Biventricular pacing has been shown
to improve ventricular dyssynchrony as well as leading to improvements in LVEF,
hospitalisation for HF and mortality in symptomatic patients with prolonged QRS duration

and severely reduced LV systolic function (144-146).

2.6.1.1 Upgrading to biventricular devices in RV paced patients

Several studies have demonstrated that CRT upgrade in patients with chronic RV pacing,
symptomatic heart failure and impaired LV function is associated with improvements in
ejection fraction, functional class, dyssynchrony, reverse remodelling and risk of
hospitalisation (147-149). Current guidelines give a Class 1B recommendation to
upgrade to CRT in HF patients with an LVEF <35% and high burden of RV pacing and
New York Heart Association (NYHA) functional Class IlI-IV despite optimal medical
therapy (30). Furthermore upgrading to CRT in patients with chronic RV pacing is
associated with a similar reduction in all-cause mortality and comparable improvements
in functional capacity and reverse remodelling to patients receiving de novo CRT
implantation (150). Interestingly even in patients with relatively mild LV dysfunction,
LVEF <40% or left ventricular end-diastolic diameter (LVEDD) >55 mm, upgrading to a
CRT device led to reversal of LV remodelling and improvements in NYHA Class
compared to RV pacing (151). In patients listed for routine generator replacement with
mild or no heart failure symptoms, >80% RV pacing and left ventricular dysfunction,
upgrading to CRT compared to standard generator replacement was associated with
improvements in left ventricular function, exercise capacity and quality of life (152).
Therefore perhaps there is a role for CRT upgrade in those with LV dysfunction even in

the absence of significant heart failure symptoms.
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2.6.1.2 Upfront RV Pacing versus Biventricular Pacing

The promising results of the data on upgrading RV pacing patients with LV dysfunction
to CRT led to suggestions that perhaps patients with reduced LV function and a standard
pacemaker indication or high expected burden of RV pacing may benefit from de novo
CRT. The evidence from RCTs of de novo CRT compared to RV pacing in patients with
conventional pacemaker indications is discussed below (Table 2-2).

2.6.1.2.1 Reduced LVEF at baseline

Early work in the Homburg Biventricular Pacing Evaluation (HOBIPACE) and the
Conventional Versus CRT Pacing in Heart Failure and Bradyarrhythmia Therapy
(COMBAT) trials both found CRT to be superior to conventional RV pacing (153, 154).
HOBIPACE was a prospective randomised study of 30 patients with LV dysfunction
(LVEDD 260 mm and LVEF <40%) and AV block who received 3 months of either RV
pacing or biventricular pacing after which they crossed over to receive the other pacing
modality. Biventricular pacing in both trials was associated with improvements in LVESV,
LVEF and quality of life. In the COMBAT trial there was also significantly greater

mortality during RV pacing in comparison to CRT.

More recently the BLOCK HF study evaluated the effects of CRT compared to RV pacing
in patients with LV dysfunction (LVEF < 50%) and AV block without a conventional
indication for CRT (127). 691 patients underwent CRT implantation (with or without ICD)
and were randomised to either RV apical pacing or biventricular pacing and the majority
of patients were in NYHA class II-11l. At a mean follow up of 37 months the study reported
a significant reduction in the primary outcome of time to death from any cause, urgent
care visit for heart failure or 215% increase in LV end-systolic volume index (LVESVi)
with biventricular pacing compared to RV pacing [45.8% vs. 55.6%; HR, 0.74; 95% CI:
0.6 to 0.9]. The outcome was primarily driven by an increase in LVESVi. However, when
this was removed from the analysis, there was still a 27% risk reduction in death from
any cause or urgent care visit for heart failure with biventricular pacing (HR 0.73; 95%
Cl, 0.57 to 0.92). Sub analysis of the trial has shown that biventricular pacing was
associated with improved quality of life, heart failure status and LV reverse remodelling
(155, 156). There are a number of limitations of the trial particularly due to a high
crossover rate from RV to biventricular pacing and a significant proportion of patients

with missing echocardiographic data. The results may have also been influenced by the
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proportion of patients with significant LV dysfunction (nearly one third with LVEF<35%)
and the fact that 20% of patients with first degree AV block had forced RV pacing.
Translating these findings to all patients with LVEF < 50% and AV block is challenging

particularly as LV lead implantation carried a complication rate of 6.4%.

2.6.1.2.2 Normal LVEF at baseline

Albertsen et al. randomised 50 patients with normal LVEF and high grade AV block to
either DDD with rate response pacing or biventricular pacing and found that the latter
preserves LV function, reduces dyssynchrony (number of segments with reduced
longitudinal shortening) and N-terminal-pro Brain Natriuretic Peptide (BNP) compared to
DDD pacing at 12 months and the findings were maintained at 3 year follow up (157,
158). Similarly the Biventricular pacing in patients with bradycardia and normal ejection
fraction (PACE) trial implanted 177 patients with a CRT system for SND or AV block and
randomised to either RV or biventricular pacing (159). The primary endpoints of LVEF
and LVESV measured by echocardiography remained unchanged in the biventricular
group but LVEF decreased progressively at follow up (mean duration 4.8 years) in the
RV group with a corresponding increase in LVESV. Longer term follow-up showed a
higher prevalence of HF hospitalisation in the RV pacing group compared to the
biventricular group (23.9% vs. 14.6%, p=0.006) (160). In contrast to these findings the
Preventing Ventricular Dysfunction in Pacemaker Patients without Advanced Heart
Failure (PREVENT-HF) trial failed to demonstrate any improvements in LVEF or LV
volumes with biventricular pacing (161). The reasons for the differences in outcomes
between these trials are not clear but may be due differences in not only the baseline
LVEF, which was higher in the PACE population, but also the timing of baseline
echocardiography. In the PACE study echocardiography was performed prior to device
implantation but in the PREVENT-HF study it was done prior to hospital discharge so
some changes in LVEF may be attributable to the immediate effect of pacing induced

dyssynchrony.

Unfortunately, the largest study in this field has never been formally published. The
Biventricular Pacing for Atrioventricular Block to Prevent Cardiac Desynchronisation
(BioPace) trial released preliminary results in 2014 (162, 163). The study recruited
patients with AV block (average LVEF 55%) and 902 were assigned to CRT and 908 to
RV pacing. The study did not show any difference in first hospitalisation secondary to

heart failure or time to death between RV and biventricular pacing (follow up 5.6 years)
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although there was a trend in favour of biventricular pacing. Importantly results were

similar for patients with an LVEF below 50% and those over 50%.



HOBIPACE
(2006)(153)

Albertson et
al.
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PREVENT-HF 108 Prospective, Expected DDD (n=58) 12 months Primary: LVEDV No significant differences in
(2011)(161) randomised, RVP burden BiVP (n=50) Secondary: LVESV, any outcome
multi-centre of >80% LVEF, mitral
regurgitation and
combined HF
hospitalisation &
mortality
Block-HF Prospective, AV block RVP (n=342) Mean 37 Time to death from Significantly lower
(2013)(127) randomised, NYHA -1 BiVP (n=349) months any cause, urgent incidence of primary
multi-centre care visit for HF or outcome in BiVP group
< 0,
LVEF<50% 215% increase in 46% vs. 56% (HR: 0.74;
LVESVi 95% CI: 0.6 to 0.9)
BioPace Prospective, AV block or RVP (n=908) Mean 5.6 Composite of time to  Non-statistically significant
(2014)(162) randomised, chronic AF BiVP (n=902) years death or first HF trend towards BiVP pacing
multi-centre (rate <60) hospitalisation
Any LVEF

9

Table 2-2: Randomised clinical trials comparing right ventricular pacing and biventricular pacing.
Abbreviations: AF: atrial fibrillation, AV: atrioventricular, BiVP: biventricular pacing, Cl: confidence interval, DDD: dual chamber pacemaker, HF: heart
failure, HR: hazard ratio, LVEDD: left ventricular end-diastolic diameter, LVEF: left ventricular ejection fraction, LVESV: left ventricular end-systolic

diameter, LVESVi: left ventricular end-systolic diameter, NYHA: New York Heart Association, QoL: quality of life, RVP: right ventricular pacing
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Therefore we are left with inconclusive data on those individuals who may benefit from
CRT patrticularly given the conflicting results of BLOCK-HF and BioPace. Patients in
BLOCK-HF did appear to have more severe baseline heart failure with a lower mean
LVEF (40% vs. 55%) and more prevalent LBBB (32.5% vs. 17.2%). The role of CRT in
patients with a predicted high burden of RV pacing and normal or modest depression in
LV function is certainly less clear. However, a recent meta-analysis in patients with LVEF
>35% which collated data from the PACE, PREVENT-HF and Albertson et al. trials
found, at a mean follow up of 1.91 years that patients with biventricular pacing had
smaller end-systolic (mean difference -7.2ml; p<0.01), end-diastolic volumes (mean
difference -2.7ml; p<0.01) and higher LVEF (mean difference 6.3%; p<0.01) (164).
Indeed a meta-analysis of eleven RCTs of biventricular pacing versus right ventricular
pacing in AV block, including patients undergoing AV node ablation, found biventricular
pacing to be associated with reductions in LVESV and LVEDV at 3,6 and 12 months and
a higher LVEF at all follow up time points even after 2 years (165). The study also
reported that results were not changed in sensitivity analysis after removing patients with
induced AV block and excluding those with LVEF less than 50%. Furthermore a pooled
analysis of twelve RCTs has shown that biventricular pacing may be associated with
better clinical endpoints as both all-cause mortality and heart failure hospitalisation were
significantly lower than with RV pacing (166). It should be noted that none of the meta-

analyses contained data from the BioPace trial.

2.6.2 Alternate pacing sites

The RV apex is easily accessible and therefore often used as a standard pacing site for
lead implantation. Alternative pacing sites have been sought within the right ventricle to
try and facilitate more physiological conduction and subsequent contraction. The most
commonly studied sites are the RVOT, RV septum and proximal conducting system
(Bundle of His).

2.6.2.1 RV Septal leads

The RV outflow tract and septal regions have been evaluated in several small studies
with differing results. A recent meta-analysis has reported that RV non-apical pacing is
associated with higher ejection fraction at follow up compared to RV apical pacing (167).
However two large trials, the Effect of right ventricular pacing lead site on left ventricular
function in patients with high-grade atrioventricular block (Protect-Pace) and Chronic

Apical and Non-apical Right Ventricular Pacing in Patients with High-Grade
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Atrioventricular Block (Right Pace), failed to demonstrate any benefits with non-apical
pacing sites (168, 169). The Protect-Pace study randomised 240 patients with high grade
AV block (>90% pacing) and LVEF >50% to receive RV apical or RV high septal pacing
and at 2 years’ follow-up found no significant differences in LVEF, heart failure
hospitalisation, mortality or burden of atrial fibrillation between the groups. Given the
disappointing results from trials, RV non-apical pacing has not been routinely adopted in
clinical practice particularly as it associated with longer lead positioning and fluoroscopy
times (168).

2.6.2.2 His bundle pacing

His bundle pacing (HBP) provides an alternative method of performing bradycardia
pacing and is theoretically more physiological as it allows impulses from the sinoatrial
node to be rapidly propagated through the His-Purkinje network to both ventricles,
thereby preserving both electrical and mechanical synchrony. Indeed HBP has been
shown to normalise QRS duration in bundle branch block (170). Several smaller studies
have suggested that HBP may improve quality of life, NYHA class, lower risk of atrial
fibrillation, and preserve LV function (171-174). Recently two observational studies, in
patients with a bradycardia indication for pacing, comparing HBP at one institution with
RV pacing at another institution have shown promise as both studies met the primary
endpoint (175, 176). In the first study of 198 patients the primary outcome of either death
or HF hospitalisation at 5 years was significantly lower in the group assigned to HBP
pacing compared to RV pacing where the pacing burden was >40% (32% vs 53%
respectively; HR 1.9;p=0.04) (175). However HBP was only successful in 80% of patients
and there was a higher need for lead revisions (6.7% vs 3%) and generator change (9%
vs 1%) compared to those assigned to RV pacing. The second study in 765 patients
found the primary endpoint of death, HF hospitalisation, or upgrade to CRT was
significantly reduced in the HBP group compared to the RV pacing group (25% vs. 32%
respectively HR 0.71; p=0.02) at a mean follow up of 2 years and was primarily observed
in patient with RV pacing burden over 20% (176). Interestingly the success rate of HBP
was better than the aforementioned study (92%) although lead revisions were still higher
in the HBP group (4.2% vs. 0.5%).

There are no long term RCTs directly evaluating clinical outcomes between HBP and
alternate RV pacing sites although studies such as His Optimized Pacing Evaluated for
Heart Failure (HOPE-HF) trial should shed further light on this (177). A lack of RCT data

and concerns regarding the technical challenges of permanent HBP as well as a higher
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complications rate have limited its use in clinical practice to date. Interestingly upgrading
to HBP in 16 patients with pacing dependent heart failure and LVEF <50% was
associated with shorter paced QRS duration (156.9+/-21.7 ms to 107.1+/-16.5ms;
p<0.01), increases in LVEF from baseline (35.7%+/-7.9% to 52.8%+/-9.6% (p<0.01) and
lower NYHA Class at 1 year and therefore may provide an alternative to CRT in this

population (178).

2.6.3 Ventricular pacing avoidance algorithms

The development of specific pacing algorithms is another approach that has been taken
in order to try to minimise the amount of RV pacing and thereby avoid the induction of
dyssynchrony. These algorithms try to preserve AV conduction and allow normal
ventricular activation (179). Several studies have shown that ventricular pacing
algorithms do successfully reduce the burden of ventricular pacing, particularly in
patients with SND, and prolong estimated battery longevity (179-182). Furthermore
Gierula et al. have demonstrated that by implementing a simple protocol prior to
pacemaker generator replacement it is possible to see significant reductions in the RV
pacing burden with a resultant improvement of 6% in mean LVEF at 6 months (p<0.0001
from baseline) (183). However a recent meta-analysis of seven RCTs comparing
standard DDD programming to ventricular pacing reduction algorithms found no
difference in the incidence of persistent AF, all cause hospitalisation or mortality (182).
One possible explanation for this is that pacing avoidance algorithms can lead to
prolonged ‘non-physiological’ AV delays which can lead to reductions in LV preload,
raised left atrial pressure and may induce diastolic mitral regurgitation (184). This AV
dyssynchrony may lead to a higher incidence of atrial fibrillation and heart failure events
(185). In addition, these algorithms are of limited use in patients with advanced AV block

where ventricular pacing is unavoidable.

2.6.4 Medications

Medications such as beta blockers and angiotensin converting enzyme inhibitors are
established therapies in symptomatic HF with reduced LVEF with strong
recommendations in current guidance (186). However, there is a paucity of data on their
use in pacing induced dysfunction and patients with pacemakers were often excluded
from large clinical trials. Schwerg et al. evaluated use of optimal medical therapy and

CRT on patients screened for PICM at outpatient clinics (187). In the 20 patients that
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underwent CRT upgrade mean LVEF before upgrade was 33.3% and improved to 47.6%
(p<0.001) within 6 months whereas in the 17 patients on optimal medical therapy alone,
LVEF did not change from baseline (mean 40.5%) over 1 year. Given the lack of LVEF
improvement, one might surmise that medical therapy can prevent deterioration in LVEF
although it remains unclear whether neurohormonal blockade can overcome the
electrical and mechanical dyssynchrony induced by RV pacing to the point of improving
LVEF.

2.7 Current recommendations for physiological pacing

Current international guideline recommendations on the use of physiological pacing
(CRT or His bundle pacing) are summarised in Table 2-3. Recent ESC guidelines in
patients with systolic heart failure give a Class IA recommendation to the use of CRT
over RV pacing in patients with an indication for pacing and high-grade AV block (186).
This strong recommendation is based not only on data from BLOCK-HF but also on
patients with symptomatic AF undergoing AV node ablation which is a different
population, who may be more prone to development of heart failure, compared to those
presenting solely with symptomatic bradycardia (127, 188, 189). Interestingly this is at
odds with previous ESC and Canadian Cardiovascular Society (CCS) guidelines where
upfront CRT only carries a lla and Illb recommendation respectively (30, 190).
Interestingly the development of newer pacing techniques, namely His bundle pacing,
have seen the most recent American guidelines defining a further cohort of patients with
a mild to moderate LV impairment (LVEF 35-50%) due to uncertainties about whether
physiologically pacing (CRT or His bundle pacing) is superior to RV pacing in this
population (191). Based on a systematic review conducted for the guidelines it was
concluded that it was reasonable to choose physiological pacing over RV pacing if the
RV pacing burden was expected to be over 40% (Class lla) (164, 191). Furthermore this
guideline is the first to suggest a role for His bundle pacing in those with AV block with

any pre-implant LVEF (Class llb).



Recommendation Society Year of Class Level

publication

Reasonable to choose physiological pacing (CRT or His bundle pacing) over ACC/AHA/HRS(191) 2018 lla B
RVP in patients with AV block with an indication for pacing and a LVEF
between 36% and 50% with an expected RVP burden of >40%.

Reasonable to choose RVP over physiological pacing in patients with AV ACC/AHA/HRS(191) 2018 lla B
block with an indication for pacing and a LVEF between 36% and 50% with
an expected RVP burden of <40%.

Consider His bundle pacing in patients with AV block at the level of the AV ACC/AHA/HRS(191) 2018 Ib B
node who have an indication for permanent pacing.

Reasonable to consider CRT in patients with LVEF <35% undergoing new ACCF/AHA(192) 2013 lla C
or replacement device implantation with an expected RVP burden of >40%.

Recommended to upgrade from PM or ICD to a CRT device in patients with ESC(30) 2013 I B
a high burden of RVP, LVEF<35% and NYHA llI-IV despite medical therapy.

Consider upfront CRT in patients with heart failure, reduced LVEF and an ESC(30) 2013 lla B

expected high burden of RVP to reduce the risk of worsening HF.

Recommended to use CRT rather than RVP in patients with HFrEF* who ESC(186) 2016 I A
have an indication for ventricular pacing and high grade AV block including
patients with AF
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Consider CRT upgrade in patients with HFrEF* with a conventional ESC(186) 2016 lb B
pacemaker or ICD who have a high burden of RVP and develop worsening
HF despite guideline directed therapy.

Consider CRT in patients with HF symptoms and reduced LVEF that require CCS(190) 2017 IIb B
chronic RVP.

Table 2-3: Guideline recommendations for physiological pacing in patients requiring bradycardia support
*HFrEF: Heart failure reduced ejection fraction — defined as symptoms and/or signs of heart failure and LVEF<40%

Abbreviations: ACC: American College of Cardiology, ACCF: American College of Cardiology Foundation, AF: atrial fibrillation, AHA: American Heart _
Association, AV: atrioventricular, CRT: cardiac resynchronisation therapy, ESC: European Society of Cardiology, HF: heart failure, HRS: Heart Rhythm
Society, ICD: implantable cardioverter defibrillator, LVEF: left ventricular ejection fraction, NYHA: New York Heart Association, PM: pacemaker, RV:

right ventricle, RVP: right ventricular pacing
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Unfortunately these guidelines use differing terminology with different patient populations
while ultimately trying to address the same question: Should we consider more
physiological pacing techniques for patients presenting with bradycardia? Therefore the
correct interpretation and implementation of guidelines in this group of patients remains
a challenge. The fact that the most recent American guidelines have attempted to define
treatment based on LVEF and pacing burden highlights the need for a more
individualised device selection in these patients. Several important questions remain
unanswered in trying to identify those who will benefit most from physiological pacing.
Firstly, although patients with lower baseline LVEF appear most susceptible to
development of heart failure after RV pacing there are conflicting data from the two
largest RCTs, namely BLOCK-HF and BioPACE, about whether these patients benefit
from CRT (127, 162). Even the recent systematic review incorporated into the latest
American guidelines conceded that the meta-analysis was limited by the small number
of predominantly single centre studies (164). Furthermore guidelines do not address
those with a normal baseline LVEF as currently there are no RCT data to support
physiological pacing although clearly a significant subset of these patients develop heart
failure or have a measurable reduction in LV function with RV pacing (Table 2-1).
Secondly, guidelines use differing wording for the potential burden of RV pacing from
‘expected high burden of RV pacing’, to those with high grade AV block and finally those
with a pacing frequency of over 40%. The actual threshold for RV pacing after which
patients develop heart failure is contentious and may be as low as 20%; some studies
suggest that RV pacing burden does not influence the development of heart failure at all
(117, 124). Predicting the burden of RV pacing over the longer term prior to implantation
may also be challenging particularly with the development of RV pacing avoidance
algorithms. Thirdly, the attainment of more ‘physiological’ pacing needs to take into
account any potential complications such as battery longevity, longer procedure times
and device or lead malfunction. Indeed, in the BLOCK-HF trial LV lead complications
occurred in 6.4% of patients and the need for lead revision and generator change is

higher with His bundle pacing compared to RV pacing (127, 175, 176).

Clearly there are limitations to the guideline suggested strategies which only carry a level
B or C recommendation. However, prevention of heart failure should remain of
paramount importance especially as it carries such a poor prognosis (193). Therefore
even watchful watching may not be the correct approach, as although subsequent
upgrades to CRT or HBP seem effective at reversing LV remodelling in this cohort, the
risk of complications for a revision procedure are often greater, especially for CRT where

they can be as high as 19% (150, 194). There is a need for randomised controlled
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studies using newer objective measures to identify patients upfront to prevent the

development of heart failure and balance the competing risks.

2.8 Role of imaging in identification and risk stratification of
PICM

It appears that CRT, whether implanted de novo or as an upgrade to CRT can partially
reverse remodelling associated with RV pacing particularly in those with symptoms and
severe reductions in LVEF. Outside of this population, it remains unclear which patients
are most susceptible to developing PICM. As such there may be a role for imaging

techniques to help identify these patients to allow closer monitoring or guide therapy.

2.8.1 Echocardiography

Data from BLOCK-HF and smaller studies have suggested that impaired baseline LVEF
(<50%) is associated with further reductions in LVEF at follow up, and development of
PICM, as well as heart failure (117, 127, 195). These findings were not replicated in the
BioPace study and there is no cut off of LVEF that is absolutely predictive of PICM. In
addition there remains limited understanding of the factors that influence development
of PICM in patients with preserved systolic function (162). Importantly LVEF has large
variability and once LVEF is decreased not all patients will respond to interventions such
as CRT (117, 196).

Therefore efforts have focussed on more advanced echocardiographic techniques in
order to identify those at risk of PICM. Both tissue Doppler imaging (TDI) and speckle
tracking echocardiography (STE) divide the myocardium into pre-defined segments and
then track their motion throughout the cardiac cycle (197). However the use of the
Doppler Effect with TDI imaging means that motion can only be measured in one
direction and may be influenced by factors such as regional tethering of the myocardium.
Speckle tracking allows angle-independent assessment of myocardial motion in two
dimensions thus overcoming the limitations of TDI imaging. These techniques allow the

assessment of LV dyssynchrony, global and regional strain as well as LV torsion.

The use of these echocardiographic techniques has helped provide insight into the LV
changes induced by RV pacing. Acute right ventricular pacing has been shown to induce

dyssynchronous contraction, regional changes in strain as well as impairing LV
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longitudinal shortening and LV twist (50, 100, 198). Ooka et al. showed in patients with
mildly reduced LVEF that acute RV pacing was associated with significant increases in
dyssynchrony compared to those with preserved baseline LVEF (195). Similar findings
were described by Pastore et al. across a range of LV ejection fractions with the
prevalence and degree of pacing induced dyssynchrony significantly higher in those with
lower LVEF (199). In patients with SND randomised to AAl or DDD pacing, patients
receiving DDD pacing had greater LV dyssynchrony at 12 months with an increase in
dyssynchrony from baseline to follow up and this was associated with a decline in LVEF
(200).

The use of TDI and STE techniques on LV remodelling and clinical outcomes have also
been evaluated. Tissue Doppler imaging analysis of participants in the PACE trial found
that 32% of patients had pacing induced dyssynchrony at 1 month after implantation and
this was more common in those with RV apical pacing compared to BiVP (50.7 vs.
12.3%; p<0.001) (201). At median follow up (4.8 years) patients with early pacing-
induced dyssynchrony had lower LVEF and greater LVESV and the presence of early
pacing-induced dyssynchrony independently predicted subsequent decline in LV
function. Importantly the induction of LV dyssynchrony has been shown to be
independently associated with mortality and increased rates of heart failure
hospitalisation at 5 years (142). Two recent studies have demonstrated that reduced
GLS at 1 month has a high predictive accuracy for a reduction in LVEF 25% at 12 months
(119, 123). The number of patients who developed PICM was very small and it was not
possible to conclude whether this small drop in LVEF correlates with symptoms and
development of heart failure. These techniques further our understanding of PICM and
highlight the importance of induction of dyssynchrony and changes in strain. These tools
may therefore be of use in monitoring patients for development of PICM but further work

is needed to determine their utility in changing the upfront management of these patients.

2.8.2 Cardiovascular Magnetic Resonance

Cardiovascular magnetic resonance is a vital tool for the clinical assessment of a variety
of cardiovascular diseases leading to its inclusion in many international guidelines and
multi-parametric CMR has a vast array of research applications (9). Until recently
magnetic resonance imaging (MRI) was contraindicated in patients with implanted
cardiac devices due to the susceptibility of pacemaker leads to heating or movement in
the magnetic field, and inappropriate inhibition of pacing or therapies by radio frequency

gradients (202). In 2011 the first MRI conditional cardiac devices were licensed for use
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and now most implanted cardiac devices are MRI conditional. MRI conditional devices
are programmed with specific software which is activated before entering the magnetic
field. This safe mode is typically asynchronous pacing with high voltage bipolar outputs
(to avoid inadvertent inhibition) and temporarily disabled anti-tachycardia therapies.
Furthermore many chronically implanted pacing systems have now been retrospectively
shown to be safe for MRI under certain conditions (22). A suggested scan protocol for
patients with implantable devices to provide mechanistic insight and surveillance of
patients at risk of PICM is shown in Figure 2-4 and the individual aspects of this protocol

are discussed in more detail below.
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Figure 2-4: Proposed CMR scan protocol in patients with pacemakers and/or ICDs to evaluate mechanisms underlying PICM

Abbreviations: ECV: extracellular volume, LGE: Late gadolinium enhancement
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2.8.2.1 Volumetric and functional assessment

Prior to the advent of MRI conditional devices most longitudinal studies of LVEF were
conducted using echocardiography. However, echocardiography is limited by low
reproducibility and poor inter-observer variability in the serial assessment of any
interventions on cardiac volumes and function. Cardiovascular magnetic resonance is
recognised to be highly reproducible in both left and right ventricular volumetric and
functional assessment (203, 204). Indeed CMR had a superior interstudy reproducibility
with better coefficient of variability for LVESV (4.4% to 9.2% vs 13.7% to 20.3%, p
<0.001), LVEF (2.4% to 7.3% vs 8.6% to 19.4%, p <0.001), and LV mass (2.8% to 4.8%
vs 11.6% to 15.7% p <0.001) compared with 2D echocardiography including patients
with heart failure and LV hypertrophy (204). The improved inter-study reproducibility of
CMR compared with echocardiography has the potential to reduce significantly the
sample size when evaluating for small volumetric and functional changes. In patients
with heart failure sample size can be reduced by 85% for a 10ml change in LVESV and
88% for an absolute change of 3% in LVEF (204). The advent of MRI conditional pacing
systems allows the accurate and reproducible longitudinal assessment of cardiac
volumes and function in patients with pacemakers. In particular CMR allows serial
assessment of the adverse remodelling that has been associated with long term RV
pacing including chamber dilatation, reductions in LVEF and changes in regional
hypertrophy. Importantly in patients with pacemakers image quality is often good with
standard cine SSFP sequences despite the presence of the IPG and pacing leads. In
patients with ICDs utilising SGE sequence can reduce artefacts from the device and
improve image quality (Figure 2-5) (54, 58, 59).
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Figure 2-5: CMR images in patients with cardiac implantable electronic devices.

Images demonstrate artefact caused by the IPG or ICD (red arrows) and pacing leads
(blue arrows). SSFP acquisition in a patient with a pacemaker showing no artefact over
the heart so LV endocardial (red line), LV epicardial (green line) and RV endocardial
(yellow lines) can be accurately contoured at end-diastole (Panel A) and end-systole
(Panel B). In a patient with an ICD changing from SSFP (Panel C) to SGE (Panel D)
removes banding artefact and good endocardial definition can be seen. First pass
perfusion is also improved in a patient with an ICD by changing from SSFP (Panel E) to
SGE (Panel F) acquisition. MR tagging in a patient with a pacemaker at end-diastole

(Panel G) and end-systole (Panel H).
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2.8.2.2 Strain imaging

The abnormal pattern of mechanical activation caused by RV apical pacing is thought to
be a contributory factor to future LV dysfunction. Advanced CMR techniques allow for
assessment of regional myocardial function, strain and can quantify LV dyssynchrony
through MR tagging or feature tracking (205). In MR tagging the magnetisation of tissue
is modified locally by alternating the direction of magnetisation and a grid pattern is
projected over the myocardium (Figure 2-5). Grid points can then be tracked through the
cardiac cycle by analysing the signal amplitude or harmonic phase (HARP) and can
therefore be used to measure LV dyssynchrony (206). MR tagging has been shown to
be feasible, with good image quality in pacemaker patients (n=16) when using a
complementary spatial modulation of magnetisation (CSPAMM) acquisition, which has
a high reproducibility for dyssynchrony assessment (59, 205). Feature tracking software,
which enables retrospective strain analysis on standard cine imaging, overcomes the
need for a dedicated pulse sequence and the significant post processing required by
tagged imaging (207). Feature tracking has shown good correlation with global strain
obtained from tagged HARP imaging (208). Therefore feature tracking allows faster
evaluation of strain and dyssynchrony and has been shown to be feasible and
reproducible in patients with pacemakers (209). Indeed the investigators found that peak
radial and circumferential strain were reduced in patients with forced RV pacing
compared with controls. The effect of RV pacing on dyssynchrony and strain can also be
assessed within the MR environment in individuals by comparing asynchronous intrinsic

AV conduction (AOO) and asynchronous dual chamber pacing (DOQO) (Figure 2-6)
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Figure 2-6: CMR Feature tracking images in a patient with a pacemaker.

Images demonstrate differences in LV segmental time to peak strain (Panels A & B) and
global longitudinal strain (Panels C & D) between AOO (Panels A & C) and DOO (Panels
B & D) pacing modes.

2.8.2.3 Myocardial fibrosis

Cardiovascular magnetic resonance offers unparalleled soft tissue characterisation and
allows an accurate and reliable assessment of diffuse and focal myocardial fibrosis
without the need for ionising radiation. The techniques for assessment of myocardial

fibrosis are discussed below.
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2.8.23.1 Late gadolinium enhancement

Gadolinium is an extracellular contrast agent that filters into areas of extracellular
expansion within the myocardium. As myocardial fibrosis leads to expansion of the
extracellular matrix there is excessive retention of gadolinium within these areas
following intravenous administration. An inversion recovery sequence is then used to
‘null’ normal myocardium, which appears black, and areas of gadolinium retention
appear bright. Therefore LGE enables visualisation and detection of focal fibrosis with
unparalleled sensitivity and spatial resolution (Figure 2-7) (210). Late gadolinium imaging
is now a well-established technique for assessment of myocardial fibrosis in a range of
cardiovascular conditions including ischaemic and non-ischaemic cardiomyopathy,
cardiac amyloidosis and cardiac sarcoidosis (65-69). Furthermore the presence of focal
fibrosis detected by LGE is an independent predictor of mortality and adverse

cardiovascular outcomes in these conditions.

In patients with pacemakers LGE imaging is less prone to artefact than standard cine
imaging with diagnostic quality imaging varying between 84 and 94% (Figure 2-7) (54,
58, 70). Diagnostic LGE imaging for patient with ICDs and CRT-Ds is substantially lower
but development of wideband techniques which aim to overcome hyper intensity off
resonance artefacts by increasing the spectral bandwidth of the inversion pre-pulse have
been shown to enable diagnostic images to be obtained in those with suboptimal
conventional LGE (Figure 2-7) (70).
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Figure 2-7: Late Gadolinium Enhanced Images in patients with CIEDs.

Standard LGE images in two different patients with pacemakers demonstrate
subendocardial hyperenhancement in the mid anterior wall (Panel A) and mid wall
hyperenhancement in the basal septum (Panel B) with minimal artefact from the pacing
leads (blue arrows). Signal void (red arrows) and off resonance hyper-intensity artefacts
(green arrows) are seen using a standard LGE sequences in a patient with an ICD (Panel
C) with the latter artefact no longer visible after using a wideband LGE sequences (Panel
D).

The prevalence or prognostic impact of replacement fibrosis have never been studied in
a bradycardia pacemaker population. Little is known about the interaction of underlying

myocardial fibrosis, detected by late gadolinium enhanced imaging, and pacing-induced
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dyssynchrony. Interestingly it has been shown in patients with LBBB and myocardial
scar, detected by LGE, that LVEF is disproportionately reduced compared to controls
despite a smaller scar volume (211). Perhaps this indicates that dyssynchrony together
with scar impairs the potential for the heart to compensate for a loss of myocardial
contractility. Furthermore the risk of heart failure in patients with RV pacing is greater in
those with a history of myocardial infarction (10, 134). In patients with acute myocardial
infarction the presence of dyssynchrony is strongly associated with the future risk of heart

failure hospitalisation (135).

CMR has previously been used in patients with CRT devices and the presence of
replacement fibrosis was associated with poor response rate in both ischaemic and non-
ischaemic cardiomyopathy, especially in those with posterolateral scar or greater
transmural extent of scar (212-215). Using CMR to guide LV lead deployment away from
scarred myocardium results in a better clinical outcome than a conventional approach to
CRT implantation particularly as pacing scarred myocardium is associated with an
adverse prognosis (216). Combining LGE with other CMR techniques such as feature
tracking has the potential to individualise therapy further as the deployment of LV leads
over non-scarred areas of late mechanical activation was associated with reverse LV

remodelling and improved clinical outcomes after CRT (217).

Detection of myocardial fibrosis in patients undergoing CRT implantation seems to help
predict clinical response and this can be further enhanced by combining advanced CMR
techniques. The effects of inducing LV dyssynchrony, via right ventricular pacing, in
patients with and without myocardial fibrosis has never been assessed but multi-
parametric CMR may be able to provide novel mechanistic insights into the
pathophysiology of PICM and future risk of heart failure. The use of upfront LGE in these
patients to guide decision making around device selection is also of potential interest
although the feasibility of imaging patients with very low heart rates and at risk of asystole

or further arrhythmias has yet to be assessed.

2.8.2.3.2 T: mapping

Using T1 mapping it is possible to detect diffuse fibrosis even in patients without focal
fibrosis on late gadolinium enhancement. T1 mapping encodes the absolute T, relaxation
time of tissue on a voxel by voxel basis. Native T1 values often overlap between patients

and healthy individuals and are sensitive to the imaging sequence used as well as the
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magnetic field strength which limits its widespread utility. Extracellular volume (ECV)
fraction can also be calculated by measuring both pre and post contrast T, values and
in theory this technique corrects for T differences between sequences and scanners so
may be more widely clinically applicable (Figure 2-8) (218). These techniques have been
validated histologically in dilated cardiomyopathy and are associated with risk of heart
failure hospitalisation and death across the spectrum of ejection fraction and heart failure
stage (219-223). Lin et al. have recently shown that regional increases in ECV are
associated with longer times to regional wall thickening and intra ventricular
dyssynchrony irrespective of global LV function (224). Whether regional changes in ECV

are the cause or effect of dyssynchrony remains unclear.

In patients with ICDs, T1 mapping may be more prone to artefact but recent work using
wideband sequences to overcome off resonance effects of ICDs has demonstrated the
feasibility of T: mapping in patients with devices although this has yet to be validated
clinically (63, 64).
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Figure 2-8: Parametric mapping in a patient with a pacemaker.

Native T1 (Panel A) and ECV (Panel B) maps are shown with very little artefact from the

device (red arrows).

Whether the presence of diffuse and focal fibrosis are related to a subsequent decline in
LV function and development of heart failure after pacemaker implantation remains to be

seen. Given their prognostic value in other disease processes the relationship between
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myocardial fibrosis and alterations in myocardial activation by right ventricular stimulation
warrant further investigation particularly if they can be used to identify those at greatest

risk of heart failure.

2.8.2.4 Perfusion

Animal and human studies on pacing have demonstrated regional changes in myocardial
perfusion after RV apical pacing even in the absence of flow limiting coronary artery
disease (108, 110). Furthermore these changes have been observed to be reversible on
cessation of pacing suggesting that functional ischaemia may contribute to myocardial
dysfunction (108, 111). First pass perfusion, particularly using spoiled gradient echo
acquisition over SSFP has been shown to be feasible with very little artefact in humans
with pacemakers and ICDs (49, 54, 57) (Figure 2-5). The recent development of inline
pixel wise myocardial perfusion maps may help quantify regional perfusion more
accurately and further our understanding of how pacing-induced perfusion changes may
lead to adverse remodelling in this population (225, 226).

2.8.2.5 Four-dimensional (4D) Intra-cardiac Flow

In addition to direct effects of RV pacing on LV contractility PICM is also likely to be
caused by the haemodynamic consequences of RV pacing. Non-invasive assessment
of cardiac haemodynamics has conventionally been performed by Doppler
echocardiography or phase contrast MRI. Both of these are only able to assess flow in
one plane (and in the case of echocardiography also limited by acoustic windows and
beam alignment). Four-dimensional (4D) flow cardiovascular magnetic resonance
involves phase contrast MRI with flow-encoding in three spatial dimensions and the
dimension of time in the cardiac cycle (227). Using this technique, it is possible to assess
complex intracardiac flow in all directions and regions comprehensively in a way that
would not be possible by Doppler echocardiography or phase contrast MRI (228). Recent
advances in 4D flow acquisition and post-processing techniques are optimising the time
for analysis and have reduced the time to acquire a whole-heart flow data to under 10
minutes (229-231). Using 4D flow MRI data, it is possible to quantify flow accurately and
precisely through the aortic, mitral, pulmonary and tricuspid valves using retrospective
valve tracking (231, 232). In addition, cardiac efficiency (using particle tracing), LV blood
flow kinetic energy (KE) and analysis of vortex formation can also be performed (227,
233, 234). Changes in diastolic flow in the LV, from particle tracing, and reductions in

inflow kinetic energy have been demonstrated in patients with dilated cardiomyopathy
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compared to controls despite equivalent LV stroke volumes (234). Furthermore, in
patients with heart failure early diastolic LV filling forces, derived from 4D flow CMR,
were more orthogonal to predominant LV flow direction in patients with dyssynchrony
(LBBB) compared to those without, highlighting the potential role of flow-derived
measures in the assessment of mechanical dyssynchrony (235). Diastolic vortex
formation may have a role in optimising cardiac performance by helping flow redirection
and preserving kinetic energy which may be applicable to pacemaker recipients as flow
patterns have been shown to be altered in animal models during ventricular pacing (236-
238). Therefore these biomarkers may provide novel mechanistic insight into changes in
intra-cardiac flow patterns in pacing-induced dyssynchrony and be able to detect early

subclinical changes in LV function associated with RV pacing.

2.8.2.6 Research value of CMR in PICM

The development of MRI conditional devices may enable us to use multi-parametric CMR
to gain a greater understanding of the pathophysiology underlying the development of
heart failure after right ventricular pacing. Furthermore, by identifying novel pre-disposing
and precipitating factors, it may be possible to risk stratify these patients and individualise
management. The use of paired CMR studies permits accurate longitudinal assessment
of changes in LVESV or LVEF with greater accuracy and smaller sample sizes than can
be achieved with echocardiography.

2.9 Conclusions

The deleterious effects of RV pacing on LV function have been described in numerous
clinical studies although the exact pathophysiological mechanisms underlying this
process remain incompletely understood. Although the majority of patients undergoing
pacing do not develop heart failure the data suggest the prevalence of PICM appears to
be around 10-20%. Furthermore the development of PICM or heart failure after pacing
is associated with a worse prognosis. It seems likely that development of heart failure
after right ventricular pacing is a balance between underlying substrate, for example
previous myocardial infarction or pre-existing conduction disease, and pacing factors
including the burden of RV pacing and the paced QRS duration. CRT has been shown
to be effective in treating patients with PICM and may prevent adverse LV remodelling
in patients with impaired LVEF and AV block which makes sense as they already have
overt abnormalities of the myocardium. There are conflicting data on the use of

physiological pacing and other therapeutic modalities in preventing LV remodelling in
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patients with preserved or modest impairment of LV function and often these upfront
interventions come with a greater risk of complications. With the aging population and
increasing number of pacemaker implants there is an urgent need to improve risk
stratification of patients in order to implant the correct device based on individual risk.
The use of multi-parametric CMR, in particular scar imaging, may help detect subclinical
myocardial disease which could aid in understanding the underlying pathophysiology as
well as providing prognostic information which could be used to determine upfront device

selection.
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Chapter 3 Feasibility and validation of four-dimensional flow
cardiovascular magnetic resonance imaging in pacemaker

recipients

3.1 Abstract

Background: 4D flow CMR is a potentially valuable tool for studying cardiovascular
haemodynamics for disease monitoring and/or treatment planning. It is unknown if this
technology can be feasibly and reliably used in patients with pacemakers. The aim of
this study was to investigate the feasibility of 4D flow in pacemaker patients and test the

validity of transvalvular flow quantification using inter-valvular flow consistency methods.

Methods: Thirteen patients with MRI conditional pacemakers were prospectively
recruited from a single centre. All patients underwent 4D flow scans in in two
asynchronous pacing modes (AOO & DOO). Visual grading of the image quality was
undertaken using a 4 point scale. For flow assessment, consistency between aortic,

mitral and tricuspid stroke volumes (SV) was investigated for both pacing modes.

Results: All MRI examinations were completed safely with ho changes in the pre-/post
device variables. Image quality for left sided heart valves was good with little or no
artefact. Moderate to severe susceptibility artefacts were observed in the region of
pacing lead across the tricuspid valve. These artefacts lead to overestimation of
transvalvular SV compared to when susceptibility artefact was excluded by manual
contouring (AOO: 77 £ 18 vs 69 £ 18 ml; p<0.001 and DOO: 74 + 17 vs 68 + 17 ml;
p<0.001) and therefore the latter values were used for comparison to left sided heart
values. No significant bias for SV in AOO or DOO pacing modes was observed between

the aortic, mitral and tricuspid valves (p>0.05 for all).

Conclusion: 4D flow CMR in patients with MRI conditional pacemakers is feasible and

allows accurate and consistent assessment of valvular flow.
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3.2 Introduction

Approximately 524 cardiac pacemakers per million people are implanted in Europe per
year with an increasing year-on-year trend (239). It is estimated that up to 75% of
pacemaker recipients will need an MRI in their lifetime (30). The burden of cardiovascular
disease in pacemaker recipients, coupled with the increasingly prominent role of CMR in
European guidelines for the diagnosis, management and monitoring of patients with
cardiovascular disease has meant providing CMR to this population has become a
necessity (9, 11). The advent of MRI conditional pacemakers has facilitated safe
scanning of these patients although individual manufacturer’s restrictions remain in

place.

Previous studies have established the feasibility and safety of performing CMR in
pacemaker patients for acquisition of cines, late gadolinium imaging and perfusion (59,
61, 70, 240). Furthermore there is increasing evidence that CMR in patients with CIEDs
can often aid diagnosis or change clinical management (58, 70). 4D flow CMR is one of
the emerging MRI techniques which has demonstrated high accuracy and precision for
intracardiac flow and haemodynamic assessment (232, 241). Due to its advantage over
two-dimensional phase contrast acquisition and other Doppler based imaging methods,
it is being increasingly advocated for challenging cases of congenital heart disease,
valvular heart disease and haemodynamic assessment (242-244). Retrospective valve
tracking using 4D flow CMR has immediate clinical applicability in the assessment of

valvular flow and regurgitation quantification (232, 245).

Right ventricular pacing is not physiological and leads to dyssynchronous ventricular
contraction. 4D flow CMR has potential to be a powerful tool to investigate the
mechanisms and consequences of ventricular pacing. However the feasibility, safety and

reliability of this technique remains to be confirmed in pacemaker patients.

We hypothesised that 4D flow CMR is feasible in patients with pacemakers and can
accurately quantify valvular flow. Therefore, the main aim of the study was to (1) assess
the feasibility of performing 4D flow in patients with MRI conditional pacemakers and (2)
investigate the consistency and reliability of retrospective valve tracking in quantification
of valvular flow in patients with pacemakers in both atrial (AOO) and dual chamber

(DOO) asynchronous pacing modes.
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3.3 Methods

3.3.1 Study Population

The study was approved by the local Ethics Committee and the study complied with the
Declaration of Helsinki. All patients gave written informed consent before MRI
examinations. The study protocol was approved by the National Research Ethics Service
(Ref 12/YH/0551 and Ref 18/YH/0168) (Appendix).

Thirteen patients with MRI conditional dual chamber pacemakers were prospectively
recruited from a single centre. Inclusion criteria: Adults (aged over 18), MRI conditional
dual chamber pacemaker system, ventricular pacing burden of less than 5% on most
recent device interrogation. Exclusion criteria: Contraindication to MRI (including non-
MRI conditional pacemakers, intra-orbital debris, severe claustrophobia), pregnant or
breastfeeding, history of prior myocardial infarction, known cardiomyopathy or congenital
heart disease and moderate to severe valvular heart disease.

3.3.2 Device Programming

Prior to entering the MRI room, the patients underwent full pacemaker interrogation
which included determination of battery voltage, lead impedance, pacing thresholds and
P- and R-wave sensing amplitude. Devices were then programmed into manufacturer
specific MRI safe mode. Patients were programmed to either AOO or DOO
asynchronous pacing, in a random order, at 10 beats per minute above intrinsic heart
rate to avoid competition. All patients were scanned in both AOO and DOO pacing
modes during a single visit in order to check internal consistency of valvular flow
qguantification. Throughout the MRI examination patients were monitored using VCG
signal and non-invasive blood pressure monitoring. Following MRI a safety check was
performed assessing the device battery voltage, lead impedance, pacing thresholds and
sensing amplitudes and compared to values obtained prior to the MRI. Patients were

then reprogrammed to pre MRI device settings.

3.3.3 Cardiovascular Magnetic Resonance

All patients had CMR imaging at 1.5T (Ingenia, Philips, Best, The Netherlands) with a

phased array receiver coil (24-channel equipped with Philips dStream digital broadband
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MR architecture technology) between November 2017 and October 2018. The mean
time between device implantation and MRI examination was 281 days (range: 88-853
days). All patients were scanned in normal operating mode (Upper limit of SAR level up
to 2 W/kg body weight) with maximised gradient slew rate up to 200T/m/s and according

to the manufacturer's specific device instructions.

3.3.4 Image Acquisition

The MRI protocol was as follows:

1. Survey images

2. Cine imaging: Acquired using balanced steady state free precession (bSSFP) in
a single slice breath-hold sequence. Images obtained included a LV volume
contiguous short axis stack as well as two, three and four chamber views. Typical
image parameters were as follows: Slice thickness 10mm, echo time (TE) 1.5
milliseconds (ms), repetition time (TR) 3 ms, flip angle 60°, sensitivity encoding
(SENSE) factor 2 with 30 phases per cardiac cycle.

3. Whole heart 4D flow: Field of view (FoV) was planned in the transaxial plane with
changes to FoV and number of slices performed as necessary to ensure whole
heart coverage. Acquisition was performed using a fast field echo (FFE) pulse
sequence [Echo planar imaging (EPI) based with sensitivity encoding
acceleration, 3D] as previously described with retrospective ECG triggering
(231). Acquisition voxel size approximately 3x3x3mm. Typical scan parameters
were as follows: TE 3.5 ms, TR 13 ms, flip angle 10°, velocity encoding (VENC)
150cm/sec, FoV 400mm, number of signal averages 1, EPI acceleration factor of
5 and SENSE factor of 2. Images were acquired during free breathing with no
respiratory motion correction. Number of slices was 39 with temporal resolution
of 40 ms. Number of reconstructed phases was set at 30.

4. Patients were taken out of the MRI room and the device was re-programmed to

alternate pacing mode at the same base rate and steps 1 to 3 were repeated.

3.3.5 Image Analysis

Image analysis was performed offline using MASS software (Version 2018EXP, Leiden
University Medical Centre, Leiden, The Netherlands). All images were analysed by CS

(2 years’ experience in advanced CMR). Endocardial contours were traced on the LV



91

short-axis (SA) cine stack at end-diastole and end-systole, with exclusion of papillary
muscles and trabeculation, to determine end-diastolic volume, end-systolic volume,
stroke volume and ejection fraction for both left and right ventricles (summation of disks
methodology). Epicardial contours were contoured for the left ventricle at end-diastole to

calculate left ventricular mass (Equation 2).

LV mass = (Epicardial volume - Endocardial volume) * myocardial density [1.05 g/cm?].

Equation 2: Calculation of Left Ventricular Mass

For each 4D flow data set, visual quality checks on the phase contrast and magnitude
images were performed by CS who was supervised by PG (>5 years’ experience in 4D
flow CMR). Images were visually evaluated for the following artefacts; phase wrap and
distortion, signal void and distortions and graded according to a 4-point scale (231). O:
excellent quality with no artefacts, 1, good quality with minimal blurring artefacts in
magnitude images, 2; moderate quality with moderate blurring artefacts on magnitude
and phase images, 3; poor quality with severe artefacts on velocity images in the area
of interest leading to potentially non-evaluable data. Phase unwrapping was performed
on source images if aliasing occurred in the region of interest according to previous
guidelines on phase contrast methods (246). Spatial misalignment of 4D flow to cine
imaging was corrected prior to flow analysis. This was achieved by visualising
streamlines in 4-chamber view in peak systole and repositioning them over descending
aorta and in 3-chamber view in peak systole and repositioning them over ascending
aorta. Similar checks were performed in diastole for peak mitral inflow streamlines in 2-,

3- and 4-chamber views.

All 4D flow assessments were performed using validated retrospective valve tracking
techniques with the measurement planes positioned perpendicular to inflow or outflow
direction on two-, three- and four chamber cines (245). Background velocity correction
(for correction of through plane motion and phase offset) was used from velocity sampled
in the myocardium as per guidelines on phase contrast methods (246). Contour
segmentation was performed manually. Artefacts due to the pacemaker leads were
expected to be present across the tricuspid valve. Therefore tricuspid valve planes were
manually contoured twice; initially to include the entire tricuspid orifice area and then
subsequently with exclusion of miscalculated pixels caused by susceptibility artefact

from the pacing lead (Figure 3-1).
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Figure 3-1: Example of how valvular flow contours were segmented on the phase

contrast multiplanar reconstruction.

For the tricuspid valvular flow, we just excluded the area with artefact from through plane
valvular flow quantification (orange arrow). The right hand panel demonstrates flow
curves for the same patient in AOO mode with comparable stroke volumes through the

3 valvular planes.

3.3.6 Statistical analysis

Statistical analysis was performed using SPSS 21 (International Business Machines,
Armonk, New York, USA). Normality for quantitative data was established using Shapiro-
Wilk test. Continuous data measurements are presented as mean * standard deviation.
For image quality analysis the Wilcoxon signed rank test was performed to establish
significant differences. For investigating agreement between left ventricular stroke
volumes from cine imaging and aortic, mitral and tricuspid stroke volumes derived from
4D flow we used repeated measures analysis of variance with Bonferroni correction.
Agreement between the two methods was expressed as bias (in percentage) according
to Bland-Altman analysis. Association between aortic and mitral and tricuspid stroke
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volumes was performed using Pearson correlation coefficient test. For pre and post MRI
device parameters a paired samples t-test was performed for normally distributed
variables and the Wilcoxon signed rank test for not normally distributed variables. A p

value <0.05 was considered significant.

3.4 Results

3.4.1 Patient Characteristics

All thirteen patients, mean age 69 + 11 years, seven males, completed the full study
protocol. Five patients were assigned to an initial AOO pacing mode and the remainder
to DOO first. A summary of the baseline demographic characteristics of the study
participants is provided in Table 3-1. The pacemaker and lead details for patients can be

seen in Table 3-2.

Male gender 7 (54%)
Age (yr) 69 +11
Heart rate (bpm) 80+9.9
Height (cm) 171.7+9.8
Weight (kg) 87.9+21.4
AQOO pacing first 5 (38%)

Table 3-1: Clinical characteristics of patients recruited to study.

Continuous variables are expressed as meant standard deviation and categorical

variables are expressed as counts (percent).
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Implantable Pulse Generator

Boston Scientific® Proponent MRI (EL231) 5

Medtronic® Ensura DR MRI (EN1DRO01) 2

St Jude Medical® Assurity MRI (PM2272) 2
Endurity MRI (PM2172) 4

Lead

Boston Scientific® Ingevity MRI (7731, 7732, 7735, 7736, 10
7741, 7742)

Medtronic® Capsure Fix (5076) 4

St Jude Medical® Tendril STS (2088TC) 8
Tendril MRI (LPA1200M) 2
Isoflex (1944) 2

Table 3-2: Pacemaker and lead models in the study population.

Abbreviations: MRI: magnetic resonance imaging

3.4.2 Safety and device parameters

All examinations were completed safely with no adverse clinical events and no unusual
symptoms reported during the scan. All devices were interrogated before and
immediately after MRI (Table 3-3). No significant differences were noted between battery
voltage, lead impedance, capture threshold or P- and R-wave amplitude. No individual

changes in lead parameters were considered clinically significant.



Pacing lead impedance (Q)
- Atrial lead
- Ventricular lead
Pacing lead capture threshold (V)
- Atrial lead
- Ventricular lead
Battery Voltage (V) (n=9)*
P-wave amplitude (mV)

R-wave amplitude (mV)

Table 3-3: Comparison of device parameters before and immediately after the MRI

examination.

95

527.5+94.1

665.6 + 146.6

0.6+0.2

09+04
3.02+0.1

40+14

123+ 5.6

The data are presented as mean * standard deviation.

*Boston Scientific® devices were excluded as the programmer does not given a

numerical value for battery voltage.

3.4.3 Baseline CMR data

Baseline characteristics derived from cine imaging can be seen in Table 3-4. Parameters

are taken from measurements during AOO pacing as normal atrioventricular conduction

was maintained in this pacing mode.

514.5 +66.9

634.8 + 154.2

0.6+0.2

0.8+0.2

3.02+0.1

41+14

12.1+5.3

0.64

0.11

0.76

0.92

NA

0.48

0.95
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LV End-Diastolic Volume (ml) 119.7 £ 30.5
LV End-Systolic Volume (ml) 48.8+13.6
LV Stroke Volume (ml) 709+ 18.4
LV Ejection Fraction (%) 59.3+3.8

LV Mass (gram) 74.2+19.5
RV End-Diastolic Volume (ml) 113.9+28.1
RV End-Systolic Volume (ml) 448 £ 12.0
RV Stroke Volume (ml) 69.1+17.4
RV Ejection Fraction (%) 59.6 £ 3.6

Table 3-4: Baseline CMR parameters of patients in AOO pacing mode.
Data are presented as mean * standard deviation.

Abbreviations: LV: left ventricle, RV: right ventricle

3.4.4 Image quality assessments

Artefact scoring for images across the aortic and mitral valves was similar with generally
no or minimal artefacts observed in both AOO and DOO pacing modes (Figure 3-2).
Overall there was no significant difference in the presence of artefacts, across each heart
valve, on images between pacing modes (aortic; p=0.35, mitral; p=0.30 or tricuspid;
p=0.07). Due to the presence of the pacing leads, moderate or severe susceptibility

artefacts were seen on all tricuspid valvular planes.
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Figure 3-2: Qualitative assessment of flow in the raw data prior to valvular plane reconstruction.

Even though poor quality for tricuspid flow was more often noted, by removing the pixels caused by lead susceptibility artefact, we were able to quantify

tricuspid stroke volume.
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3.4.5 Tricuspid flow quantification - with/without inclusion of
pacemaker lead artefact

On direct comparison of tricuspid flow with the inclusion of the RV lead artefact versus
exclusion of the lead artefact, we noted that when we included the RV lead artefact there
was significant overestimation of transvalvular stroke volume in both AOO (77 + 18 vs
69 + 18 ml; P<0.001) and DOO modes (74 + 17 vs 68 + 17 ml; P<0.001). Therefore the
values that excluded the RV lead artefact were used for subsequent comparison with
stroke volumes on left sided heart valves (Figure 3-1).

3.4.6 Consistency of 4D Flow Derived Flow Volume Assessment

In AOO pacing mode SV for the aortic valve significantly correlated with both mitral
(r=0.95; p<0.001) and tricuspid (r=0.96; p<0.001) valvular SVs (Figure 3-3). Bias for SV
in AOO pacing mode was highest between the aortic and tricuspid valves (-3.5%, LOA -
17 to 10%; p=0.09) although was not significant (Figure 3-4). In DOO pacing mode, SV
for the aortic valve again significantly correlated with both mitral (r=0.95; p<0.001) and
tricuspid (r=0.97; p<0.001) valvular SVs (Figure 3-3). No significant bias for the SV in
this pacing mode was observed between aortic valve and mitral and tricuspid valves (-
4.8%, LOA -26 to 16%; p=0.13 and -5.6%, LOA -32 to 20%; p=0.15 respectively) (Figure
3-4).
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Figure 3-3: Scatter plots of aortic stroke volume (SV) against mitral and tricuspid
SV for AOO and DOO pacing modes to investigate consistency between methods.

Excellent correlation was noted for all (r>0.95).

Abbreviations: SV: stroke volume
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Figure 3-4: Bland Altman analysis for the assessment of aortic stroke volume (SV)

against mitral and tricuspid SV for AOO and DOO pacing modes.

No significant differences were noted.

Abbreviations: LOA, limits of agreement, SV: stroke volume

3.4.7 Comparison of Cine and 4D flow derived valvular stroke

volumes

In both AOO and DOO pacing modes there was no significant difference between the

mean SV from LV short-axis cine and 4D flow derived aortic, mitral or tricuspid SV (Figure

3-5). Furthermore there were no significant differences in a pairwise comparison

between cine SV and aortic, mitral or tricuspid SV by 4D flow for either pacing mode

(P>0.05) (Table 3-5 and Table 3-6). Bland-Altman analysis did not demonstrate any

significant bias between cine SV and 4D flow methods for valvular SV in either pacing

mode (P>0.05) (Figure 3-5).
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Figure 3-5: Comparison of valvular flow to left ventricular short-axis cine stroke

volume.

The first two panels demonstrate that there was no significant differences between the

mean stroke volume by cine and the 4D flow derived aortic, mitral and tricuspid stroke

volumes in both AOO and DOO modes. In addition, the Bland-Altman analysis did not

demonstrate any significant bias between cine SV and the 4D flow methods derived SV
(p>0.05).

Abbreviations: LOA, limits of agreement, LV: left ventricle, SV: stroke volume
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Mean difference

Std. Error

p-value

LV cine SV

Aortic SV

Mitral SV

Tricuspid SV

Aortic SV
Mitral SV
Tricuspid SV
LV cine SV
Mitral SV
Tricuspid SV
LV cine SV
Aortic SV
Tricuspid SV
LV cine SV
Aortic SV

Mitral SV

4.148

2.352

1.618

-4.148

-1.797

-2.53

-2.352

1.797

-0.733

-1.618

2.53

0.733

2.105

1.292

1.321

2.105

1.967

1.412

1.292

1.967

1.441

1.321

1.412

1.441

0.43

0.56

NS

0.43

NS

0.59

0.56

NS

NS

NS

0.59

NS

Table 3-5: Atrial pacing mode pairwise comparison of stroke volume by cine,

aortic/mitral/tricuspid valves.

*Bonferroni corrected. NS= All P-values >0.9 were classified as NS.

Abbreviations: LV: Left ventricle, SV: Stroke volume
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Factors Mean difference  Std. Error  p-value
LV cine SV - Aortic SV 1.231 1.776 NS
- Mitral SV -0.839 0.876 NS
- Tricuspid SV -0.866 2 NS
Aortic SV - LVcine SV -1.231 1.776 NS
- Mitral SV -2.07 1.939 NS
- Tricuspid SV -2.097 2.492 NS
Mitral SV - LVcine SV 0.839 0.876 NS
- Aortic SV 2.07 1.939 NS
- Tricuspid SV -0.0269 1.902 NS
Tricuspid SV - LVcine SV 0.866 2 NS
- Aortic SV 2.097 2.492 NS
- Mitral SV 0.0269 1.902 NS

Table 3-6: Ventricular pacing mode pairwise comparison of stroke volume by cine,

aortic/mitral/tricuspid valves.
*Bonferroni corrected. NS= All p-values >0.9 were classified as NS.

Abbreviations: LV: Left ventricle, SV: Stroke volume
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3.5 Discussion

The present study investigated the feasibility, accuracy and consistency of 4D flow
derived valvular flow assessment in patients with MRI conditional pacemakers. The study

demonstrates that:

1. 4D flow CMR is feasible in patients with MRI conditional pacemakers in two
different pacing modes.

2. 4D flow derived valvular stroke volume quantification is comparable with the cine
derived stroke volume.

3. Flow across aortic, mitral and tricuspid valves is consistent and reproducible in
both AOO and DOO pacing modes.

4. Artefacts are commonly present on the tricuspid valve plane due to the RV pacing
lead but this can be circumvented by excluding areas of pixel miscalculation from

susceptibility artefact.

3.5.1 Safety

All the patients in the study underwent the full protocol with no significant changes in
device parameters noted between the pre and post MRI device interrogation. Therefore
the current study suggests that 4D flow CMR seems not to pose any additional risk in
patients with MRI conditional pacemakers if scanned in normal operating mode (SAR
level up to 2 W/kg body weight) with a maximised gradient slew rate up to 200T/m/s.
These findings are in keeping with the previous literature demonstrating the safety of
performing CMR on patients with MRI conditional pacemakers (54, 57, 58).

3.5.2 Image Quality and Qualitative Assessment of Flow

The presence of an MRI conditional pacemaker has previously been shown not to affect
the image quality or generation of flow curves in 2D aortic phase contrast imaging (57).
The current study demonstrated the image quality of the phase contrast and magnitude
images for 4D flow acquisition in patients with pacemakers was generally good,
particularly for the left heart. The reconstructed aortic and mitral valve planes generally
had little or no artefact which allowed robust quantification of valvular flow. Furthermore,
no significant artefacts were noted in two dimensional velocity vectors on cine images

for either the left or right heart (Figure 3-6).
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4-chamber

2-chamber

3-chamber

Figure 3-6: 4D flow velocity vectors.

A case example demonstrating two dimensional velocity vectors superimposed over cine
images in a patient with a pacemaker and right ventricular pacing lead (orange arrow).

No significant artefacts were noted.
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Susceptibility artefacts, causing miscalculated pixels, secondary to the presence of the
RV pacing lead were consistently seen on the phase and magnitude 4D flow data of the
tricuspid valve plane. These were generally limited to few pixels associated with the RV
lead. Contouring the entire orifice area, including the miscalculated pixels, led to
overestimation of SV relative to the left sided heart valves. In all of our cases the RV
pacing lead was at the edge of the valve orifice area and therefore repeat manual
contouring with exclusion of the miscalculated pixels meant stroke volumes comparable
to the aortic and mitral valves could be determined. This technique clearly requires
additional post processing time and the effect of flow measurements when pacing lead
is positioned in the middle of the valve orifice is unknown. In the latter circumstance we
would suggest a second contour be drawn around the artefact and this value deducted
from the total stroke volume for the entire orifice area; this assertion would benefit from

validation in future research.

3.5.3 Quantitative assessment of transvalvular flow

Current methods of quantifying valvular flow and intra-cardiac shunts are based on
Doppler echocardiography. These techniques are often limited by acoustic windows,
difficulties with velocity assessment due to beam alignment and are dependent on
operator experience meaning measurements often have limited reproducibility (247-
249). Over recent years 4D flow derived measurements using valvular stroke volumes
obtained by the retrospective valve tracking techniques have been shown to be accurate,
consistent and reproducible across all four heart valves (230, 232, 245, 250). The
present study has shown that SV quantification by retrospective valve tracking has a high
degree of accuracy and consistency in patients with pacemakers and is reproducible in
two separate pacing modes. These findings are consistent with a previous study by Garg
et al., using the same 4D flow sequence, which demonstrated robust correlation between

values obtained for aortic and mitral net forward flow in healthy volunteers (231).

4D flow derived valvular stroke volumes were also consistent with SV determined by cine
imaging. This is important as it demonstrates the robust and reproducible nature of the

4D flow derived values seen in this study.
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3.5.4 Clinical Applications

The demonstration of feasibility as well as the consistency and accuracy of 4D flow
derived flow measurements is important as the number of pacemaker implantations in
Europe is on an upward trend due to the ageing population (239). Given the burden of
cardiovascular disease in pacemaker recipients it seems probable that a significant
proportion of them will require CMR during their lifespan given CMR is often
recommended in International guidelines (9, 11). CMR has already been shown to
provide important diagnostic and management changing information in patients with
pacemakers (58, 70). 4D flow CMR can play a vital additive role as it provides accurate
and consistent intra-scan assessment of blood flow with strong rescan reproducibility.
Indeed 4D flow allows sampling and quantification of blood flow in any direction within
the 3D volume so may forgo the need for a series of 2D cine breath held phase contrast
sequences and retrospective valve tracking techniques may improve assessment of
transvalvular flow (228, 232). This may be particularly pertinent in the repeated imaging
of pacemaker patients with congenital or valvular heart disease where serial assessment

of regurgitant volumes or shunts is required (241, 251-253).

3.5.5 Possible Future Applications

Right ventricular apical pacing induces electrical and mechanical dyssynchrony leading
to alterations in cardiac haemodynamics and can lead to adverse cardiac remodelling
and even the development of heart failure in the longer term (79, 80, 254). The
mechanisms underpinning the development of this so called ‘pacing induced
cardiomyopathy’ however are incompletely understood. 4D flow CMR affords the
evaluation of a series of advanced cardiac haemodynamic parameters such as kinetic
energy (KE), turbulent KE, particle tracing and vortex visualisation (228). These
parameters are predominantly research tools but have been suggested as subclinical
markers of LV dysfunction with reductions in average LV KE and end-diastolic KE
observed in patients with ischaemic heart disease and little or no LV dysfunction (255,
256). More recently it has been shown in heart failure patients with dyssynchrony from
LBBB that LV filling forces are more orthogonal to main LV flow direction during early
diastole and the direct flow entering the LV has lower KE when compared to those
without LBBB (235, 257). Suwa et al. have also demonstrated changes in vortex size
and core locations during diastole in patients with heart failure suggesting vortex
formation plays a role in LV ejection and filling (238). These metrics may allow us to
evaluate how flow haemodynamics change in pacing induced dyssynchrony and may

contribute to the pathophysiology of pacing induced left ventricular dysfunction and



108

development of heart failure. Indeed recent work using echocardiographic particle image
velocimetry has demonstrated that blood flow momentum and KE dissipation are altered
with RV apical pacing, highlighting the potential role that altered flow dynamics may play

in adverse cardiac remodelling over the long term (258).

3.5.6 Limitations

There were several limitations to our study. The number of patients recruited to this study
remains small and the implanted pacemakers were from a limited number of
manufacturers with MRI conditional models. This study did not evaluate pulmonary
valvular flow as the relevant right ventricular outflow tract cines for retrospective valve
tracking planning were not acquired. Unfortunately no two dimensional phase contrast
images, which are arguably the gold standard for flow volume quantification, were
obtained for comparison with the 4D flow derived values (228). However previous studies
have demonstrated comparable flow quantification between 2D phase contrast and 4D
flow CMR (259, 260). The artefact created by the RV pacing lead meant tricuspid SV
was overestimated. Although excluding this susceptibility artefact meant that stroke
volumes were consistent with aortic and mitral valves, this could have important
implications for calculating regurgitant volumes across the tricuspid valve, particularly if
this occurs in close proximity to the pacing lead. The 4D flow sequence used in this study
was not respiratory navigated. However respiratory navigated sequences have a longer
acquisition time and this may preclude their application in clinical workflows. Furthermore
in healthy volunteers the use of respiratory motion compensation has been shown to
have no significant effect on intra-cardiac flow quantification (261). This study did not
recruit patients with significant valvular heart disease, especially patients with tricuspid
regurgitation. Future studies will need to establish the reliability of 4D flow in quantifying
right ventricular and tricuspid flow in pacemaker patients with tricuspid incompetence or
stenosis. This is not as relevant for the left heart as the artefacts are minimal. Larger
studies are required to evaluate fully the safety of 4D flow CMR across a wider range of
devices including cardiac resynchronisation pacemakers and implanted cardioverter-

defibrillators.
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3.6 Conclusion

4D flow CMR in patients with MRI conditional pacemakers is feasible. Retrospective
valve tracking technigues generate accurate and consistent stroke volumes, particularly
across left sided heart valves, irrespective of pacing mode and are comparable to stroke
volumes obtained using cine imaging. 4D flow CMR can potentially be used in patients
with pacemakers who need serial and reproducible assessment of congenital and
valvular heart disease. Further research is needed in patients with defibrillators and
cardiac resynchronisation devices to evaluate whether better device optimisation is
possible by 4D flow guided cardiac haemodynamics.
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Chapter 4 Impact of myocardial fibrosis on ventricular
performance during intrinsic atrioventricular conduction and

forced right ventricular pacing

4.1 Abstract

Background: Right ventricular apical pacing induces non-physiological ventricular
activation which can lead to electromechanical dyssynchrony, which in certain patients
can lead to a deterioration in cardiac function. Multi-parametric CMR enables accurate
assessment of volumes, function, intracardiac blood flow and myocardial fibrosis. The
aim of the study was to determine the effect of the presence of myocardial fibrosis on
acute cardiac haemodynamics after initiation of RV pacing.

Methods: Forty three patients with MRI conditional pacemakers were recruited from a
single centre. Patients underwent a multi-parametric CMR scan, including cine imaging,
4D flow and late gadolinium enhancement, in two asynchronous pacing modes (AOO &
DOO) to compare intrinsic AV conduction with forced RV pacing.

Results: Thirty four patients were included in the final analysis with LGE present in 53%.
During ventricular pacing there was a significant increase in LVESVi and fall in LVEF
when compared to intrinsic AV conduction (all p<0.01). Patients with LGE had
significantly greater changes in both LVESVi (5.3 + 3.5 vs 2.1 + 2.4 ml/m?; p<0.01) and
LVEF (-5.7 £ 3.4 vs. -3.2 £ 2.6%; p=0.02) compared to those without LGE. There was
no significant differences in intrinsic or paced QRS duration between the groups (p>0.05)
but patients with fibrosis developed significant mechanical dyssynchrony between AOO
and DOO pacing modes (mechanical dyssynchrony index: 81.3 £ 17.6 vs. 88.8 + 21.2
ms; p=0.04). There was a significant increase in peak A-wave KE and decrease in-plane
KE between AOO and DOO pacing only in those with LGE. There were no adverse

clinical events or significant changes in device parameters during the study.

Conclusions: In patients with myocardial fibrosis, compared to those without, there is
more pronounced deterioration of cardiac function, greater mechanical dyssynchrony

and less efficient intracardiac flow.
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4.2 Introduction

Right ventricular pacing is an effective guideline recommended treatment for patients
with symptomatic bradycardia and can normalise life expectancy and restore quality of
life in appropriate patients (30, 191, 262, 263). The RV pacing lead is typically positioned
at the RV apex because of ease of access and lead stability. However pacing from this
position induces non-physiological ventricular activation leading to electrical and
mechanical dyssynchrony (254, 264). Right ventricular apical pacing has been shown to
induce acute LV dyssynchrony as well as reduce global longitudinal strain and twist
leading to a subsequent fall in LVEF (100, 258, 265). Long term the dyssynchronous LV
contraction patterns from chronic RV apical pacing can lead to adverse LV remodelling,
increased sympathetic activation, mitral regurgitation and a reduction in systolic function
(95, 104, 160). Large clinical trials have demonstrated that chronic RV apical pacing may
be associated with an adverse prognosis and the development of heart failure in patients
with normal and reduced LV function (80, 126). Despite this there is an incomplete
understating of the exact pathophysiological mechanisms of ‘pacing induced
cardiomyopathy’ and, which individuals are susceptible to the development of heart
failure particularly when LV function is preserved or mildly reduced.

Multi-parametric CMR imaging is an established technigue that has an important role in
the clinical assessment of a variety of cardiovascular diseases as well as having a wide
range of research applications (9, 266). CMR is validated as highly reproducible in the
assessment of both LV and RV volumes and function and the use of feature tracking and
tissue tagging techniques allow assessment of LV dyssynchrony and strain (203-205,
267). Furthermore, LGE imaging enables the detection of myocardial fibrosis which is a
strong independent predictor of adverse outcomes in a variety of cardiovascular
diseases (210) (68). These imaging techniques have been shown to be feasible in
patients with cardiac implantable electronic devices (CIED), particularly in patients with
pacemakers, with minimal impact on image quality (57, 59, 70, 209). Therefore multi-
parametric CMR is a potentially valuable tool for the assessment of the haemodynamic
consequences of right ventricular pacing and specifically the impact of focal myocardial
fibrosis. 4D flow CMR allows assessment of intraventricular blood flow kinetic energy
(KE) and can quantify the work performed by the heart to move the blood (234). Changes
in LV KE have been demonstrated in patients with heart failure and myocardial infarction
(233, 234, 255). The effect of right ventricular pacing on LV blood flow KE is unknown
but may provide novel insight into the pathophysiology of LV dysfunction after initiation

of RV pacing.
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We hypothesise that forced RV pacing in presence of focal myocardial fibrosis leads to
a greater immediate detrimental change in cardiac haemodynamics compared to those
without myocardial fibrosis.

Therefore, the aims of this study are:

1. To assess the haemodynamic response of intrinsic AV conduction and forced RV
pacing in those with and without focal myocardial fibrosis detected by LGE
imaging.

2. To assess the impact of forced RV pacing on electrical synchrony and LV
mechanics in those with and without focal myocardial fibrosis.

3. To quantify LV KE and characterise changes between intrinsic AV conduction
and forced RV pacing in those with and without focal myocardial fibrosis.



113

4.3 Methods

4.3.1 Study Population

Forty three patients with MRI conditional dual chamber pacemakers were retrospectively

recruited from a single centre.

Inclusion criteria: Adults (aged over 18), MRI conditional dual chamber pacemaker or
dual chamber ICD systems, a ventricular pacing burden of <5% and presence of sinus

rhythm at most recent device interrogation.

Exclusion criteria: Contraindication to MRI (including non-MRI conditional pacemakers,
intra-orbital debris, severe claustrophobia), pregnant or breastfeeding, estimated

glomerular filtration rate <30ml/min and severe valvular heart disease.

Twelve lead ECGs were performed (MAC3500, General Electric Medical Systems,
Milwaukee, WI, USA or CT8000i, Seca, Hamburg, Germany) prior to CMR in atrial (AOO)
and dual chamber (DOO) asynchronous pacing modes. Ventricular pacing rate, PR
interval and QRS duration were recorded.

Three patients were excluded from analysis due to arrhythmia: patient one was in AF at
the time of the scan so could not be programmed to the AOO pacing mode, patient two
developed Type 2 AV block (Mobitz 1) when programmed into the AOO pacing mode

and patient three developed very frequent ventricular ectopy in DOO pacing mode

Following completion of the full study protocol two patients with ICDs were subsequently
excluded due to significantly degraded image quality secondary to device artefact and/or
poor breath holding. Image quality was deemed of insufficient quality when endocardial
and epicardial delineation was not possible on standard cine imaging and/or the absence
or presence of hyperenhancement could not be reliably confirmed on LGE imaging
(Figure 4-1).



Figure 4-1: Short axis cine images in patients with implantable cardioverter

defibrillators.

Images shown are SSFP at end-diastole (Panels A-C), end-systole (Panels D-F) and
LGE (Panels G-I) acquisitions. Images for patient one (Panels A,D,G) and patient two
(Panels B,E,H) were of deemed acceptable quality with clear endocardial and epicardial
delineation at end-diastole and end-systole with good myocardial nulling and
demonstration of hyperenhancement (blue arrows) on LGE imaging. Images for patient
three (Panels C,F,l) were deemed of unacceptable quality due to poor endocardial and
epicardial definition and inadequate myocardial nulling on LGE imaging. Patient three
was excluded from further analysis. Susceptibility artefact from the ICD (red arrows) and

the pacing leads (green arrows) are demonstrated.
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Full image analysis was completed for all remaining participants. Patients were
separated into two groups based on the presence or absence of LGE. In order to balance
the total numbers and the LVEF between the groups any patients with a LVEF<40%
were excluded from the final analysis. Data for those patients excluded is detailed in the
Appendix (Page number 286). A cut off of LVEF<40% was chosen based on the
definition of heart failure with reduced ejection fraction in current ESC guidelines (186).
Therefore a further four patients were excluded leaving a total of thirty four patients. The

patient recruitment pathway can be seen in Figure 4-2.
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43 patients with dual chamber
MRI conditional ICD or PM

Significant ventricular ectopy (n=1)

42 completed CMR protocol

Atrial fibrillation (n=1)

2" degree AV block: Mobitz 1 (n=1)

40 included in initial analysis

Non-diagnostic image quality (n=2)

38 included in final analysis

LVEF<40% (n=4)

LGE- (n=16) LGE+ (n=18)

Figure 4-2: Patient recruitment pathway
Abbreviations: AV: atrioventricular, CMR: cardiovascular magnetic resonance, ICD:

implantable cardioverter defibrillator, LGE: late gadolinium enhancement, LVEF: left

ventricular ejection fraction, MRI: magnetic resonance imaging PM: pacemaker
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4.3.2 Ethics Approval

The study complied with the Declaration of Helsinki (October 2000) and the study
protocol was approved by the National Research Ethics Service (Ref 12/YH/0551 and
Ref 18/YH/0168) (Appendix). All patients recruited in the study gave written informed
consent. The relevant patient information sheet and consent form can be seen in the

Appendix.

4.3.3 Device Programming

Before entering the MRI room, patients underwent full device interrogation which
included determination of lead impedance, pacing thresholds and P- and R-wave
sensing amplitude and battery voltage. Devices were then programmed into
manufacturer specific MRI safe mode and tachyarrhythmia therapies were disabled in
patients with ICDs. Patients were programmed to either atrial (AOO) or dual chamber
(DOO) asynchronous pacing, in a random order, at least 10 beats per minute above
intrinsic heart rate to avoid competition. After completing items 1 to 4 of the CMR protocol
described below patients were taken out of the MRI room to reprogram the device to the
alternate pacing mode at the same base rate (Figure 4-3). All patients were scanned in
both AOO and DOO pacing modes during a single visit. During the MRI examination
patients were monitored using non-invasive blood pressure and VCG signal. A device
check was performed assessing the lead impedance, pacing thresholds, P- and R-wave
sensing amplitudes and battery voltage after the MRI and compared to values obtained
prior to the MRI. Patients were then reprogrammed to pre MRI device settings prior to

discharge. The study protocol can be seen in Figure 4-3.
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CMR
(Survey, Cines, Tagging, 4D flow)

CMR
(Survey, Cines, Tagging, 4D flow, LGE)

Figure 4-3: Study protocol

* Patients were programmed at a minimum base rate 80bpm or 10bpm above intrinsic
rate

Abbreviations: AOO: atrial pacing, AV: atrioventricular, CMR: cardiovascular magnetic
resonance, DOO: dual chamber pacing, ECG: electrocardiogram, LGE: late gadolinium
enhancement, MRI: magnetic resonance imaging, PM: pacemaker
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4.3.4 Cardiovascular Magnetic Resonance

All participants underwent CMR imaging at 1.5T (Ingenia, Philips, Best, The Netherlands)
with a phased array receiver coil (24-channel equipped with Philips dStream digital
broadband MR architecture technology) between November 2017 and April 2019.
Patients were scanned in normal operating mode (Upper limit of SAR level up to 2 W/kg
body weight) with maximised gradient slew rate up to 200T/m/s and according to the
specific manufacturer's device instructions. All scans were supervised by a Cardiology
Registrar (CS) with valid Advanced Life Support certification and a Cardiac Physiologist

with expertise in cardiac devices.

When significant susceptibility artefact that limited delineation of endocardial and
epicardial borders on SSFP imaging occurred, the patients arm (ipsilateral to location of
the IPG/ICD) where possible (dependent on manufacturer specific device instructions
and patient comfort) was positioned above the head. Repositioning of the arm moved
the susceptibility artefact from the device further away from the heart and improved
overall image quality (Figure 4-4).

Figure 4-4: Vertical long axis SSFP acquisition in a patient with an implant

cardioverter defibrillator.

Images demonstrate the effect of alteration in patient’'s arm position from by their side
(Panel A) to above their head (Panel B) on susceptibility artefact (red arrows) over the

left ventricle.
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4.3.5 Image Acquisition

The CMR protocol was as follows (Figure 4-3):

1.
2.

Survey images

Cine imaging: Acquired using SSFP in a single slice breath-hold sequence.
Images obtained included a LV volume contiguous short axis stack as well as
two, three and four chamber views. Typical image parameters were as follows:
Slice thickness 10mm, TE 1.5 ms, TR 3 ms, flip angle 60°, SENSE acceleration
factor 2 with 30 phases per cardiac cycle.

Tissue tagging: Spatial modulation of magnetization (SPAMM) acquired in three
short axis slices using the 3 out of 5 technique (268). Typical image parameters:
spatial resolution 1.99 x 2.33 x 8 mm?, tag separation 7 mm, 212 phases, TR
4.1ms, TE 1.8ms, flip angle 10°.

Whole heart 4D flow: FoV was planned in the transaxial plane with changes to
FoV and number of slices performed as necessary to ensure whole heart
coverage. Acquisition was performed using a FFE pulse sequence (EPI based
with SENSE acceleration, 3D) as previously described with retrospective ECG
triggering (231). Acquisition voxel size approximately 3x3x3mm. Typical scan
parameters were as follows: TE 3.5 ms, TR 13 ms, flip angle 10°, VENC
150cm/sec, FoV 400mm, number of signal averages 1 and EPI acceleration
factor of 5. Images were acquired during free breathing with no respiratory motion
correction. Number of slices was 39 with temporal resolution of 40 ms. Number
of reconstructed phases was set at 30.

Patients were taken out of the MRI room and the device was re-programmed to
alternate pacing mode (as detailed above) and steps 1 to 4 were repeated.

Tl scout (Look-locker sequence, single mid-ventricular slice, 10mm thickness,
FoV 300x300mm) to determine the optimal Inversion time (TI) to null the
myocardium

Late gadolinium imaging was performed using a T1-weighted PSIR gradient echo
pulse sequence 10-15 minutes after administration of an intravenous bolus of
0.15mmol/kg gadobutrol (Gadovist, Bayer, Berlin, Germany). Contiguous breath
held short axis slices were planned to cover the entire left ventricle (Typically 10-
12 slices: same geometry as LV cine imaging). Typical imaging parameters were
as follows: 10mm thickness, no interslice gap, matrix 188 x 139, FOV 300 x
300 mm, TE 3.0 ms, TR 6.0 ms, , flip angle 25°, acquired in-plane resolution 1.60
x 2.15mm? reconstructed to 0.89 x 0.89 mm?, effective SENSE factor 1.8. Two,
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three and four chamber views were also typically acquired and cross cuts and
phase swaps were performed as necessary to confirm the presence or absence
of LGE. In patients with ICDs a wideband LGE sequence was used to invert off
resonant tissue resulting from presence of metal device. A PSIR pulse sequence
utilising an increased bandwidth of the inversion pulse (adiabatic pulse of 4 kHz)
which is similar to the bandwidth of 3.8MHz used in previously published work

(70). No frequency shift was required as no significant artefact remained after

utilising the aforementioned parameters (Figure 4-5).

Figure 4-5: Late gadolinium enhancement phase sensitive inversion recovery

sequences in a patient with an ICD.

Hyper-intensity artefacts (yellow arrows) that can be seen due to off resonance effects
created by the ICD (Panel A), which could be interpreted as subepicardial LGE.
Disappearance of hyper-intensity artefacts utilising a wideband LGE sequence

(Frequency offset OHz; Inversion pulse bandwidth 4MHz) (Panel B).

4.3.6 Image Analysis

Cardiac magnetic resonance analysis was performed quantitatively offline by a single
operator CS, blinded to clinical data and assigned pacing mode. Volumetric analysis was
performed first using MASS software (Version 2018EXP, Leiden University Medical
Centre, Leiden, The Netherlands) in order to maintain, where possible, blinding to LGE

status. Endocardial contours were traced on the LV short-axis (SA) cine stack for all
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temporal cardiac phases, with exclusion of papillary muscles and trabeculation, to
determine end-diastolic volume, end-systolic volume, stroke volume and ejection fraction
for both left and right ventricles (summation of disks methodology). Epicardial contours
were contoured for the left ventricle at end-diastole to calculate left ventricular mass.

Volumetric analysis was performed

All values were indexed to body surface area which was calculated using the Mosteller
equation (269). Values obtained during AOO pacing with intrinsic AV conduction were

used for comparison of baseline characteristics.

For analysis of the late gadolinium images each slice was inspected for the presence or
absence of LGE and this was categorised as being either an infarct (subendocardial) or
non-infarct (midwall/subepicardial) pattern (Figure 4-6). In those patients with LGE
automated quantification was performed using commercially available software (Cvi42,
Circle Cardiovascular Imaging, Calgary, Canada). Quantification was performed using
the semiautomated full-width half maximum method (threshold of 50% of the maximum
intensity within areas of LGE) (270). Endocardial and epicardial contours were manually
contoured on the LV short axis stack and two user defined regions of interest (ROI) were
defined when LGE was present. The first ROl was drawn in remote myocardium (no LGE
present) and a second ROI was drawn around the hyperenhanced myocardium (LGE
present). Finally manual correction was undertaken to exclude blood pool or artefact
(270). Automated calculations of the total LGE mass (grams) and the percentage of LGE

relative to the entire LV mass were then performed.



Figure 4-6: Short axis late gadolinium enhancement images in study patients.

Patients were initially grouped according to the absence (Panel A) or presence (Panels
B-D) of hyperenhancement (blue arrows). In those with LGE the distribution of
enhancement was either classified as an infarct (subendocardial pattern [Panel B]) or
non-infarct (midwall [Panel C] or subepicardial [Panel D]) pattern. Artefact from the

pacemaker leads is shown (green arrows).

Strain parameters were calculated using feature tracking software (Cvi42, Circle
Cardiovascular Imaging, Calgary, Canada) from the short axis LV and 2-, 3- and 4-
chamber SSFP cine acquisitions. Prior to analysis brightness and contrast settings were
adjusted in order to optimise endocardial and blood pool differentiation. Epi- and

endocardial borders were traced manually at end-diastole and the software then tracked
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the voxel features of the myocardium to quantify myocardial motion and calculate strain
values (Figure 4-7) (271). For the short axis strain analysis the anterior RV insertion point
was used as the reference point for differentiating anterior wall and septum. Basal slices
with through plane distortion of the LV outflow tract during the cardiac cycle and apical
slices with no clear blood pool in systole were not analysed (272, 273). The global
circumferential, longitudinal and radial (for both short and long axis orientations) as well
as the time to peak radial strain was derived for 16 segments of the 17 segment model
(apex was excluded) proposed by the AHA (Figure 4-7) (274). A mechanical
dyssynchrony index (MDI) was then calculated from the standard deviation of the
segmental time (ms) to maximum radial strain for the 16 AHA segments similar to a

technique previously described (275).
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Figure 4-7: Calculation of global longitudinal strain and time to peak strain using
CMR feature tracking in a patient with a pacemaker.

Panel A 4Ch SSFP cine acquisition with manually contoured endocardial and epicardial
contours. Panel B Short axis SSFP cine acquisition with manually contoured endocardial
and epicardial contours and anterior (blue circle) and inferior (pink circle) RV insertion
points. Panel C and D Feature tracking acquisition of the 4Ch and SA cines respectively.
Panel E Graph showing the GLS [x-axis: time (ms) and y-axis: longitudinal deformation
(%)]. Panel F Bullseye plot for the time to peak strain (ms) in all 16 AHA segments after
contouring all short axis slices — these values are then used to calculate the mechanical
dyssynchrony index. Susceptibility artefacts from the pacemaker (red arrows) and the

pacing leads (green arrows) are demonstrated.

A surrogate of left ventricular contractility was calculated using the formula below

(Equation 3) which has been previously validated against invasive methods (276, 277).

LV Contractility = Systolic Blood Pressure (SBP)/LV end-systolic volume index (LVESVi)

Equation 3: Calculation of LV Contractility



126

4.3.6.1 4D flow analysis

Each three directional phase contrast data set was evaluated for phase aliasing
artefacts. If required phase unwrapping was performed on source images if aliasing
occurred in the region of interest according to previous guidelines on phase contrast
methods (246). Spatial misalignment of 4D flow to cine imaging was corrected prior to
flow analysis. This was achieved by visualising streamlines in 4-chamber view in peak
systole and repositioning them over descending aorta and in 3-chamber view in peak
systole and repositioning them over ascending aorta. Similar checks were performed in
diastole for peak mitral inflow streamlines in 2-, 3- and 4-chamber views. 4D flow analysis

was supervised by a colleague with over five years’ experience in 4D flow CMR (PG).

Kinetic Energy mapping

LV endocardial contours were manually contoured for all temporal phases using
dedicated software (MASS Version 2018EXP) (Figure 4-8). Translational and rotational
misalignment between the 4D flow acquisition and the SA cine stack were corrected

using previously published automated image registration methods (278).
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Figure 4-8: Endocardial segmentation on left ventricular short axis stack in a patient with a pacemaker.
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Calculation of LV blood flow KE parameters was performed as per previously published
methods (279). The LV volumetric mesh was resliced into 2mm thick SA sections with
pixel spacing equivalent to the reconstructed pixel size (1-1.2 mm) of SA cine acquisition.

In each voxel the KE was computed according to the following equation:

KE =, pblood'Vvoer'V2

Equation 4: Calculation of Kinetic Energy

Pbiood = density of blood (1.06g/cm?), Vioxel = Volume of the voxel, v2 = magnitude

of velocity

Total KE was calculation by summation of the KE of each voxel for each phase. KE
values were normalised to LVEDV (KEiepv) and reported as pyJ/ml. The KE of the entire
LV, systolic, diastolic, early diastolic filling (E-wave) and late diastolic filling (A wave) are
reported. Finally the in-plane KE was calculated as percentage of the KE in the x-y
direction from base to apex divided by the total KE of the LV.

4.3.7 Statistical analysis

Statistical analysis was performed using SPSS 25 (International Business Machines,
Armonk, New York, USA). Data are presented as mean + standard deviation, median
(IQR: interquartile range) or frequency (%). For normally distributed variables,
independent samples t-test was used for comparisons between groups and a paired
samples t-test was comparisons within groups. For non-normally distributed variables,
independent samples Mann-Whitney U test and the related samples Wilcoxon signed
rank test were used. To compare categorical variables the Chi-squared test was used.
Association between change in LVESVi and change in QRS duration was performed
using Pearson product moment correlation test. P values <0.05 were considered

significant.

4.4 Results

4.4.1 Demographic characteristics

A total of 34 patients were included in the final analysis. The mean age of the whole

study population was 70+11 years (71% male) and the median time from device
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implantation to the MRI was 431 days (IQR: 161-921). Patients were divided into two
groups based on the presence or absence of left ventricular myocardial
hyperenhancement assessed by LGE which was present in 18 (53%) patients. The

baseline demographics for the study population are shown in Table 4-1.



Characteristic

Male Sex — n (%)

Age — years

BMI (IQR) — kg/m?
Systolic BP, mmHg
Diastolic BP, mmHg

Time between device implant and scan (IQR) — days

Diabetes
Hypertension
Mi

Previous PCI

Paroxysmal AF

ACE inhibitor

All patients (n=34)

24 (71%)
69.5+£10.7
28.3 (25.9-31.6)
139.8+18.1
81.6+9.2
431 (161-921)
Medical history — n (%)
4 (12%)
12 (35%)
10 (29%)
8 (24%)
7 (21%)
Baseline medications — n (%)

16 (47%)

LGE - (n=16)
9 (56%)
64.2 £12.6
28.2 (24.5-33.5)
141.4 £ 20.1
84.8+10.4

219 (131-574)

2 (13%)
7 (44%)
0
1 (6%)

2 (13%)

4 (25%)

LGE + (n=18)
15 (83%)
742 +56

28.3 (25.5-32.1)

138.3 + 16.6
788+7.1

618 (237-1337)

2 (11%)
5 (28%)
10 (56%)
7 (39%)

5 (289%)

12 (67%)

0.09

<0.01

0.93

0.63

0.05

0.03

0.57

0.33

<0.01

0.03

0.25

0.02

0€T



ARB 5 (15%) 3 (19%) 2 (11%) 0.44

Statin 19 (56%) 5 (31%) 14 (78%) <0.01
Anti-platelet 13 (38%) 2 (13%) 11 (61%) <0.01
Antithrombotic 9 (26%) 4 (25%) 5 (28%) 0.58
B-blocker 17 (50%) 6 (38%) 11 (61%) 0.15
Calcium channel 3 (9%) 0 3 (17%) 0.14
Aldosterone antagonist 3 (9%) 0 3 (17%) 0.14

Table 4-1: Baseline Characteristics of all patients and then separated dependant on absence or presence of late gadolinium enhancement
Normally distributed continuous variables are expressed as mean+SD; non-parametric continuous variables are expressed as median (IQR) and
categorical variables are expressed as counts (percent).

Abbreviations: ACE: angiotensin-converting enzyme, AF: atrial fibrillation ARB: angiotensin receptor blocker, BMI: body mass index, BP: blood pressure,

IQR: interquartile range, LGE: late gadolinium enhancement, Ml: myocardial infarction, PCI: percutaneous coronary intervention

TET
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4.4.2 Patient characteristics according to LGE status

4.4.2.1 Baseline characteristics

There were no significant differences in the sex, body mass index or blood pressure
between those with and without LGE (Table 4-1). Late gadolinium enhancement positive
patients were more likely to be older and have had a previous myocardial infarction (56%
vs. 0%; p<0.01). Groups were matched for the presence of other diseases including
diabetes, hypertension and AF. LGE positive patients were more often on angiotensin-
converting enzyme inhibitors, anti-platelet drugs and statins. No significant differences

were noted for other common cardiovascular medications.

4.4.2.2 Device and ECG parameters

In all of the study patients the RV lead was positioned in the apex. LGE positive patients
had a significantly lower burden of ventricular pacing compared to those without LGE
(0.2% vs 1.3%; p<0.01) (Table 4-2). There were no significant differences in the
indication for the device or the atrial pacing burden. Importantly there was no significant
difference between the groups in either the initial assigned pacing mode or the
programmed pacing rate. The device and lead manufacturers and models for all patients

in the study can be seen in Table 4-3



Characteristic

Indication for device — no (%)
Sinus node disease

AV block

No pacing indication/ICD

Atrial pacing burden - %
Ventricular pacing burden - %
Programmed pacing rate — bpm

First programmed mode AOO — n (%)

PR interval (ms) AOO
DOO
QRS duration (ms) AOO
DOO

LGE — (n=16)

Device information

12 (75%)
4 (25%)
0
4.4 (0.5-39.5)
1.3 (0.5-4.5)
80 (70-85)
7 (44%)
ECG parameters
206 (159-226)
106 (98-115)
88 (79-96)

147 (123-162)

LGE + (n=18)

11 (61%)
3 (17%)

4 (22%)
11.8 (0.6-60.5)
0.2 (0.2-0.5)
80 (80-80)

9 (50%)

202 (181-245)
109 (98-113)
93 (86-108)

160 (151-167)

0.14

0.46

<0.01

0.60

0.49

0.53

0.96

0.21

0.11

€T



Table 4-2: Baseline device characteristics and ECG parameters in AOO and DOO pacing modes dependant on absence or presence of late
gadolinium enhancement.

Continuous variables are expressed as median (IQR) and categorical variables are expressed as counts (percent).

Abbreviations: AV: atrioventricular, BMI: body mass index, BPM: beats per minute, ECG: electrocardiogram, ICD: implantable cardioverter defibrillator,
IQR: interquartile range, LGE: late gadolinium enhancement, ms: milliseconds

VET
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No significant differences were seen between the intrinsic PR interval (AOO mode) or
programmed AV delay (DOO mode) between those with or without LGE (Table 4-2).
QRS duration was shorter in AOO mode compared to DOO mode in the whole study
population (95 vs. 151ms; p<0.01) but no significant differences were seen between
those without or with LGE in either mode (AOO: 88 vs. 93ms; p=0.21, DOO: 147 vs.
160ms respectively; p=0.11).
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IPG/ICD
Boston Scientific®  Ingenio DR J177 1 (6%)
Proponent MRI EL231 6 (38%) 3 (17%)
Medtronic® Advisa DR A3DR01 1 (6%) 4 (22%)
Azure W3DRO1 1 (6%)
Ensura DR MRI EN1DRO1 2 (13%) 4 (22%)
Evera MRI S DR DDMC3D4 4 (22%)
St Jude Medical®  Assurity MRl PM2272 1 (6%) 2 (11%)
Endurity MRl PM2172 5 (31%)
Lead
Boston Scientific®  Ingevity MRI (7731, 7732, 7735, 12 (38%) 8 (22%)

7736, 7741, 7742)

Medtronic® Capsure Fix (5076) 8 (25%) 14 (39%)
Capsure Sense (4574) 3 (8%)
Capsure Sense (4074) 3 (8%)
Sprint Quattro Secure (6935M) 3 (8%)
Sprint Quattro Secure (6947M) 1 (3%)

St Jude Medical® Isoflex (1944) 1 (3%) 3 (8%)
Isoflex (1948) 1 (3%) 1 (3%)
Tendril MRI (LPA1200M) 2 (6%)
Tendril STS (2088TC) 8 (25%)

Table 4-3: Device and lead models in the study population.

Data are expressed as counts (percent).
ICD models are presented in italics.

Abbreviations: ICD: implantable cardioverter defibrillator, IPG: implantable pulse

generator, LGE: late gadolinium enhancement
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4.4.2.3 Baseline CMR data

LGE was present in 18 (53%) patients and was predominantly distributed in an infarct
pattern (61%) with a mean scar burden of 7.2 + 7.1% (Table 4-4). Those with LGE had
significantly larger indexed left ventricular end-diastolic volume (LVEDVi) (77.5 + 13.8
vs. 65.6 + 12.4 ml/m?; p=0.01) and LVESVi (37.6 + 11.4 vs. 29.5 + 9.8 ml/m? p=0.03)
compared to those without LGE. There was no significant difference in LVEF between
those with LGE and without (52.2 £ 8.0 vs. 56.0 + 6.2%; p=0.13). Indexed LV mass was
significantly higher in those with LGE (48.5 + 9.1 vs. 40.5 + 9.9 g/m?; p=0.01). In the RV
there was no significant difference between those with and without LGE in the indexed
right ventricular end-diastolic (RVEDVi) and indexed right ventricular end-systolic
volumes (RVESVi) or ejection fraction (RVEF) (58.3 + 7.4 vs. 60.7 = 5.8%; p=0.30).

Feature tracking analysis was successfully performed in all patients (Table 4-4). Global
longitudinal strain was significantly lower in patients with LGE than those without (-12.4
+ 3.2 vs. -14.8 £ 2.8%; p = 0.03). Global circumferential and radial strain were also
significantly lower in those with LGE (all p<0.05). MDI was significantly longer in those
with LGE compared to those without (81.3 £+ 17.6 vs. 61.3 £ 17.4 ms; p<0.01). Left
ventricular contractility was also significantly lower in those with LGE (4.1 +1.4vs. 5.2 +
1.5 SBP/LVESVi; p=0.03).



Characteristic

LV end-diastolic volume index — ml/m?
LV end-systolic volume index — ml/m?
LV stroke volume index — ml/m?

LV ejection fraction - %

LV mass index — g/m?

RV end-diastolic volume index — ml/m?
RV end-systolic volume index — ml/m?
RV stroke volume index — ml/m?

RV ejection fraction - %

Infarct pattern of LGE (n)
LGE FWHM - (9)

LGE FWHM — (% of LV)

LGE - (n=16)

65.6+12.4

29.5+9.8

36.1+34

56.0 £ 6.2

40.5+9.9

59.2+£9.9

23.6+7.2

35.5+3.9

60.7 +5.8

Late gadolinium enhancement

NA

NA

NA

LGE + (n=18)

77.5+13.8
37.6+11.4
39.9+6.4
52.2+8.0
48.5+9.1
69.8 £ 19.7
29.9+13.2
39.9+79

58.3+7.4

11 (61%)
2.9+4.3

7.2+71

0.01

0.03

0.04

0.13

0.01

0.07

0.09

0.03

0.30

NA

NA

NA

8ET



Feature tracking parameters

Global longitudinal strain - % -14.8+2.8
Global radial strain (long axis) - % 26.2+6.8
Global radial strain (short axis) - % 32.3+9.3
Global circumferential strain - % -18.3+3.6
MDI (ms) 61.3+17.4
Contractility (SBP/LVESV)) 52+15

Table 4-4: Baseline CMR data.
Continuous variables expressed as mean+SD. Categorical variables expressed as counts (percent)

Abbreviations: FWHM: full width half maximum, LGE: late gadolinium enhancement, MDI: mechanical dyssynchrony index, LV: left ventricle, LVESVi:

left ventricular end-systolic volume index, RV: right ventricle, SBP: systolic blood pressure

-12.4+3.2

205+7.2

23.6+9.1

-146+4.0

81.3+17.6

41+14

0.03

0.03

<0.01

<0.01

<0.01

0.03

6€T



140

4.4.3 Differences between AOO and DOO pacing modes

There were no significant differences noted between LVEDVi, RVEDVi and LV mass
index between AOO and DOO pacing modes in either those with or without LGE (Table
4-5). In DOO pacing there was a significant increase in LVESVi when compared to AOO
pacing resulting in a significant fall in LVEF in both those with and without LGE (all
p<0.01). RVESVi increased between AOO and DOO pacing in those without LGE (23.6
+ 7.2 vs. 26.6 + 8.0 ml/m?; p=0.03) but no significant change was detected in those with
LGE. RVEF fell between AOO and DOO pacing in both groups.



Variable

LV end-diastolic volume index — ml/m?
LV end-systolic volume index — ml/m?
LV ejection fraction - %

LV mass index — g/m?

RV end-diastolic volume index — ml/m?
RV end-systolic volume index — ml/m?

RV ejection fraction - %

Global longitudinal strain - %

Mechanical Dyssynchrony Index (ms)

Contractility (SBP/LVESVi)

65.6 +12.5

29.5+9.8

56.0 £ 6.2

40.5+9.9

59.2+£9.9

23.6+7.2

60.7 £ 5.8

LGE - (n=16)

DOO

Volumes

66.0 +12.8

31.6+8.9

529+5.4

40.7+11.4

60.1+11.4

26.6 £ 8.0

58.2+5.6

0.67

<0.01

<0.01

0.88

0.54

0.03

<0.01

Feature tracking parameters

-14.8+2.8

61.3+17.4

52+15

-13.6+4.0

71.0+£25.0

Other

45+1.2

0.04

0.07

<0.01

77.5+13.8

376+114

52.2+8.0

48.5+09.1

69.8 £ 19.7

30.0+13.2

58.3+7.4

-12.4 +3.2

81.3+17.6

41+14

LGE + (n=18)

DOO

78.8+13.4

43.0+12.3

46.5+9.1

50.0+7.9

68.6 £ 19.4

31.7+124

54.7+7.6

-10.6 +2.9

88.8+21.2

35+1.2

p-value

0.34

<0.01

<0.01

0.17

0.29

0.07

<0.01

<0.01

0.04

<0.01

Unpaired

p-value*

0.53

<0.01

0.02

NA

0.19

0.83

0.19

0.40

0.71

0.44

T



QRS duration (ms) 929+241 1451+21.3 <0.01 96.8 +14.5 156.0 £ 16.4 <0.01 0.33

Table 4-5: CMR, contractility and QRS duration in AOO and DOO pacing modes in those with and without LGE.
Data expressed as meanzSD.

* LGE- vs. LGE+ (Absolute change between AOO and DOO)

Abbreviations: LGE: late gadolinium enhancement, LV: Left Ventricle, LVESVi: Left ventricular end-systolic volume index, RV: Right Ventricle, SBP:

systolic blood pressure

A4’



143

Global longitudinal strain and LV contractility were significantly lower in DOO pacing
compared to AOO pacing in those with and without LGE (all p<0.05) (Figure 4-9).

Figure 4-9: Global longitudinal strain in a patient with a pacemaker.

A visual example of the change in GLS at end-systole between AOO (Panel A) and DOO
(Panel B) pacing modes. Susceptibility artefact from the pacing leads (green arrows) is

demonstrated.

QRS duration increased significantly in both those with and without LGE from AOO to
DOO pacing (LGE- : 92.9 + 24.1 to 145.1 + 21.3ms; p<0.01, LGE+: 96.8 + 14.5 to 156.0
*+16.4 ms; p<0.01). MDI increased between AOO and DOO pacing modes in both groups
although this was only significant in those with LGE (81.3 + 17.6 vs. 88.8 £ 21.2 ms;
p=0.04) (Figure 4-10).
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Figure 4-10: Time to peak radial strain in AOO and DOO pacing modes.

An example of the change in time to peak strain (ms) for all 16 AHA segments between
AOO (Panel A) and DOO (Panel B) pacing modes.

4.4.4 Absolute change between pacing modes according to LGE
status

The change in LVEDVi and LVESVi between AOO and DOO pacing modes for each
individual patient can be seen in Figure 4-11. The graph illustrates that LVEDVi generally
remains unchanged between pacing modes. LVESVi increased in both those with and
without LGE with a greater increase in LVESVi in those with LGE.
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Figure 4-11: Change in left ventricular volumes between pacing modes.

Change in left ventricular end-diastolic (blue lines) and left ventricular end-systolic (red
lines) indexed volumes between AOO and DOO pacing mode in those with (right) and
without (left) LGE.

Abbreviations: LGE: late gadolinium enhancement, LVEDVi: Left ventricular end-

diastolic volume index, LVESVi: Left ventricular end-systolic volume index

The absolute change in LVESVi between AOO and DOO pacing modes was significantly
higher in those with LGE compared to those without (5.3 + 3.5 vs. 2.1 * 2.4 ml/m?;
p<0.01) (Figure 4-12) and those with LGE had a significantly greater drop in LVEF (-5.7
*+ 3.4 vs. -3.2 £ 2.6%; p=0.02). The absolute changes in LVEDVi, RVEDVi and RVESVi
were not significantly different between those with and without LGE.
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Figure 4-12: Change in ventricular volumes between AOO and DOO pacing modes.

Absolute change in left and right ventricular volumes between AOO and DOO pacing
modes in those with (red) and without (blue) LGE. Values are mean + SE.

Abbreviations: LGE: late gadolinium enhancement, LVEDVi: Left ventricular end-
diastolic volume index, LVESVi: Left ventricular end-systolic volume index, RVEDVi:
Right ventricular end-diastolic volume index, RVESVi: Right ventricular end-systolic

volume index

No significant difference was noted in the absolute change in QRS duration between
AOO and DOO pacing modes in those with and without LGE (59.2 + 18.6 vs. 52.3 £ 20.8
ms; p=0.33). However in those without LGE the change in QRS duration between AOO
and DOO pacing showed a moderate positive correlation between the change in LVESVi
which was statistically significant (r=0.55; p=0.03) (Figure 4-13). There was no
correlation between the change in QRS duration and LVESVi between pacing modes in
those with LGE (r=0.07; p=0.79).
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Figure 4-13: Scatterplot of change in LVESVi and QRS duration between AOO and
DOO pacing modes.

Abbreviations: LGE: late gadolinium enhancement, LVESVi: Left ventricular end-systolic

volume index

4.4.5 4D flow derived LV kinetic energy

4.4.5.1 Baseline characteristics according to LGE status

4D flow reconstructions failed in one patient so analysis was performed in 33 patients.
The baseline 4D flow KE parameters for patients with and without LGE can be seen in
Table 4-6. There was no significant difference in any of the measures of global LV KE in
either those with or without LGE.

4.4.5.2 Differences between AOO and DOO pacing modes in those with
and without LGE

There was a non-significant trend for KEiepv over the entire cardiac cycle to fall between
AOO and DOO pacing in both groups (p>0.05) (Table 4-7). There was no change in the
average systolic KEiepv between pacing modes. Average diastolic KEigpy was
significantly lower during DOO pacing in patients with LGE (14.5 + 5.6 vs. 12.0 + 4.3
pJ/ml; p=0.028). There was a fall in peak late filling (A-wave) KEiepy between pacing
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modes in both groups although the change was non-significant (p>0.05). In-plane KE
increased significantly during DOO pacing compared to AOO pacing in those with LGE
(37.3£9.2 vs. 43.3 = 8.8%; p=0.003). No differences were observed between those with

and without LGE in the absolute change between pacing modes (Table 4-7).



Characteristic LGE - (n=16) LGE + (n=17)

Global LV kinetic energy (pJ/ml)

Total Left Ventricle 11.9+£3.7 13.1+4.0 0.393
Systolic 109+2.1 11.6+£3.8 0.490
Diastolic 13.3+24 145+5.6 0.562
Peak E-wave 10.6 £ 6.7 10.7 +5.8 0.958
Peak A-wave 19.8+11.9 23.8+10.0 0.127
In-plane KE (%) 34.2+83 37.3+9.2 0.326

Table 4-6: Baseline values for mapping of left ventricular kinetic energy in patients with and without late gadolinium enhancement.
Continuous variables expressed as mean+SD.

Abbreviations: KE: kinetic energy LGE: late gadolinium enhancement, LV: Left ventricle,

67T



Characteristic LGE - (n=16) LGE + (n=17)

AOO DOO AOO DOO

Global LV kinetic energy (uJ/ml)

LV 11.9+ 3.7 105+ 24 0.150 13.1+4.0 11.7+ 4.2
Systolic 10921 10.3+5.9 0.381 11.6+ 3.8 11.4+47
Diastolic 13.3+24 11.0+ 3.9 0.098 145+5.6 12.0+4.3
Peak E-wave 10.6 £ 6.7 8.7+3.6 0.163 10.7+£5.8 9.0+4.3

Peak A-wave 19.8+11.9 16.5+9.1 0.326 23.8+10.0 20.0+11.8
In-plane KE (%) 34.2+83 37.3+9.7 0.255 37.3+9.2 43.3+8.38

Table 4-7: Left ventricular kinetic energy in AOO and DOO pacing modes in those with and without LGE.

Continuous variables expressed as meanzSD.
*Unpaired P-Value comparing absolute change between AOO and DOO pacing in those with and without LGE.

Abbreviations: KE: kinetic energy LGE: late gadolinium enhancement, LV: Left ventricle

p-value

0.062
0.653
0.028
0.149
0.076

0.003

Unpaired p-

value*

0.545
0.405
0.708
0.624
0.790

0.360

0ST
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4.4.6 Device parameters

All thirty four patients completed the full protocol safely with no adverse clinical events.
Devices were interrogated before and after the MRI (Table 4-8). No significant changes
to lead impedance, atrial or ventricular capture threshold, P- and R- wave amplitude or
battery voltage were noted. One patient with an ICD experienced a minor drop in battery
voltage after the MRI scan and the information was conveyed to the cardiac physiology
department responsible for further follow up. No clinically significant changes in lead

parameters were detected.

Pacing lead impedance -

Ol 487 (437-555) 489 (439-551) 0.24
e 570 (488-749) 588 (460-692) 0.12
- Ventricular lead

Pacing lead threshold -

V@0.4ms 0.5 (0.5-0.8) 0.6 (0.5-0.8) 0.49
- Atrial lead 0.8 (0.5-1.0) 0.8 (0.5-1.0) 0.40
- Ventricular lead

Battery Voltage* - V 3.02 (3.01-3.02) 3.02 (3.01-3.02) NA

P-wave amplitude - mV 3.8 (2.5-4.8) 3.8 (2.4-5.0) 0.86

R-wave amplitude - mV 12 (7.4-15.3) 12 (7.9-16.5) 0.67

Table 4-8: Comparison of device parameters before and immediately after the CMR

examination
The data are expressed as median (IQR).

*Boston Scientific® devices were excluded as the programmer does not given a

numerical value for battery voltage (n=8).
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4.5 Discussion

This study investigated the effect of forced RV pacing compared with intrinsic AV
conduction on cardiac haemodynamics in patients with and without focal myocardial

fibrosis. The study demonstrated that:

1. Patients with focal myocardial fibrosis, compared to those without, have a greater
decline in left ventricular systolic function and a greater increase in LV
dyssynchrony during forced RV pacing.

2. Forced RV pacing leads to an acute deterioration in left and right ventricular
function compared to intrinsic AV conduction in those with and without focal
myocardial fibrosis.

3. Forced RV pacing is associated with a reduction in global longitudinal strain and
left ventricular contractility in patients with and without focal fibrosis.

4. Forced RV pacing is associated with changes to the in-plane LV KE in patients
with myocardial fibrosis.

4.5.1 Influence of myocardial fibrosis on left ventricular volumes

during forced RV pacing

To our knowledge this is the first study to evaluate changes in ventricular volumes and
function between intrinsic AV conduction and forced RV pacing in patients with MRI
conditional pacemakers using CMR. Our study set out to assess the influence of
myocardial fibrosis, confirmed by LGE imaging, on immediate changes in ventricular

performance during RV pacing.

In our study changing from intrinsic AV conduction to forced RV pacing was associated
with a decline in LVEF in patients with and without myocardial fibrosis. In both groups
the observed change in LV function was predominantly mediated by a significant
increase in LVESVi during RV apical pacing with no change in LVEDVi between pacing
modes. The magnitude of change in LV volumes with initiation of RV pacing was greater
in those with underlying myocardial fibrosis than those without myocardial fibrosis. The

increase in LVESVi in those with fibrosis led to nearly a 6% fall in LVEF.
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The observed changes in LVESVi between pacing modes within our study suggests that
initiation of apical pacing may directly alter LV contractility assuming a constant preload
and afterload. Indeed we have shown that LV contractility was significantly lower in DOO
rather than AOO pacing in both groups. Overall the findings are in keeping with previous
studies where initiation of RV pacing leads to an increase in LVESV and subsequent
reduction in LVEF (101, 258, 280). Interestingly our study demonstrates that the
magnitude of change in LVESVi is greater in those with myocardial fibrosis suggesting
they are particularly susceptible to the potential haemodynamic consequences of RV

pacing.

In our study LVEDVi did not change between pacing modes, which is likely due to
minimal changes to the preload between pacing modes. We aimed to minimise variation
in LV filling time by pacing at the same heart rate during both pacing modes. LVEDV has
been shown to fall between intrinsic rhythm and RV apical pacing performed during
electrophysiology studies (50) (281). These observations may be because AV synchrony
was not maintained during RV pacing. The loss of atrial systole during late diastole may
therefore compromise LV filling. Zile et al. have shown in anaesthetised dogs that
sequential AV pacing, compared to asynchronous RV pacing, minimises changes in
ventricular loading and preload (end-diastolic dimensions) and is similar to that during
right atrial pacing (91). In patients it has been shown that LVEDV does not change, if
heart rate is constant, in patients with pacemakers when intrinsic AV conduction is

compared to sequential AV conduction with forced ventricular pacing (99, 101, 258, 282).

There were differences in baseline CMR parameters for those with and without
myocardial fibrosis. Despite similar LVEF between the groups those with myocardial
fibrosis had significantly larger LVEDVi and LVESVi. These findings suggest that those
with myocardial fibrosis have undergone a degree of adverse remodelling with resultant
changes in LV volumes. Indeed the presence of late gadolinium enhancement in patients
with other cardiovascular diseases, such as aortic stenosis or dilated cardiomyopathy, is
associated with higher LVEDVi and LVESVi than those without LGE (283, 284). In
patients with non-ischaemic cardiomyopathy the presence of midwall fibrosis is
associated with a greater degree of ventricular dilatation and systolic impairment
compared to those without fibrosis (285). The effect of increased baseline volumes on
the immediate effects of RV apical pacing have not previously been evaluated. However
a lower initial LVEF and higher LVESV have been found on univariate analysis to be

associated with decline in both LVEF (25%) at 12 months and heart failure death or
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hospitalisation in the longer term (follow up mean duration: 6.7+3.9 years) (138, 286).
Pastore et al. have previously shown across a wide range of LVEF that baseline LVEF
and baseline volumes (LVEDV and LVESV) correlate with the amount of intra-LV
dyssynchrony induced after 24 hours of RV pacing and that on multivariate linear
regression baseline LVESV correlated with intra-LV dyssynchrony after pacing (B = 0.60,
p<0.001) (199).

4.5.2 Influence of myocardial fibrosis on right ventricular volumes
during forced RV pacing

At baseline in our study there was no significant difference between those with and
without myocardial fibrosis in RVEDVi or RVESVi. In a similar trend to LV function we
observed that RV function declined significantly after initiation of RV pacing in both
groups. Indeed mirroring the changes on the left side of the heart during pacing the
RVEDV remained unchanged. There was an increase in RVESV which only reached
significance in those without fibrosis. There was no significant difference in the observed

changes between those with and without myocardial fibrosis.

Although the right ventricle displayed a similar pattern in response to right ventricular
apical pacing as the left ventricle, the magnitude of the change was much less. This may
be a reflection of RV activation occurring prior to left ventricular activation and perhaps
overall a shorter time to total endocardial activation in the RV due to its smaller
myocardial mass. The lack of difference between those with and without fibrosis could
be attributed to the absence of right ventricular fibrosis with the propagation of the
electrical wavefront throughout the RV not differing between the two groups. However
assessment of right ventricular fibrosis, using LGE, is challenging as the RV is thin walled

and can be surrounded by epicardial fat and pericardium.

Data on the effects of right ventricular pacing on right ventricular volumes and function
are limited with the majority evaluating the long term outcomes of pacing on the RV.
Friedberg et al. evaluated the acute effects of AOO and DOO pacing in children with
structurally normal hearts and found no acute compromise of RV function or
haemodynamics (287). Nunes et al. found no detrimental effect to RV pacing on RV
dimensions or strain compared to controls (288). Even in the long term RV systolic

function and strain do not appear to change following RV pacing (288-291). The fact that
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we have demonstrated a change in RV function with pacing may be a reflection of the

improved reproducibility of CMR compared to echocardiography (292).

4.5.3 Effect of Pacing on Electromechanical Synchrony and Strain

Both groups had a significant fall in LVEF between pacing modes with an increase in
LVESVi during DOO pacing which is presumably mediated by the electromechanical
dyssynchrony induced by RV pacing. During normal sinus rhythm electrical activation
occurs through the His-Purkinje system with near simultaneous activation of both
ventricles leading to a narrow QRS complex on the surface ECG. However in RV apical
pacing the activation wavefront propagates from the site of earliest activation at the RV
apex with myocyte to myocyte spread to the site of latest activation at the infero-posterior
base of the LV giving rise to a prolonged QRS duration and left superior axis on the 12
lead ECG (84, 293). In our study electrical dyssynchrony, as denoted by the QRS
duration, increased significantly in both groups between AOO and DOO pacing modes
(LGE- : 88ms vs. 147ms; p<0.01, LGE+ : 93ms vs. 160ms; p<0.01). There was no
significant difference in either the intrinsic or paced QRS duration between those with or
without fibrosis. The electrical dyssynchrony induced by RV apical pacing in our study
led to changes in LV mechanics in both groups with significant decreases in GLS and
LV contractility. Initiation of apical pacing in those with fibrosis led to the development of
significant mechanical dyssynchrony and although a trend to mechanical dyssynchrony
was observed in those without fibrosis this did not reach significance. These results
suggest that the presence of fibrosis leads to increased mechanical dyssynchrony and

decline in LV function.

Numerous studies in patient populations have demonstrated the acute effects of RV
pacing on LV mechanics. The use of advanced echocardiographic techniques such as
STE or TDI have shown RV apical pacing can lead to an immediate reduction in LVEF
through reduced global strain, regional contraction and LV twist together with an increase
in mechanical dyssynchrony (50, 99, 100, 198, 265). However electrical dyssynchrony
cannot be the sole explanation for the change in LV performance. Greater acute
haemodynamic change was observed in those with fibrosis where the degree of electrical
dyssynchrony did not correlate with changes in ESV suggesting a more complex
relationship  between electrical activation and mechanical performance

(electromechanical coupling).
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The presence of electrical dyssynchrony does not necessarily lead to the development
of significant mechanical dyssynchrony. In patients with LBBB the presence of septal
flash, a rapid pre-ejection leftward septal motion, as a marker of dyssynchrony, was only
present in 52% of patients (294). Furthermore the surface ECG may not be the best
predictor of subsequent mechanical dyssynchrony as Yu et al. have previously shown
using TDI that mechanical dyssynchrony is present over half of patients of heart failure
patients with a narrow QRS duration (295). Indeed acute LV dyssynchrony was only
seen in half of patients with SND after initiation of RV pacing despite a significant
increase in QRS duration in all patients (95 + 17 vs. 162 + 34 ms; p<0.001) (101). LVESV
increased in both groups between V- sense and V-paced rhythms but the absolute
change was greater in those who developed dyssynchrony compared to those that did
not (2.9 + 2.4 vs 1.0 + 2.1 ml; p<0.001). This demonstrates that electrical dyssynchrony
does not necessarily equate to significant mechanical dyssynchrony but it is the latter
that predominantly determines LV performance after pacing.

4.5.4 Left Ventricular Kinetic Energy

In our study we have demonstrated subtle changes in LV KE after initiation of RV pacing
particularly in patients with myocardial fibrosis. These patients experienced a significant

reduction in the diastolic LV KE and an increase in the in-plane KE with RV pacing.

First of all it is important to note that the total LV KE in our cohort was greater than has
been previously shown in healthy volunteers and in patients with myocardial infarction
(255, 296). The increase in the total LV KE in our population must reflect an increase in
diastolic KE as the values we observed for LV systolic KE are in keeping with values
previously demonstrated in healthy volunteers (296). We speculate that the increase in
diastolic KE is related to a greater degree of diastolic dysfunction in our patient
population and advancing age. Interestingly the observed reduction in diastolic KE and
peak A wave with initiation of RV pacing was greater in those with LGE. These changes
may be due to the AV delay during DOO pacing. The shorter AV delay may lead to
premature closure of the mitral valve with subsequent truncation of the A wave and a
reduction in the KE (297). The fact that these changes were more pronounced in patients
with LGE may reflect a greater level of baseline diastolic dysfunction. This could reflect
underlying fibrosis, increasing myocardial stiffness, as the A wave during AOO pacing

was higher than that seen in patients without fibrosis.
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In the present study we have also demonstrated changes in the in-plane KE in those with
fibrosis during RV pacing. Garg et al. have previously demonstrated that in-plane KE
increases as LVEF declines and postulated this was due to LV impairment and dilatation
altering flow conditions within the LV cavity leading to the development of a large swirling
vortex within the LV (255, 298). Development of this vortex is translated as a greater in-
plane KE as transversal shunts within the vortex are interpreted as in-plane KE. Recent
work by Bianco et al. using echocardiography techniques has shown that RV apical
pacing is associated with multiple dysfunctional vortexes and it may be that we are
detecting these as a greater proportion of in-plane KE (258). They also demonstrated
during RV apical pacing that there was higher diastolic KE dissipation as myocardial
contraction became dyssynchronous. The greater dyssynchrony in those with fibrosis
may lead to more dysfunctional vortices and greater KE dissipation with a subsequent

reduction in cardiac output.

455 Safety and feasibility

Undertaking CMR in patients with pacemakers and ICDs was feasible in both AOO and
DOO pacing modes in the same visit. Analysable image quality was obtained in all
patient with pacemakers and the majority of patients with ICDs. All patients were
scanned in accordance with manufacturer’s instructions and no lead related parameter
changes were detected. A small decline in battery voltage was noted in one patient.
These findings suggest that the CMR protocol used in this study did not pose any additive

risk, though long-term device follow-up is needed to confirm this.

45.6 Limitations

To avoid intrinsic AV node conduction, it was essential to programme the AV delay to be
shorter than the intrinsic PR interval in AOO pacing. It is possible this may have affected
cardiac function. If the AV delay is too short then atrial systole can occur against a closed
mitral valve thus reducing LV filling (299). However the data on the optimal AV delay are
conflicting (300-302). Occhetta et al. found no differences in stroke volumes across a
range of AV delays (90-240ms) in pacemaker recipients programmed to atrial-triggered
ventricular pacing and atrioventricular sequential pacing at rest (303). Conversely other
studies have shown that optimising the AV delay can improve immediate systolic function
(304, 305). The programmed AV delay was consistent between groups in those with and
without fibrosis and AV timing alone cannot be solely responsible for the haemodynamic

changes observed.
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Susceptibility artefact due to the presence of the IPG or ICD may also have influenced
contouring of epicardial and endocardial contours and even feature tracking results,
although studies without clear delineation between blood pool and the endocardium where
excluded from analysis. Furthermore the presence of artefact between AOO and DOO
scanning should be relatively consistent minimising the impact on intra-patient
comparisons. Feature tracking has also previously been shown to be feasible with good
intra- and inter-observer variability performed on SSFP acquisitions in patients with

pacemakers (209).

Importantly the groups were not matched at baseline as LGE positive patients were
significantly older, more often taking certain cardiovascular medications (i.e. angiotensin-
converting enzyme inhibitors) and had greater baseline LV volumes. Future work with a
greater sample size could potentially address the effect of these factors on an individual’s

response to forced ventricular pacing.

4D flow CMR sequences used in our study did not use respiratory navigation which may
have affected KE parameters. However studies evaluating whole heart 4D flow sequences
with and without respiratory navigation have demonstrated comparable values for KE
guantification (261). In addition, LV geometry was defined using the LV cine stack acquired
during breath holding as opposed to the free breathing 4D flow acquisitions. Despite

correcting for spatial miss-registration, issues such as differing physiology remain.

4.5.7 Future implications

Both patient groups experienced a deterioration in left ventricular systolic performance
with RV apical pacing. Those with myocardial fibrosis had a greater increase in LVESV

and developed worsening mechanical dyssynchrony compared to intrinsic rhythm.

The findings are important because in patients with chronic RV pacing the presence of
early (one month) pacing induced dyssynchrony is a strong predictor of reduction of
ejection fraction at 12 months (286). Induction of LV dyssynchrony in the short term
(median 13 months) has also been demonstrated to be associated with mortality and

heart failure hospitalisation in the long term. Further work is needed to evaluate whether
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the acute changes in LV performance with initiation of RV pacing portend patients to a

greater long term risk of heart failure.

Finally we have demonstrated subtle changes in blood flow KE during RV pacing
particularly in those with myocardial fibrosis. These changes in LV blood flow KE could be
due to alterations in the AV interval between pacing modes or by changing LV mechanics
during RV pacing. Further work in larger studies using 4D flow CMR is needed to: 1)
identify novel biomarkers that may provide further mechanistic insight into development of

heart failure after RV pacing and 2) evaluate its ability to aid in device optimisation.

4.6 Conclusions

Forced right ventricular pacing leads to immediate changes in left ventricular systolic
performance compared to intrinsic atrioventricular conduction. The presence of
myocardial fibrosis during ventricular pacing is associated with greater adverse
haemodynamic change. The observed changes seem to be mediated by the
electromechanical dyssynchrony and alterations in LV mechanics that occur with right
ventricular pacing. Whether these acute changes will be reflective of longer term left
ventricular adverse remodelling in the bradycardia pacemaker population is unknown but

further investigation is warranted.
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Chapter 5 Impact of myocardial fibrosis on long term
ventricular remodelling in patients with atrioventricular block

undergoing permanent pacemaker implantation (BLOCK MR)

5.1 Abstract

Background: Right ventricular pacing induces electrical and mechanical dyssynchrony
which can lead to LV dysfunction and heart failure. Cardiovascular magnetic resonance
enables accurate serial assessment of cardiac function and detection of myocardial
fibrosis. The aim of the study was to determine if the presence of myocardial fibrosis

altered cardiac haemodynamics after 6 months of RV pacing.

Methods: 67 patients with AV block were prospectively recruited. Patients underwent

clinical assessment and CMR before and 6 months after pacemaker implantation.

Results: 50 patients (mean age 79 + 9 years; 80% male) were included in the final
analysis and myocardial fibrosis was present in 62%. At six months LVESV index
increased significantly in those with fibrosis compared to those without (8.0 + 10.4 vs. -
0.6 + 7.3 ml/m?; p=0.008). Those with fibrosis had a greater fall in LVEF (-12.3 + 7.9 vs.
-6.7 £ 6.2%; p=0.012) despite a smaller decrease in LVEDV index (-7.1 £ 13.8 vs. -14.6
+ 13.9 ml/m?; p=0.077). Paced QRS duration was longer in those with fibrosis (171.7 +
13.1vs. 163.5 + 12.1 ms; p=0.031). Significant mechanical dyssynchrony (83.7 + 29.7
vs. 97.6 + 31.2 ms; p=0.029) and impaired LV contractility developed between baseline
and 6 months in those with fibrosis but not in those without fibrosis. No adverse clinical
events occurred during the study. Small but significant changes to the ventricular lead

impedance and pacing capture threshold were observed immediately after MRI.

Conclusion: Focal myocardial fibrosis is common in patients with AV block undergoing
pacemaker implantation. The presence of fibrosis in patients with right ventricular pacing
is associated with greater electromechanical dyssynchrony and consequent decline in

LV function compared to those without fibrosis.
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5.2 Introduction

Right ventricular pacing is a long established treatment for symptomatic bradycardia and
has been shown to normalise life expectancy and improve quality of life (30, 262, 263).
Right ventricular apical pacing induces electrical and mechanical dyssynchrony which
over the longer term may led to progressive LV dysfunction and heart failure (80, 126,
254, 306). Indeed the BLOCK-HF trial demonstrated improved outcomes with
biventricular pacing over RV pacing in patients with AV block and LVEF less than 50%
(127). However biventricular pacing is associated with a greater financial cost and higher
rate of complications than RV pacing and data on its utility in patients with preserved or
mildly impaired LV function are less robust (159, 161, 162). Alternate strategies such as
right ventricular septal pacing or ventricular pacing avoidance algorithms, have also
failed to improve hard clinical end points (168, 182). Observational data suggest that a
proportion of patients with preserved LVEF will develop heart failure or have a significant
decline in LVEF with long term RV pacing (11, 115, 118, 124). Therefore there is a need
to improve the understanding of the pathophysiology of ‘pacing induced cardiomyopathy’
(PICM) and be able to identify individuals at greatest risk to whom upfront physiological
pacing may prevent development of heart failure.

Cardiovascular magnetic resonance provides accurate serial assessment of cardiac
volumes, evaluation of LV synchrony through feature tracking and tissue tagging
techniques and enables detection of myocardial fibrosis (203-205, 210, 218, 267). It is
therefore a valuable tool to assess not only cardiac remodelling but also potentially to
identify myocardial tissue characteristics that are associated with LV adverse

remodelling with long term RV pacing.

We hypothesise that long term RV pacing in the presence of focal myocardial fibrosis
leads to greater adverse cardiac remodelling compared to those without myocardial

fibrosis.

Therefore, the main aims of the study were to:

1. Evaluate the association of myocardial fibrosis on LVESV in patients with AV
block before and 6 months after pacemaker implantation
2. Evaluate the effect of RV pacing on left and right ventricular volumes and function

at 6 months



162

3. Assess the impact of RV pacing on electrical synchrony and LV mechanics in

those with and without focal myocardial fibrosis.



163

5.3 Methods

5.3.1 Study Design and Population

Between February 2018 and January 2019, Sixty seven patients with acquired AV block
scheduled to undergo single or dual chamber pacemaker were prospectively recruited
from the cardiology in-patient and out-patient departments at a tertiary cardiology centre

(Leeds General Infirmary, Leeds, United Kingdom).

Inclusion criteria: Adults (aged over 18), Class | or lla indication for a pacemaker due to

atrioventricular block and planned insertion of a MRI conditional pacemaker

Exclusion criteria: Prior diagnosis of heart failure, Current or recent (<7 days) use of
temporary pacing system, acute coronary syndrome within the last 30 days, severe
valvular heart disease, Class 1 CRT indication, contraindication to MRI, pregnant or
breastfeeding, estimated glomerular filtration rate <30ml/min, obesity where girth

exceeds the scanner bore and inability to give informed consent

Decision to proceed to pacemaker implantation was taken by the patient’s clinical team.
The type of pacemaker (single or dual chamber) implanted was taken by the consultant
cardiologist at the time of implantation. Patients were initially recruited and underwent
baseline CMR prior to pacemaker implantation. Patients with AV block had a Class | or
Ila indication for permanent pacemaker insertion as defined by ESC guidelines (30). The
only exception was for patients with first degree AV block who were only included if the
PR interval was over 300ms when paced over 100 bpm. The rationale for this is based
on previously published work in patients with AV block and the assumption that these
patients would likely have a long term high burden of RV pacing (127). The patient

recruitment pathway can be seen in Figure 5-1.
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67 patients with AV block
listed for PM

Claustrophobia (n=3)

Too breathless to complete CMR (n=2)

62 completed baseline CMR

Declined follow up (n=5)

No PM (n=3)

54 completed 6 month CMR

Junctional bradycardia (n=1)
Atrial tachycardia (n=1)
Cardiac amyloid (n=1)

First degree AV block PR<300ms (n=1)

50 included in final analysis

LGE- (n=19) LGE+ (n=31)

Figure 5-1: Patient recruitment pathway

Abbreviations: AV: atrioventricular, CMR: cardiovascular magnetic resonance, LGE: late
gadolinium enhancement, PM: pacemaker

CMR scans were performed prior to pacemaker implantation (baseline) and six months

after pacemaker implantation. Baseline and follow up clinical and demographic data were
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recorded for all patients. Furthermore the following clinical assessments were conducted
at both visits (Figure 4-2):

1. Electrocardiograms to record the heart rate, type of AV block (at baseline visit)
and QRS duration (MAC3500, General Electric Medical Systems, Milwaukee, WI,
USA or CT8000i, Seca, Hamburg, Germany).

2. Blood samples were taken for full blood count (for measurement of haematocrit)
and stored for future measurement of high sensitivity troponin and BNP at the
time of intravenous cannulation prior to CMR study
New York Heart Association (NYHA) Class
Quality of life (EQ-5D questionnaire)

New clinical events, including atrial fibrillation, new onset heart failure and death,
were recorded at 6 months and will be recorded at 12 months then yearly for a
total of 5 years.

5.3.2 Primary Endpoint

The primary endpoint in our study was a change in LVESVi at six months. LVESVi was
selected as the primary endpoint as it has been shown to be a powerful predictor of
clinical outcomes after myocardial infarction and coronary revascularisation over and
above either LVEDV or LVEF (129, 307). A reduction in LVESV with angiotensin
converting enzyme inhibitors and CRT has been demonstrated to correlate with an
improvement in clinical response and cardiovascular outcomes (145, 308). Furthermore
change in LVESVi has been linked to clinical endpoint in patients with AV block. In the
BLOCK-HF study the risk of morbidity and mortality after pacing increased by 1% for
every 1ml/m? increase in LVESVi (156).

5.3.3 Power Calculation

To detect a clinically meaningful (10ml) change in LVESV between those with and
without LV scar based on interstudy standard deviation of 5.4% a minimum of 7 patients
with LV scar are required (a 5%, B 10%) (204). The prevalence of LV scar in patients
undergoing pacemaker implantation is unknown and a sample size of 50 allows for a
minimum prevalence of 14% which is similar to the prevalence of unrecognised scar in
similarly aged populations (309). Increasing the sample size to 55 allows for a dropout
of 10%.
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[ Patient listed for PM for AV block ]

[ Patient recruited into study ]

1
a )

. ECG
Visit 1 Bloods
Baseline EQ-5D Questionnaire

CMR

A i /

[ PM implantation ]

!

ECG
Bloods
EQ-5D Questionnaire
PM interrogation

|

PM programmed to asynchronous

Visit 2 pacing mode (DOO/VOO) at 80bpm
6 th In MRI Safe mode*
montns J
CMR

|

Post MRI PM interrogation
Reprogrammed to pre MRI settings

Patients followed up remotely for 5 years for
clinical events

Figure 5-2: Study protocol
* Patients were programmed at a minimum base rate 80bpm or 10bpm above intrinsic

rate

Abbreviations: DOO: dual chamber pacing, AV: atrioventricular, CMR: cardiovascular
magnetic resonance, ECG: electrocardiogram, LGE: late gadolinium enhancement, MRI:

magnetic resonance imaging, PM: pacemaker, VOO: ventricular pacing
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The pacing and lead parameters were evaluated at the time of device implantation, at a
6 week clinically scheduled check and at the 6 month visit. The following quantitative
parameters were obtained: 1. Ventricular lead R wave and thresholds. 2. Percentage of
atrial and ventricular pacing. 3. Significant atrial or ventricular high rate episodes.
Individual device programming at implant and follow up was at the discretion of the

clinical team.

5.3.4 Ethics Approval

The study complied with the Declaration of Helsinki (October 2000) and the study
protocol was approved by the National Research Ethics Service (Ref 17/EM/0475). All
patients recruited in the study gave written informed consent. Ethical approval, patient

information sheets and consent forms are available in the Appendix.

5.3.5 Device Programming

Before entering the MRI room, patients underwent full device interrogation which
included determination of lead impedance, pacing thresholds and P- and R-wave
sensing amplitude and battery voltage. Devices were then programmed into
manufacturer specific MRI safe mode. Patients were programmed to asynchronous
pacing at a base rate of 80 bpm; typically dual chamber (DOO) pacing but patients with
a single chamber pacemaker or in atrial fibrillation at the time of the scan were
programmed to ventricular (VOO) pacing. If the patient’s sinus rate was greater than
80bpm they were programmed to DOO at 10 beats per minute above intrinsic heart rate
to avoid competition and ensure sequential AV pacing. During the MRI examination
patients were monitored using non-invasive blood pressure and VCG signal. A device
check was performed assessing the lead impedance, pacing thresholds, P- and R-wave
sensing amplitudes and battery voltage immediately after the MRI. Given lead
parameters vary on repeated measurements we recorded the following absolute
changes in keeping with previous large MRI studies in patients with pacemakers: pacing
lead capture threshold increase of 20.5V, P- or R-wave amplitude decrease of 250%,
lead impedance change of 250 Ohms and battery voltage decrease of 20.04V (23, 46).

Patients were reprogrammed to pre scan settings before discharge.
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5.3.6 Quality of Life assessment

The EQ-5D instrument was completed before and 6 months after pacemaker
implantation to evaluate health related quality of life. EQ-5D assesses a respondent’s
self-reported health state on the day of completion in five different domains: mobility,
self-care, usual activities, pain/discomfort and anxiety/depression (310). Responses
provide an index (quality of life weighting) between 0 and 1 where O reflects death and 1
full health. It is scored using the UK population time-trade-off valuation exercise (311).
EQ-5D also includes a visual analogue scale (VAS) where patients score their health
state from O (worst imaginable health) to 100 (best imaginable state).

5.3.7 Cardiovascular Magnetic Resonance

Participants underwent CMR imaging at 1.5T (Ingenia, Philips, Best, The Netherlands)
with a phased array receiver coil (24-channel equipped with Philips dStream digital
broadband MR architecture technology). At the 6 month follow up scan all patients were
scanned in normal operating mode (Upper limit of SAR level 2 W/kg body weight) with
maximised gradient slew rate up to 200T/m/s and according to any other specific
manufacturer's device instructions. All scans were supervised by a Cardiology Registrar
with valid Advanced Life Support certification and a Cardiac Physiologist with expertise

in cardiac devices was present at the follow up.

When possible at follow up (dependent on manufacturer specific device instructions and
patient comfort) the patients arm was positioned arm their head (ipsilateral to location of
the implantable pulse generator) to minimise susceptibility artefact over the heart from
the pacemaker. Repositioning of the arm moved the susceptibility artefact further away
from the heart thus improving overall image quality and delineation of endocardial and

epicardial borders (Figure 1-2 & Figure 4-4).
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5.3.8 Image Acquisition

The CMR protocol was as follows:

1.
2.

Survey images

Cine imaging: Acquired using SSFP in a single slice breath-hold sequence.

Images obtained included a LV volume contiguous short axis stack as well as

two, three and four chamber views. Typical image parameters were as follows:

Slice thickness 10mm, TE 1.5 ms, TR 3 ms, flip angle 60°, SENSE factor 2 with

30 phases per cardiac cycle.

T1 mapping: Acquired using a breath held Modified Look-Locker Inversion

recovery (MOLLI) technique (ECG triggered 5s(3s)3s, single-shot, prepulse

delay 350ms, trigger delay set for end-diastole (adaptive), SENSE factor 2, flip

angle 35°, matrix 152 x 150, slice thickness 10mm, reconstructed voxel size of

1.17 x 1.17mm. Three short axis slices were acquired using the 3 of 5 technique

(268).

Tissue tagging: SPAMM (spatial resolution 1.99 x 2.33 x 8 mm?, tag separation

7 mm, 212 phases, TR 4.1ms, TE 1.8ms, flip angle 10°) was acquired in the three

short axis slices identical to those acquired in T1 mapping.

Administration of an intravenous bolus of 0.15mmol/kg gadobutrol (Gadovist®,

Bayer, Berlin, Germany) via a cannula followed by a 10ml saline flush.

TI scout (Look-locker sequence, single mid-ventricular slice, 10mm thickness,

FoV 300x300mm) to determine the optimal Tl to null the myocardium

Late gadolinium enhanced imaging:

a. Performed using a T1-weighted PSIR gradient echo pulse sequence 10-
15 minutes after contrast. Contiguous breath held short axis slices were
planned to cover the entire left ventricle (Typically 10-12 slices: same
geometry as LV cine imaging). Typical imaging parameters were as
follows: 10mm thickness, no interslice gap, matrix 188 x 139, FoV 300 x
300mm, TE 3.0 ms, TR 6.0 ms, flip angle 25°, acquired in-plane
resolution 1.60 x 2.15 mm?reconstructed to 0.89 x 0.89 mm?, effective
SENSE factor 1.8. Two, three and four chamber views were also typically
acquired and cross cuts and phase swaps were performed as necessary
to confirm the presence or absence of LGE.
b. If patients were unable to complete breath holds then patients were

instructed to free-breathe and a respiratory echo-based navigator was
placed on the right hemi diaphragm with a gating window of 6mm with

continuous gating level drift activated.
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c. If the above steps were unsuccessful at obtaining diagnostic images then
a single shot inversion recovery SSFP sequence was performed. Typical
imaging parameters were as follows: 10mm thickness, no interslice gap,
matrix 192 x 144, TE 2.1 ms, TR 4.4 ms, flip angle 20°, acquired in-plane
resolution 1.82 x 2.44 mm? reconstructed to 1.22 x 1.22 mm?, effective
SENSE factor 2.
8. Post contrast T1 mapping: performed 15 minutes following contrast injection with
identical positioning to the native T1 map using a 4s(3s)3s(3s)2s MOLLI

acquisition.

5.3.9 Image Analysis

Cardiac magnetic resonance analysis was performed quantitatively offline by a single
operator (CS) blinded to clinical data. Analysis was performed using commercially
available software (Cvi42, Circle Cardiovascular Imaging, Calgary, Canada).
Endocardial contours were traced on the short axis cine stack at end-diastole and end-
systole to calculate LV and RV end-diastolic volume, end-systolic volume, stroke volume
and ejection fraction (summation of disks methodology). Papillary muscle and LV
trabeculation were excluded from analysis. Epicardial contours were performed for the
left ventricle at end-diastole to calculate LV mass (epicardial volume - endocardial
volume multiplied by myocardial density [1.05 g/cm?]). Left atrial volume was calculated
using the formula below (Equation 5) where A2cn and Adch are the left atrial area at end-
systole in 2- and 4-chamber views respectively and L is the shorter of the two atrial length
measurements (274). Pulmonary veins and left atrial appendage were excluded from

segmentation (Figure 5-3).

Left atrial volume = 8(A2¢h) (Adch)
3L

Equation 5 : Left atrial volume calculation.



Figure 5-3: Measurement of left atrial parameters at end-systolic phase of cardiac
cycle.

Measurement of left atrial parameters at end-systolic phase of cardiac cycle. Left atrial
area (1: blue line) and length (2: yellow line) were measured in 2- (Panel A) and 4- (Panel

B) chamber views.

Indexed parameters were divided by body surface area calculated using the Mosteller

equation (269).

Late gadolinium images were visually reviewed at visit 1 and 2 for the presence or
absence of late gadolinium enhancement (LGE) by two physicians with at least 2 years’
experience in CMR. If present then LGE was categorised as being either an infarct
(subendocardial) or non-infarct (midwall/subepicardial) pattern (Figure 5-4). Semi-
automated quantification of LGE was then performed using the full-width half maximum
method (threshold of 50% of the maximum intensity within areas of LGE) (270).
Endocardial and epicardial contours were manually contoured on the LV short axis
images and two user defined regions of interest (ROI) were defined when LGE was
present. ROl 1 (remote myocardium - no LGE present) and ROI 2 (hyperenhanced
myocardium - LGE present). Manual correction was then performed to exclude any blood
pool, artefact and pericardial partial volume effect (270). Calculations of the total late
gadolinium enhanced mass (grams) and the percentage of LGE relative to the entire LV

mass were then performed.
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Figure 5-4: Late gadolinium enhancement images in two orthogonal planes in

study patients.

Patients were initially grouped according to the absence (Panel A-B) or presence (Panels
C-F) of hyperenhancement (blue arrows). Patient 1 (Panel A-B) had no evidence of LGE,
Patient 2 (Panel C-D) had a non-infarct (midwall) pattern of LGE and Patient 3 (Panel E-
F) had an infarct (subendocardial) pattern of LGE.

Average myocardial T1 values were recorded both pre and post contrast with a 3-
parameter exponential fit with Look-Locker correction on short axis slices within the
septum excluding areas where LGE was present. Apical slices were not used as the
decreased wall thickness made the measurement vulnerable to partial volume effects
(312). Extracellular volume was subsequently calculated from the native and post

contrast T1 values from myocardium and blood pool together with haematocrit (313).

Analysis of strain parameters was performed using feature tracking software (Cvi42,
Circle Cardiovascular Imaging, Calgary, Canada) from the short axis LV and 2-, 3- and
4-chamber SSFP cine acquisitions. Brightness and contrast settings were adjusted to
optimise differentiation between the endocardium and blood pool. Epicardial and

endocardial borders were traced manually at end-diastole and the software then tracked
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the voxel features of the myocardium to quantify myocardial motion and calculate strain
values (271). The anterior RV insertion point was used as the reference point for
differentiating anterior wall and septum on the short axis analysis. Basal segments and
slices with through-plane distortion of the outflow tract during the cardiac cycle and apical
slices with no clear blood pool in systole were not analysed (272, 273). The global
longitudinal strain and the time to peak radial strain for 16 segments of the 17 segment
model (apex was excluded) proposed by the AHA were recorded (Figure 5-10) (274). A
mechanical dyssynchrony index (MDI) was then calculated from the standard deviation
of the segmental time (Ms) to maximum radial strain for the 16 AHA segments similar to

a technique previously described (275).

A surrogate of left ventricular contractility was calculated by dividing the systolic blood
pressure by the indexed LV end-systolic volume which has been previously validated
against invasive methods (276, 277).

5.3.10 Statistical analysis

Statistical analysis was performed using SPSS 25 (International Business Machines,
Armonk, New York, USA). Data are presented as mean + standard deviation, median
(IQR: interquartile range) or frequency (%). For normally distributed variables,
independent samples t-test was used for comparisons between groups and a paired
samples t-test for comparisons within groups. For non-normally distributed variables,
independent samples Mann-Whitney U test and the related samples Wilcoxon signed
rank test were used. To compare categorical variables the Chi-squared test was used.
Association between baseline ventricular volumes and heart rate was performed using
Pearson product moment correlation test. Univariate linear regression analysis was used
to identify associations between clinical or imaging parameters and the percentage
change of LVESVi between baseline and follow up. All significant variables (p<0.05) and
those with a p<0.1 on univariate analysis were included in multivariate linear regression.

P-values <0.05 were considered significant.
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5.4 Results

67 patients were recruited into the study and 62 patients completed the baseline CMR
scan. No adverse events secondary to bradycardia were observed during the CMR scan
and imaging was feasible in all patients despite significant bradycardia in a large
proportion of patients. 54 patients completed the 6 month follow up scan (Figure 5-1).
One patient with CMR features suggestive of cardiac amyloidosis (n=1) and three
patients with negligible ventricular pacing at 6 months due to first degree AV block with
PR<300ms when paced at 100bpm (n=1), persistent atrial tachycardia with 2:1 AV
conduction (n=1) and initial junctional bradycardia rather than AV block (n=1) were
excluded from the final analysis. 50 patients were included in the final analysis (Table
5-1).

5.4.1 Baseline characteristics

5.4.1.1 Entire cohort

The mean age of the whole study population was 7949 years and 80% of patients were
male (Table 5-1). The median time from baseline CMR to pacemaker implantation was
1 day (IQR: 0-7 days). Patients were subsequently separated into groups based on the
presence or absence of LV myocardial hyperenhancement assessed by LGE imaging.

Hyperenhancement was present in 31 (62%) of patients.



Characteristic All patients (n=50) LGE - (n=19) LGE + (n=31)

Age - years 79.5+9.1 77.3+£9.9 80.9+85 0.173
BMI - kg/m? 24.3+43 22.7+4.2 253+4.2 0.024
BSA —m? 1.96 £ 0.23 1.86 + 0.22 2.01+0.21 0.040
Systolic BP (IQR) — mmHg 147 (18) 142 (24) 150 (39) 0.944
Diastolic BP (IQR) — mmHg 76.5 (15) 78 (19) 75 (15) 0.904
Medical history — n (%)
Atrial fibrillation 14 (28%) 2 (10%) 12 (39%) 0.031
Diabetes 18 (36%) 4 (21%) 14 (45%) 0.085
Hypertension 33 (29%) 12 (63%) 21 (68%) 0.740
History of Ml 11 (22%) 0 11 (35%) 0.003
Previous PCI 2 (4%) 1 (5%) 1 (3%) 0.721
Previous CABG 10 (20%) 0 10 (32%) 0.006
Previous stroke 3 (6%) 1 (5%) 2 (7%) 0.864

NYHA functional class — n (%)

G.T



| 14 (28%) 6 (32%) 8 (26%)
[ 28 (56%) 11 (58%) 17 (55%) 0.693
i 8 (16%) 2 (10%) 6 (19%)

Baseline medications — n (%)

ACE inhibitor 18 (36%) 7 (37%) 11 (35%) 0.923
ARB 12 (24%) 2 (10%) 10 (32%) 0.081
Statin 19 (56%) 8 (42%) 25 (81%) 0.005
Anti-platelet 16 (32%) 2 (10%) 14 (45%) 0.011
Antithrombotic 15 (30%) 4 (21%) 11 (35%) 0.280
B-blocker 6 (12%) 0 6 (19%) 0.041
Aldosterone antagonist 2 (4%) 0 2 (7%) 0.258

Table 5-1: Baseline Characteristics (whole cohort and then dependent on absence or presence of late gadolinium enhancement)

Normally distributed continuous variables are expressed as mean+SD; non-parametric continuous variables are expressed as median (IQR) and

categorical variables are expressed as counts (percent).

Abbreviations: ACE: angiotensin-converting enzyme, ARB: angiotensin receptor blocker, BMI: body mass index, BP: blood pressure, BSA: body surface
area, CABG: coronary artery bypass grafting, IQR: interquartile range, LGE: late gadolinium enhancement, Ml: myocardial infarction, NYHA: New York

Heart Association, PCI: percutaneous coronary intervention

9.7
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5.4.1.2 Baseline characteristics according to LGE status

Patients with LGE were more often male (90% vs. 63%; p=0.020) and had a higher body
mass index (BMI) than those without LGE (Table 5-1). There were no significant
differences in age or baseline blood pressure (BP) between the groups. Those who were
LGE positive were more likely to have AF (39% vs. 10%; p=0.031), a previous myocardial
infarction (35% vs. 0%; p=0.003) and undergone coronary artery bypass grafting (10%
vs. 0%; p=0.006). The groups were matched for the presence of other diseases including
diabetes, hypertension and previous stroke. No difference was observed in the baseline
NYHA Class between groups. LGE positive patients were more often on angiotensin
receptor blockers, anti-platelets, beta—blockers and statins. No differences were noted

for other common cardiovascular medications.

5.4.2 Baseline CMR data

The baseline CMR data for the entire study population and then separated according to
LGE status are presented in Table 5-2. LGE was present in 62% of patients and in those
with LGE there was a near equal split of infarct and non-infarct patterns of enhancement
(45% vs. 55%). The distribution of LGE according to the AHA LV segments can be seen
in Figure 5-5. The distribution of LGE in patients with an infarct pattern was
predominantly in the basal to mid inferior and inferolateral segments. LGE in patients
with a non-infarct pattern was most frequently observed in the basal to mid inferoseptum

and basal inferolateral segments.



178

Frequency of LGE in a
given AHA segment
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Figure 5-5: Distribution of late gadolinium enhancement.

Bullseye diagrams representing the 16 AHA evaluated segments demonstrate the

distribution of LGE in patients with an infarct and non-infarct pattern of LGE.

Abbreviations: AHA: American Heart Association, LGE: late gadolinium enhancement

Mean LVEF was normal in both groups although it was significantly lower in those with
LGE compared to those without LGE (55.5 + 7.9% vs. 60.2 £ 5.4%; p=0.027). No patients
in the study had a LVEF of less than 35%. Global longitudinal strain was significant lower
in those with LGE (LGE -13.4+2.5 vs. No LGE- -16.2+1.8%; p<0.001). The groups were
otherwise matched on LV and RV volumes, LV contractility, mechanical dyssynchrony
index, Native T1 and ECV.



Variable

LV end-diastolic volume index — ml/m?
LV end-systolic volume index — ml/m?
LV stroke volume index — ml/m?

LV ejection fraction — %

LV mass index — g/m?

RV end-diastolic volume index — ml/m?
RV end-systolic volume index — ml/m?
RV stroke volume index — ml/m?

RV ejection fraction — %

Left atrial volume index — ml/m?

Global longitudinal strain — %

Mechanical dyssynchrony index —ms

All patients (n=50)

Volumes & Function

89.4+19.2

38.6 £12.5

50.8+11.1

57.3+x7.4

542+17.1

78.5+19.3

33.5+10.8

469+11.1

59.8+5.1

59.8 £ 23.2

-14.4+2.6

78.8 +29.9

LGE- (n=19)

87.8+21.0

34.9+9.3

52.9 +13.7

60.2+5.4

51.7+17.4

80.5+22.9

35.0+12.6

48.8 £12.9

60.2+5.3

58.3+29.8

Feature tracking and contractility

-16.2+1.8

70.3+29.1

LGE+ (n=31)

90.3+18.3

40.9 +13.7

49.5+9.2

55.5+7.9

55.8+17.0

77.2+17.0

325+9.6

45.7+£9.9

59.5+5.0

60.8 + 18.6

-13.4+2.5

83.7 +29.7

0.418

0.103

0.624

0.027

0.234

0.564

0.429

0.727

0.618

0.267

<0.001

0.081

6.7



Contractility (SBP/LVESVi) 42+1.3 45+1.0 40+15 0.254

Tissue Characterisation

Native T1 — ms 1011.7 £ 32.5 1009.9 + 38.9 1012.7 + 28.8 0.860
ECV-% 27.8+4.0 26.8+ 3.6 28.3+4.2 0.204
LGE present —n (%) 31 (62%) NA 31 (100%) NA
Infarct pattern 14 (28%) NA 14 (45%) NA
Non-infarct pattern 17 (34%) NA 17 (55%) NA
LGE mass — grams NA NA 49+53 NA
LGE mass — % NA NA 6.2+5.6 NA

Table 5-2: Baseline CMR data of all patients and then separated dependant on absence or presence of late gadolinium enhancement
Continuous variables expressed as mean+SD. Categorical variables expressed as counts (percent)

Abbreviations: ECV: extracellular volume, LGE: late gadolinium enhancement, LV: Left ventricle, LVESVi, left ventricular end-systolic volume index,
NA: not applicable, RV: Right ventricle, SBP: systolic blood pressure

08T
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The relationships between the baseline heart rate and the LV end-diastolic volume index
(LVEDViI) and the LV end-systolic volume index (LVESVi) can be seen in Figure 5-6.
There was a moderate, negative correlation between LVEDVi and baseline heart rate,
which was statistically significant (r = -0.40; p =0.004). There was no significant

correlation between LVESVi and the baseline heart rate (r= -0.06; p=0.668).

160
LVEDVi
140
LVESVi
120
E 100
=
£
GEJ 80 r=-0.40
= P=0.004
2 60
40 r=-0.06
p=0.668
20
0
20 30 40 50 60 70 80 90

Heart rate (bpm)

Figure 5-6: Scatter plots of baseline LV volumes and heart rate.

LV end-diastolic volume index (blue dots) correlated with heart rate but no correlation

was demonstrated between LV end-systolic volume index (orange dots) and heart rate.

Abbreviations: LVEDVi: left ventricular end-diastolic volume index, LVESVi, left

ventricular end-systolic volume index

5.4.3 Device and pacing characteristics

There were no significant differences in the type of AV block necessitating pacemaker
implantation between those with and without LGE (p=0.948) (Table 5-3). The majority of
study participants had 3™ degree AV block (44%) as the indication for pacemaker
implantation. Over three quarters of the patients had a dual chamber pacemaker

implanted (82%). No significant difference was observed between the number of single
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and dual chamber devices between those with and without LGE. One patient had a RV

septal lead with the remainder implanted in the RV apex.



Characteristic

Type 1 AV block
Type 2 AV block (Mobitz 1)
Type 2 AV block (Mobitz 2)

Type 3 AV block

Single chamber

Dual chamber

Apex
Septum
Atrial pacing burden — %

Ventricular pacing burden — %

All patients LGE- (n=19)

(n=50)

Indication for device - no (%)

6 (12%) 2 (10%)
6 (12%) 2 (10%)
16 (32%) 7 (37%)
22 (44%) 8 (43%)

Pacemaker type - no (%)
9 (18%) 1 (5%)
41 (82%) 18 (95%)

Right ventricular lead position - no (%)

49 (98%) 18 (95%)
1 (2%) 1 (5%)
0 (10) 0 (14)
94 (71) 96 (72)

LGE+ (n=31)

4 (13%)
4 (13%)
9 (29%)

14 (45%)

8 (26%)

23 (74%)

31 (100%)
0
1(11)

85 (70)

0.948

0.066

0.197

0.553

0.711

€8T



Pacing mode for scan

DOO 39 (78%) 17 (90%) 22 (71%) 0.125
VOO 11 (22%) 2 (10%) 9 (29%)

Time from baseline scan to PPM (IQR) — days 1(7) 1(11) 1(3) 0.511
Time from PM to follow up scan (IQR) — days 182 (10) 186 (11) 182 (10) 0.026

Table 5-3: Device implantation and follow up parameters of all patients and then separated based on absence or presence of late gadolinium

enhancement
Continuous variables are expressed as median (IQR) and categorical variables are expressed as counts (percent).

Abbreviations: AV: atrioventricular, bpm: beats per minute, DOO: dual chamber asynchronous pacing, IQR: interquartile range, LGE: late gadolinium

enhancement, PM: pacemaker, VOO: ventricular asynchronous pacing

8T



185

There was no difference between the groups in the time for the CMR to pacemaker

implantation. The device and lead manufacturers and models for all patients in the study

grouped according to the presence or absence of LGE can be seen in Table 5-4.

Boston
Scientific®

Medtronic®

St Jude Medical®

Boston
Scientific®

Medtronic®

St Jude Medical®

IPG
Essentio SR L110

Proponent DR EL231

Ensura EN1SRO1
Azure W3DRO0O1
Assurity MRI PM2272
Endurity MRl PM1172
Endurity MRl PM2172
Lead

Ingevity MRI (7731, 7732, 7735,
7736, 7740, 7741, 7742)

Capsure Fix (5076)
Capsure Sense (4074, 4574)
Isoflex (1944, 1948)

Tendril STS (2088TC)

0

8 (42%)

0

1 (5%)
1 (5%)
1 (5%)

8 (42%)

16 (43%)

0
2 (5%)
6 (16%)

13 (35%)

Table 5-4: Device and lead models in the study population

Data are expressed as counts (percent).

4 (13%)

15 (48%)

1 (3%)
3 (10%)
0

3 (10%)

5 (16%)

34 (63%)

6 (11%)
1 (2%)
3 (5%)

10 (19%)

Abbreviations: IPG: implantable pulse generator, LGE: late gadolinium enhancement,

MRI: magnetic resonance imaging

The median time from pacemaker implantation to follow up CMR was 182 days (IQR:

178-188 days) (Table 5-3). The median time to follow up was significantly shorter in those
with LGE compared to those without (186 days, IQR: 175-186 vs. 182 days, IQR: 180-
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191; p=0.026). Device interrogation at follow up showed a median overall atrial pacing
burden of 0% and a ventricular pacing burden of 94%. No significant difference in pacing
burden was noted between the groups. A total of 39 (78%) of patients were programmed
DOO for the follow up scan and 11 (22%) patients programme VOO due to single

ventricular lead pacemakers or presence of AF at the time of the scan.

5.4.4 Electrocardiographic characteristics

There was no significant difference in the baseline heart rate (56.4 + 14.5 bpm vs. 50.5
+ 15.3 bpm; p=0.443) or the baseline QRS duration (111.4 + 21.0 ms vs. 115.7 + 29.4
ms; p=0.920) between those with and without LGE (Table 5-5). There was no difference
in the programmed pacing base rate between groups with a median of 80 bpm in both
groups. Although those with LGE had a longer paced QRS duration than those without
LGE (171.7 £ 13.1 ms vs. 163.5 + 12.1 ms; p=0.031).

Baseline heart rate - bpm 53.8+14.9 50.5+ 15.3 56.4+£ 145 0.443
Native QRS duration - ms 113.0+24.3 115.7+29.4 111.4+21.0 0.920

Programmed pacing rate 80 (10) 80 (20) 80 (10) 0.181
for follow up scan - bpm

Paced QRS duration - ms 168.6 + 13.2 163.5+12.1 171.7+13.1 0.031
Table 5-5: Follow up electrocardiogram parameters of all patients and then
separated dependant on absence or presence of late gadolinium enhancement

Normally distributed continuous variables are expressed as meantSD and non-

parametric continuous variables are expressed as median (IQR).

Abbreviations: bpm: beats per minute, IQR: interquartile range, LGE: late gadolinium

enhancement, ms: milliseconds

5.4.5 Changes in CMR parameters between baseline and follow up

5.4.5.1 Entire cohort

The CMR parameters before and after pacemaker implantation for all the patients are

shown in Table 5-6. There was a significant reduction in LVEF before and after
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pacemaker implantation in the entire cohort (57.3 + 7.4 vs. 47.1 £ 11.3%; p<0.001). The
change in LVEF was driven by a significant reduction in LVEDVi (89.4 £ 19.2 vs. 79.4 £
19.0 ml/m?; p<0.001) and a significant increase in LVESVi (38.6 + 12.5 vs. 43.3 + 18.7
ml/m?; p=0.006). There was also a significant reduction in RVEF (59.8 + 5.1 vs. 53.9 +
8.4%; p<0.001) driven by a reduction in RVEDVi (78.5 + 19.3 vs. 69.2 + 16.0; p=0.001).
There was also a significant decrease in left atrial volume index (59.8 + 23.2 vs. 50.7 +
21.3 ml/m?; p<0.001).



Variable

LV end-diastolic volume index — ml/m?
LV end-systolic volume index — ml/m?

LV stroke volume index — ml/m?

LV ejection fraction — %

LV mass index — g/m?

Left atrial volume index — ml/m?

RV end-diastolic volume index — ml/m?
RV end-systolic volume index — ml/m?

RV stroke volume index — ml/m?

RV ejection fraction — %

Table 5-6: CMR parameters of all patients pre and 6 months after pacemaker implantation.

Variables expressed as meanSD.

Abbreviations: LV: Left ventricle, PM: pacemaker, RV: Right ventricle

89.4+£19.2

38.6 £12.5

50.8 +11.1

57.3x7.4

542+17.1

59.8 £ 23.2

78.5+19.3

33.5+10.8

46.9+11.1

50.8+5.1

All patients (n=50)

Post-PM

79.4+19.0

43.3 +18.7

36.0+7.6

47.1+11.3

51.4+11.0

50.7+21.3

69.2 +16.0

32.6+125

36.6+7.4

53.9+84

<0.001

0.006

<0.001

<0.001

0.342

<0.001

0.001

0.437

<0.001

<0.001

88T
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5.4.5.2 Volumetric data according to LGE status

In both groups there was a decline in ejection faction before and after pacemaker
implantation (LGE-: 60.2 £ 5.4 vs. 53.5 + 6.8%; p<0.001 and LGE+: 55.5 + 7.9 vs. 43.2
+ 11.7%; p<0.001) (Table 5-7). The absolute change in LVEF was greater in those with
LGE (-12.3 £ 7.9 vs. -6.7 = 6.2%; p=0.012) (Figure 5-7). The reduction in LVEF was due
a significant decrease in LVEDVi in both groups. The greater absolute reduction of LVEF
in those with LGE occurred due to an increase in LVESVi which was not seen in those
without LGE (LGE 8.0 + 10.4 vs. No LGE- -0.6 + 7.3 ml/m?; p=0.008) as the change in
mean LVEDVi did not differ between groups.



190

[\
w
Y=}
o

—LGE+

o]
w

—— LGE- D 95 —LGE-
—LGE+

— 90 : E
E i
= >
= 80 L o 75
2 - } P=0.077 =
75 [ =70 - P=0.082
=
§ 70 g 65
2 65 60
60 55
Pre-pacemaker  Post-pacemaker Pre-pacemaker  Post-pacemaker
B 60 — lGE- E 45 —LGE-
— 55 — LGE+ =40 —LGE+
£ 50 £
= =
E g5 E 3
s P=0.008 =
7 © 2 P=0.005
- 35 & 30
s &
O
s S 25

NN
o
N
o

Pre-pacemaker  Post-pacemaker Pre-pacemaker  Post-pacemaker
C 65 —— LGE- F 65 ——LGE-
60 —LGE+ —LGE+
—_ _. 60
¥ 55 £
g w
50
g P=0.012 ; } P=0.115
245 L]
=
= 50
40
35 45
Pre-pacemaker  Post-pacemaker Pre-pacemaker  Post-pacemaker

Figure 5-7: Line graphs demonstrating changing in volumes and function before

and 6 months after pacing.

Line graphs depicting change in LVEDVi (Panel A), LVESVi (Panel B), LVEF (Panel C),
RVEDVi (Panel D), RVESVi (Panel E) and RVEF (Panel F) before and 6 months after
pacemaker implantation according to absence or presence of late gadolinium
enhancement. The vertical lines represent the 95% confidence intervals. p-values depict
comparisons of the absolute change in parameters between baseline and 6 months in
those with and without LGE.

Abbreviations: LGE: late gadolinium enhancement, LVEDVi: left ventricular end-diastolic
volume index, LVEF: left ventricular ejection fraction, LVESVi, left ventricular end-
systolic volume index, RVEDVi: right ventricular end-diastolic volume index, RVEF: right

ventricular ejection fraction, RVESVi, right ventricular end-systolic volume index
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The change in LVEDVi and LVESVi between AOO and DOO pacing modes for each

individual patient can be seen in Figure 5-8.

LGE- LGE+ — LVEDVi

60 E
40
20

Pre-pacemaker Post-pacemaker Pre-pacemaker Post-pacemaker

=—LVESVi

[
[=]
o

Indexed Volume (ml/m?)
co
o

Figure 5-8: Line graphs depicting change in left ventricular volume for each patient

before and 6 months after pacing.

Change in left ventricular end-diastolic (blue lines) and left ventricular end-systolic (red
lines) indexed volumes before and 6 months after pacemaker implantation in those

without (left) and with (right) late gadolinium enhancement.

Abbreviations: LGE: late gadolinium enhancement, LVEDVi: left ventricular end-diastolic
volume index, LVEF: left ventricular ejection fraction, LVESVi, left ventricular end-

systolic volume index

Pre- and post-pacemaker implantation values for all CMR characteristics can be seen in
Table 5-7. No significant change in LV mass index occurred within or between groups.
Left atrial volume declined in both groups from pre to post pacemaker scans (No LGE:
58.3 + 29.8 vs. 47.0 + 24.7 ml/m?; p=0.003 and LGE: 60.8 + 18.6 vs. 52.9 + 18.9 ml/m?,
p=0.006) although there was no significant change between the groups (p=0.147). RVEF
fell between pre- and post-scans in both those with and without LGE. The absolute
change in RVEF although not significant was greater in those with LGE (No LGE: -3.9 +
6.9 vs. LGE: -7.1 + 6.9%; p=0.115) despite a greater fall in RVEDVi in those without LGE
(No LGE: -15.5 + 21.2 vs. LGE: -5.4 + 18.4 ml/m?; p=0.082) (Figure 5-7). The magnitude
of the observed change in RVEF was also mediated by an increase in RVESVi in those
with LGE whereas RVESVi fell in those without LGE (2.6 + 10.6 vs. -6.6 + 9.4 ml/m?
respectively; p=0.005).



Variable

LV end-diastolic volume index — ml/m?
LV end-systolic volume index — ml/m?
LV stroke volume index — ml/m?

LV ejection fraction — %

LV mass index — g/m?

Left atrial volume index — ml/m?

RV end-diastolic volume index — ml/m?
RV end-systolic volume index — ml/m?
RV stroke volume index — ml/m?

RV ejection fraction — %

Global longitudinal strain — %
Mechanical dyssynchrony index — ms

Contractility (SBP/LVESVi)

Pre-PM

87.8+21.0

34.9+9.3

52.9+13.7

60.2+5.4

51.7+17.4

58.3+29.8

80.5+22.9

35.0+12.6

48.8 +12.9

60.2 +£5.3

-16.2+1.8

70.3+29.1

45+1.0

LGE- (n=19)

Post-PM

73.1+14.3

34.3+9.3

389+7.9

53.5+6.8

475+9.2

47.0+24.7

65.0 £ 13.3

285+7.38

36.5+8.5

56.3+6.9

-11.4+3.3

80.8 £ 21.6

4.7+14

<0.001

0.709

<0.001

<0.001

0.494

0.003

0.005

0.007

<0.001

0.024

<0.001

0.145

0.417

Pre-PM

90.3+18.3

40.9 +13.7

49.5+9.2

55.5%+7.9

55.8+17.0

60.8 + 18.6

77.2+17.0

325+9.6

45.7+9.9

59.5+5.0

-13.4+25

83.7£29.7

40+15

LGE+ (n=31)

Post-PM

83.2+20.6

48.9 + 20.9

343+7.0

43.2 +11.7

53.7+11.5

52.9+18.9

71.8+17.2

35.1+14.2

36.7+6.8

52.4+8.9

-9.1+3.3

97.6 £31.2

33+14

p-valuet

0.007

0.001

<0.001

<0.001

0.624

0.006

0.092

0.272

<0.001

<0.001

<0.001

0.029

0.000

Unpaired
p-valuet

0.077

0.008

0.529

0.012

0.682

0.147

0.082

0.005

0.341

0.115

0.768

0.662

0.001
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LGE mass§ - grams NA NA NA 49+53 5.0+5.7 0.914 NA

LGE mass§ - % NA NA NA 6.2+5.6 5.7+54 0.265 NA

Table 5-7: Changes in CMR characteristics of patients with and without late gadolinium enhancement from baseline to follow up.

Abbreviations: ECV: extracellular volume, LGE: late gadolinium enhancement, LV: Left ventricle, LVESVi, left ventricular end-systolic volume index,

NA: not applicable, PM: Pacemaker, RV: Right ventricle, SBP: systolic blood pressure
* Pre vs. Post (LGE-)

T Pre vs. Post (LGE+)

T LGE- vs. LGE+ (Absolute change between Pre and Post)

§ 2 patients did not undergo LGE imaging at follow up

€61
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In those patients with LGE there was no significant difference in LGE mass before and after
pacemaker implantation (6.2 + 5.6 vs. 5.7 £ 5.4%; p=0.265). Unfortunately two patients were
excluded from the comparison due to a possible contrast reaction at baseline scan in one

patient and another patient requesting to terminate the scan prior to contrast administration.

5.4.5.3 According to pattern of LGE

We performed sub-group analysis to investigate whether changes related to long term pacing
were different between those with ischaemic and non-ischaemic patterns of LGE. When
separated according to the pattern of LGE no significant differences were observed in baseline
heart rate, paced QRS duration or ventricular pacing burden. However baseline electrical
dyssynchrony, measured by QRS duration, was greater in those with an infarct pattern of LGE
compared to those with a non-infarct pattern (120.4 + 22.2 vs. 103.9 + 17.2ms respectively;
p=0.026) (Table 5-8).



Variable

Baseline heart rate — bpm
Baseline QRS duration — ms
Paced QRS duration —ms

Ventricular pacing burden — %

LV end-diastolic volume index — ml/m?
LV end-systolic volume index — ml/m?
LV stroke volume index — ml/m?

LV ejection fraction — %

LV mass index — g/m?

RV end-diastolic volume index — ml/m?
RV end-systolic volume index — ml/m?
RV stroke volume index — ml/m?

RV ejection fraction — %

Infarct pattern (n=14)

57.8 +13.7
120.4 £ 22.2
173.7 £ 14.5

85 (65)

Volumes & Function

97.0+11.7

48.4 +12.2

48.6 £ 8.7

50.5+5.8

50.6 +13.0

79.1+16.6

32.8+8.3

46.3 +10.2

58.7+5.3

Non-infarct pattern (n=17)

495+ 14.4
103.9+17.2
170.1+12.1

92 (72)

84.9+17.3
34.6+11.9
50.2+9.8
59.6+7.1
60.0 +18.9
75.7+17.7
32.3+10.8
45.2+10.0

60.1 +4.7

0.109

0.026

0.467

0.597

0.065

0.002

0.623

0.001

0.173

0.591

0.899

0.762

0.429

S6T



LGE mass - % 8.7+5.8 42+43 0.013

Feature tracking and contractility

Global longitudinal strain — % -12.7+2.1 -13.9+2.7 0.154
Mechanical dyssynchrony index — ms 91.9+249 76.9 £ 32.3 0.167
Contractility (SBP/LVESVi) 3.2+£0.9 48+15 0.143

Table 5-8: Baseline Device, Electrocardiographic and CMR data of late gadolinium enhancement positive patients separated dependant on

pattern of late gadolinium enhancement.
Variables expressed as mean+SD or median (IQR).

Abbreviations: bpm: beats per minute, ECV: extracellular volume, LGE: late gadolinium enhancement, LV: Left ventricle, LVESVi, left ventricular end-

systolic volume index, RV: Right ventricle, SBP: systolic blood pressure

96T
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At baseline patients with an infarct pattern of LGE also had significantly higher LVESVi
(48.4+12.2 vs. 34.6 +11.9 ml/m?; p=0.002) and lower LVEF (50.5 + 5.8 vs. 59.6 + 7.1%);
p=0.001). At follow up LVEDVi was unchanged (97.0 + 11.7 vs. 94.3 + 18.5 ml/m?;
p=0.517) in those with an infarct pattern but LVESVi increased (48.4 + 12.2 vs. 61.7 +
16.9 ml/m?; p=0.002) whereas a significant decline in LVEDVi (84.9 + 17.3 vs. 74.1
18.0 ml/m?; p=0.002) was seen in patients with a non-infarct pattern with no change in
LVESVi (34.6 + 11.9 vs. 38.4 + 17.9 ml/m?; p=0.163) (Table 5-9). Mean LVEF fell to a
greater extent in those with an infarct pattern of LGE pre and post pacemaker (Infarct:
50.5 +5.810 35.3 £ 7.5%; p<0.001 and Non-infarct: 59.6 + 7.1 to 49.8 + 10.5%; p=0.001)
although the difference in absolute change was not significant (15.2 vs. 9.8%
respectively; p=0.054). The LGE mass was significantly greater in those with an infarct
pattern compared to those with a non-infarct pattern (8.9 £ 6.0 vs. 4.0 = 4.4%: p=0.013).
However there was no correlation between the LGE mass and the change in LVESVi in
either group (Figure 5-9).



Variable

Infarct pattern (n=14)

Pre-PM

Post-PM

p-value*

Non-infarct pattern (n=17)

Pre-PM

Post-PM

p-valuet

Unpaired
p-valuet

LV end-diastolic volume index - 97.0+11.7 94.3+18.5 0.517 849+17.3 74.1+18.0 0.002 0.106
ml/m?

LV end-systolic volume index —ml/m?  48.4 +12.2 61.7 +£16.9 0.002 346+119 38.4+17.9 0.163 0.013
LV stroke volume index — ml/m? 48.6 + 8.7 32.6+8.3 <0.001 50.2+9.8 35.7+74 <0.001 0.720
LV ejection fraction — % 50.5+5.8 353+75 <0.001 59.6+7.1 49.8 +10.5 0.001 0.054
Global longitudinal strain — % -12.7+2.1 -7.9x27 <0.001 -13.9+2.7 -10.1+£3.4 <0.001 0.395
Mechanical dyssynchrony index —ms 91.9+£249 105.4 + 34.7 0.193 76.9£32.3 91.2+£27.3 0.088 0.951
Contractility (SBP/LVESVi) 3.2+0.9 23+0.7 0.001 48+15 41+1.2 0.007 0.445
LGE mass8 - % 8.9+6.0 8.1+6.3 0.421 40+44 3.7+37 0.278 0.666

86T

Table 5-9: CMR parameters of all late gadolinium enhancement positive patients’ pre and 6 months after pacemaker implantation according

to the pattern of late gadolinium enhancement.
Variables expressed as meanSD.

Abbreviations: ECV: extracellular volume, LGE: late gadolinium enhancement, LV: Left ventricle, LVESVi, left ventricular end-systolic volume index,
NA: not applicable, PM: Pacemaker, RV: Right ventricle, SBP: systolic blood pressure



* Pre vs. Post (Infarct pattern)
T Pre vs. Post (Non-infarct pattern)
T LGE- vs. LGE+ (Absolute change between Pre and Post)

§ 2 patients did not undergo LGE imaging at follow up

66T
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35
30 Non-infarct pattern
Infarct pattern

25
20

r=0.028
P=0.923
15
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r=-0.119
P=0.650

Change in LVESVi (ml/m?)

-10
LGE mass (%)

Figure 5-9: Scatter plots of baseline LGE mass and change in LVESVi from
baseline to 6 months.

No correlation was demonstrated for either patients with an infarct (orange dots) or non-

infarct (blue dots) pattern between LGE mass and change in LVESVi.

Abbreviations: ECV: extracellular volume, LGE: late gadolinium enhancement, LV: Left
ventricle, LVESVi, left ventricular end-systolic volume index, NA: not applicable, RV:
Right ventricle, SBP: systolic blood pressure

5.4.6 Contractility, dyssynchrony and strain

SPAMM tagging sequences were acquired in all patients but long breath holds,
particularly in patients with significant bradycardia, and fading of tags meant images were
of insufficient quality to analyse in most patients. Therefore, we used feature tracking,
which has a better spatial and temporal resolution, for assessment of strain and
dyssynchrony. Global longitudinal strain fell significantly in both groups at follow up (No
LGE:-16.2+1.8vs-11.4 + 3.3%; p<0.001 and LGE: -13.4 + 2.5 vs. -9.1 + 3.3%; p<0.001)
but there was no significant difference in the fall between the groups (p=0.768) (Table

5-7). There was evidence of significant mechanical dyssynchrony and impaired LV
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contractility in those with LGE between baseline and 6 months after pacing (MDI: 83.7 +
29.7 vs. 97.6 + 31.2ms; p=0.029 and Contractility: 4.0 £ 1.5 vs. 3.3 £ 1.4; p<0.001) which

was not seen in those without LGE. An example of the change in GLS and time to peak

strain of the AHA segments in a patient with LGE can be seen in Figure 5-10. No

significant difference was observed between the absolute change in contractility, GLS or

mechanical dyssynchrony between patients with different patterns of LGE (Table 5-9).

200 300 400 500

Time to Peak Radial Strain (ms)

97.1 mm (AHA)

D

" 50 100 150 200 250 300 350 400 450 500 550 600 650 7 700
A i B L B e L LA s s o e S S

Radial Strain {ms)

Time (ms) )

800.000

800.000

Figure 5-10: Feature tracking parameters before and 6 months after pacemaker

implantation.

Global longitudinal strain is reduced from baseline (Panel A) to 6 month follow up (Panel

B). Time to peak strain for all segments changes from baseline (Panel C) to 6 month

follow up with early activation of the apical septum (Panel D).
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5.4.7 Predictors of change in LVESVi

Variables which may influence adverse cardiac reverse remodelling following pacemaker
implantation were analysed to determine univariate predictors of the percentage change
in LVESVi at 6 months (Table 5-10). Presence of an infarct pattern LGE (beta 0.442;
p=0.001) and a history of atrial fibrillation (beta 0.334; p=0.018) were associated with a
change in LVESVi and remained significant independent predictors on multiple
regression analysis. No other variables significantly impacted on the post pacemaker
change in LVESVi at 6 months.



Coefficient B Standard Error Coefficient B Standard Error

p-value p-value

Univariate analysis -% change in LVESVi Multiple regression analysis -% change in

LVESVi
Infarct pattern of LGE 19.070 5.592 0.001 16.125 5.470 0.005
Non-infarct pattern of LGE -0.041 5.907 0.995
Baseline LVEF -0.577 0.374 0.130
Baseline QRS duration -0.033 0.116 0.777
Paced QRS duration 0.207 0.211 0.331
Age 0.164 0.309 0.597
Gender -2.640 6.986 0.707
History of AF 14.434 5.874 0.018 11.132 5.377 0.044
Native T1 0.108 0.083 0.199
ECV 1.1115 0.663 0.099 0.320 0.633 0.616
Ventricular pacing % -0.087 0.073 0.243

Table 5-10: Univariate and multivariate analysis of percentage change in LVESVi.

Abbreviations: AF: atrial fibrillation, ECV: extracellular volume, LGE: late gadolinium enhancement, LVEF: Left ventricular ejection fraction, LVESVi: left

ventricular end-systolic volume index

€0¢
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5.4.8 Quality of life and NYHA Class

Visual analogue scale scores increased significantly from baseline to 6 month follow up in the
whole study population (64 + 20 vs. 70 £ 18; p=0.016) with a non-significant increase in EQ-
5D scores (Table 5-11). When separated by LGE status only those without evidence of LGE
had a significant increase in VAS scores at follow up (70 + 15 vs. 78 £ 16; p=0.010) (Table
5-12).

EQ-5D index 0.73 0.77 £ 0.24 0.81 +0.18 0.439
EQ VAS 73.8 64 + 20 70+ 18 0.016
NYHA Class

| 14 (28%) 24 (48%)

I NA 28 (56%) 20 (40%) 0.119
1l 8 (16%) 6 (12%)

Table 5-11: Quality of life scores and NYHA Class for the entire study population at
baseline and 6 month follow up.

*UK norms are reported for a UK population stratified according to age (>75 years). (314)

Abbreviations: NA: not applicable, NYHA: New York heart association, UK: United Kingdom,
VAS: Visual analogue scale

Overall NYHA Class did not change significantly from baseline to 6 month follow up (p=0.119)
(Table 5-11). However when stratified according to LGE status those without LGE showed a
significant change in NYHA Class at follow up (p=0.024) which was not observed in those with
LGE (p=0.841) (Table 5-12). The change in NYHA Class between baseline and follow up
stratified according to LGE status can be seen in Figure 5-11. Six patients in the LGE- group
and eight patients in the LGE+ were NYHA Class | at baseline and therefore could not show

an improvement at follow up.



Variable LGE- (n=19) LGE+ (n=31)

Post-PM Post-PM
EQ-5D index 0.85+0.13 0.85+0.18 0.887 0.72+0.27 0.79+£0.17 0.326
EQ VAS 70+ 15 78 + 16 0.010 61 + 22 66 + 18 0.211
NYHA Class
I 6 (32%) 14 (74%) 8 (26%) 10 (32%)
Il 11 (58%) 5 (26%) 0.024 17 (55%) 15 (49%) 0.841
1 2 (10%) 0 6 (19%) 6 (19%)

Table 5-12: Quality of life scores and NYHA Class stratified according to absence or presence of late gadolinium enhancement at baseline
and 6 month follow up.

Abbreviations: LGE: late gadolinium enhancement, NYHA: New York heart association, PM: Pacemaker, VAS: Visual analogue scale

S0¢
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100% s
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23% Improved by 1 Class
80% Unchanged

P B Worsened by 1 Class
0

60%

61%

40%

Percentage of subjects (%)

53%
20%
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Figure 5-11: Change in NYHA Class.

Bar graph depicting change in NYHA Class between baseline and follow up stratified
according to LGE status. No significant change was seen in the change in NYHA Class
between the groups (p=0.13).

Abbreviations: LGE: late gadolinium enhancement

5.4.9 Adverse events

There was no overall significant difference in any of the procedural or clinical adverse
events between those with and without LGE (Table 5-13). There was a trend towards
new onset atrial fibrillation and new onset heart failure in those with LGE (Both: 4 vs. 0
events respectively; p=0.103). No sustained episodes of high ventricular rates were

noted in either group.
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Adverse event LGE- (n=19) LGE+ (n=31)

Procedure related

Lead displacement 1 1 0.721

DVT 1 0 0.197

Clinical outcomes

New onset AF 0 4 0.103

New development of HF 0 4 0.103

Table 5-13: Comparison of procedure related and clinical adverse events in

patients with and without late gadolinium enhancement.
Data are expressed as counts (percent).

Abbreviations: AF: atrial fibrillation, DVT: deep vein thrombosis, HF: heart failure, LGE:

late gadolinium enhancement

5.4.10 Device parameters

All fifty patients completed the full protocol safely with no adverse clinical events related
to the implanted device. Pacemakers were interrogated before and immediately after the
MRI protocol (Table 5-14). No significant changes in atrial lead impedance or capture
threshold, P- and R- wave amplitude or battery voltage were noted. Small but significant
changes were observed before and after MRI with numerically small decreases in
ventricular lead impedance (722 £ 170 vs. 704 = 150 Ohms; p=0.006) and increases in
ventricular lead pacing capture threshold (0.72 + 0.26 vs. 0.78 + 0.25 V; p=0.005).
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Pacing lead capture threshold -

V@0.4ms 0.72+0.26 0.73:020 0573
> AETUEER 0.72+0.26 0.78£0.25  0.005
- Ventricular lead
P-wave amplitude* - mV 49+28 48+25 0.803
R-wave amplitude§ - mV 15.6 £+ 6.6 158+ 6.5 0.553
Pacing lead impedance - Ohms
- Atrial lead* 549 + 147 558 + 128 0.963
- Ventricular lead 722 170 704 + 150 0.006
Battery Voltaget - V 3.04 £ 0.06 3.04 +£0.06 NA

Table 5-14: Comparison of device parameters before and immediately after the

CMR examination.

The data are expressed as meanSD.

* No atrial lead (n=9)

T Unable to assess atrial lead threshold and P-wave amplitude due to AF (n=2)
8 No R wave (n=12)

T Boston Scientific® devices excluded as no numerical value for battery voltage is

available on the programmer (n=8).

Abbreviations: MRI: magnetic resonance imaging, ms: milliseconds, mV: millivolts, V:
Volts

The increase in the ventricular lead pacing capture threshold was deemed not to be
clinically significant and in no patients did it increase by more than 50% (Table 5-15).
However a significant number of patients experienced an immediate change in lead
impedance of 250 Ohms (26%) and these changes occurred predominantly in patients

with Boston Scientific® devices (21 of 24 incidences; 88%).
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PCT increase 20.5V *{ 0/89
Decrease in P-wave amplitude 250% *t 0/39
Decrease in R-wave amplitude 250% § 0/38
Lead impedance change 250 Ohms* 24/91 (26%)

Table 5-15: Clinically significant changes in device parameters from pre and
immediately post MRI.

* No atrial lead (n=9)
T Unable to assess atrial lead threshold and P-wave amplitude due to AF (n=2)
8§ No R wave (n=12)

Abbreviations: PCT: pacing capture threshold, mV: millivolts, V: Volts

5.5 Discussion

This study investigated the effect of right ventricular pacing on cardiac haemodynamics
at 6 months in patients with advanced AV block and focal myocardial fibrosis. To our
knowledge this is the first study using CMR to evaluate longitudinal changes following
pacemaker implantation in patients with AV block. The study demonstrates that after 6

months of right ventricular pacing in patients with AV block:

1. The presence of myocardial fibrosis was associated with increased electrical and
mechanical dyssynchrony.

2. There was an increase in LVESV and decline in both left and right ventricular
function in these individuals.

3. Patients with fibrosis did not experience an improvement in quality of life after
pacing and some patients experienced a decline in functional class.

4. Myocardial fibrosis, in both infarct and non-infarct patterns, was prevalent in
patients with AV block.
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5.5.1 Left Ventricular End-Systolic Volume after right ventricular
pacing in patients with and without myocardial fibrosis

In our study we have demonstrated that in patients with myocardial fibrosis there was a
significant increase in LVESVi after 6 months of right ventricular pacing. No interval
change in LVESVi was observed in patients without myocardial fibrosis. LVESV is a
strong predictor of LV remodelling and subsequent heart failure risk in patients with prior
myocardial infraction and in patients with AV block and LVEF <50% (129, 156). Itis likely
that changes in LVESVi in patients with scar reflect a combination of mechanical
dyssynchrony and remodelling.

Fang et al. have previously shown using echocardiography that development of
dyssynchrony after acute initiation of RV pacing leads to immediate increases in LVESV
(101). It is possible that the change in LVESV in those with myocardial fibrosis may
simply be due to the development of dyssynchrony. However, the degree of change in
LVESV after 6 months in this study was greater than the immediate changes observed
in the previous Chapter. Additionally, the greater change in LVESVi in this experiment
may be due to LV remodelling in the presence of RV pacing. Indeed previous studies
evaluating longer term changes in left ventricular volumes after right ventricular pacing
have shown significant increases in LVESV (159, 168). Furthermore sub-analysis of the
BLOCK-HF study has shown that LVESVi is predictive of morbidity and mortality and the
estimated risk of these events increases by 1% for every 1 ml/m? increase in LVESVi
(156). It is therefore likely that those with myocardial fibrosis are at greater risk of
developing significant LV dyssynchrony with RV pacing with consequent long-term

remodelling.

5.5.2 Left ventricular volumes and function after right ventricular
pacing in patients with myocardial fibrosis

At baseline there were no significant differences between the left ventricular volumes in
patients with and without myocardial fibrosis, although those with myocardial fibrosis had
a significantly lower baseline LVEF. Mean LVEF was normal in both groups and not at a
level where a change in medication or even CRT would be considered. At 6 month follow
up there was an increase in LVESVi in patients with myocardial fibrosis that was not
seen in those without fibrosis. In both groups we observed a significant decline in LVEF
after pacemaker implantation with the absolute change being greater in those with LGE
(LGE: -12.3+7.9 vs. No LGE: -6.7+6.2%; p=0.012). The change in LVEF in both groups
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was accompanied by a significant fall in LVEDVi at 6 months, although the magnitude of
the fall was twice as great in those without LGE (No LGE: -14.6 + 13.9 vs. LGE: -7.1
13.8 ml/m?: p=0.077). Therefore the greater decline in LVEF in those with focal fibrosis
is mediated not only by a fall in LVEDVi but also an increase in LVESVi.

The change in LVESVi may also explain the differential changes in LVEDVi between
those with and without fibrosis. The decline in LVEDVi in those with fibrosis at follow-up
was doubled compared those without despite baseline and follow-up heart rates being
matched between groups. Therefore, this suggests that diastolic filling period and
preload alone do not account for the observed differences in LVEDVi. It could be that
alterations in contractility induced by RV pacing, which were predominantly observed in
those with LGE, trigger a compensatory increase in LVEDV. As cardiac output declines
due to the impaired contractility the LV end-diastolic pressure (LVEDP) increases
causing greater myocardial stretch in order to maintain cardiac output. In the long term
this could lead to neurohormonal activation and further ventricular remodelling which

hastens myocardial dysfunction.

5.5.3 Left and right ventricular volumes after right ventricular pacing
in entire cohort

Our study demonstrates that in all patients with advanced AV block permanent
pacemaker implantation and subsequent RV pacing is associated with a decline in LVEF
at 6 months. Indeed, LVEF fell by approximately 10% from pre-pacemaker to 6 months
post-pacemaker in the entire study population. The fall in LVEF was mediated by a
significant decline in LVEDVi and an increase in LVESVi. LVEDV is significantly
influenced by ventricular preload and therefore we would expect it to increase in the
presence of bradycardia where LV filling time is increased. Bradycardia prior to
pacemaker implantation leads to prolongation of LV filling time, greater LVEDV and
subsequent increase in LV stroke volume by the Frank Starling mechanism. In our
patients the baseline heart rate had a significant negative correlation with LVEDVi. At
follow-up patients were paced at 80 bpm so diastolic filling time was reduced, resulting
in a lower LVEDV, despite reintroduction of AV synchrony, with a consequent fall in
LVEF. Hung et al. have previously shown that cardiac output in normal subjects is
increased by incremental atrial stimulation with a linear and inverse relationship between
heart rate, stroke volume and LVEDV (315). Our observed changes in the LVEDV have
been previously demonstrated in animal models of AV block where LVEDYV increases to

compensate for the low ventricular rate in order to maintain stroke volume whereas left
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ventricular systolic volume remains unchanged (316-318). Furthermore increasing the
ventricular rate from a mean of 39 to 78 beats per minute by pacing in patients with
complete heart block has been shown to lead to an immediate decrease in LVEDV (242
+ 60 vs. 180 + 43 ml respectively; p<0.001) (319).

Our data shows that LVESVi was not correlated with the baseline heart rate and previous
studies have shown LVESYV to be relatively insensitive to loading (320-322). Park et al.
have previously shown using pressure volume loops that acute RV pacing induces LV
dyssynchrony which shifts the end-systolic pressure volume relationship to the right
(323). This highlights that ventricular pacing can depress ventricular function and
contractility. Clinical trials comparing RV pacing with biventricular pacing suggest that
LVEDYV does not alter with pacing although importantly these studies performed baseline
echocardiography after pacemaker implantation presumably to account for heart rate
mediated changes in volumes (156, 160, 161). The absolute changes in LVESYV following
RV pacing are conflicting. In the PACE trial an increase in LVESV of 7.1 ml between
baseline and 12 months was observed which is in keeping with the findings in the present
study. Conversely, no significant change was observed in the PREVENT-HF trial where
echocardiography was performed after initiation of right ventricular pacing. It is therefore
difficult to conclude the extent to which changes in LVESVi in our study were due to

dyssynchrony, changes in LV contractility and adverse LV remodelling.

Left atrial volumes fell after 6 months of pacing and this likely reflects the changes seen
in the left ventricle where reductions in LVEDVi may be accompanied by a fall in LVEDP.
Indeed Rosenquist et al. have demonstrated a significant fall in LVEDP and subsequently
LA pressure on initiation of pacing in individuals with complete heart block (324).
Furthermore transient increases in LA pressure have been shown to occur when atrial
systole occurs against a closed AV valve which may have exacerbated LA dilatation at

baseline in our patients (318).

A similar fall in RVEF was observed before and after pacing in our cohort which was
driven by a reduction in RVEDVi at follow up. Unlike the left ventricle, there was no
change in RVESVi at follow up. These findings suggest that RV function is determined
primarily by heart rate and diastolic filling time and the RV may be less susceptible,
perhaps as it is activated earlier during RV pacing, to the electromechanical alterations

induced by ventricular pacing.
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5.5.4 Electromechanical dyssynchrony and left ventricular
contractility after right ventricular pacing in patients with
myocardial fibrosis

Before pacemaker implantation there was no difference in either LV contractility,
mechanical dyssynchrony or intrinsic QRS duration between those with and without
myocardial fibrosis. Global longitudinal strain was significantly lower at baseline in those
with myocardial fibrosis. The differences we observed in these parameters may reflect
subtle changes in LV mechanics caused by the presence of myocardial fibrosis that do
not result in a significant reduction in LVEF. Fent el al. have previously shown that
myocardial infarction, detected by LGE imaging, is associated with lower GLS despite
preservation of LVEF meaning this ‘subclinical’ dysfunction may not be distinguished

using standard echocardiographic techniques (140).

At follow-up the mean paced QRS duration was significantly longer in those with
myocardial fibrosis. We also observed alterations in LV mechanics between baseline
and 6 months in patients with fibrosis with worsening of contractility and GLS and greater
mechanical dyssynchrony. In contrast those without fibrosis only had a reduction in GLS.
These data suggest that patients with underlying myocardial fibrosis experience greater
electrical dyssynchrony and are susceptible to development of mechanical dyssynchrony
over the long term. We propose that the presence of myocardial fibrosis slows the
propagation of the electrical activation wavefront during RV pacing to a greater extent
than those without fibrosis thus prolonging the time to mechanical activation and

consequently increasing mechanical dyssynchrony.

Vassolo et al. have previously shown that total endocardial activation time during RV
pacing was significantly longer in patients with previous anteroseptal myocardial
infarction compared to patients without infarction (118 + 30 vs. 76 + 14 ms respectively;
p<0.001) (84). Furthermore Park et al. have demonstrated during acute ventricular
pacing that greater QRS duration and time to endocardial activation lead to greater
proportional increase in the end-systolic pressure volume relationship (323). Long term,
the presence of LV mechanical dyssynchrony in chronic RV pacing is associated with
LV remodelling (83, 106, 325). These studies suggest patients with fibrosis are
potentially at a heightened risk of LV remodelling due to the greater degree of

electromechanical dyssynchrony.
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5.5.5 Effect of distribution and burden of myocardial fibrosis on
change in left ventricular volumes and function

We separately analysed patients with different patterns of LGE to evaluate the
relationship between LGE and volumetric and functional changes at 6 months. At
baseline patients with an infarct pattern had significantly greater LVESVi and lower LVEF
than those with a non-infarct pattern. Those with an infarct pattern also had more
pronounced underlying conduction disease with a longer baseline QRS duration. At
follow up those with an infarct pattern had a much greater increase in LVESVi and decline
in LVEF. LVEDVi did not fall in the infarct group with a significant drop observed in those

with a non-infarct pattern.

The changes in LVESVi in those with an infarct pattern are likely not only to represent a
greater degree of mechanical dyssynchrony but also adverse LV remodelling at follow
up. The reason for the static LVEDVi in this group may just represent adaptive LV
dilatation in response to an increased LVESVi in order to maintain cardiac output.
Importantly those with an infarct pattern of LGE also had a significantly higher LGE mass.
It is possible that greater mass of LGE leads to greater subsequent electromechanical
dyssynchrony as the activation wavefront during RV pacing propagates more slowly
through a larger volume of infarcted tissue. Our data suggest the relationship between
patterns of fibrosis and remodelling is more complex as we did not identify any difference
in the paced QRS duration at follow up and we failed to identify any correlation between
the LGE mass and the change in LVESVi.

These findings suggest that there is a complex relationship between RV pacing and
development of significant dyssynchrony in an individual. It seems likely that pacing
factors, such as the pacing burden and paced QRS duration, may be additive to the risk
of dyssynchrony and remodelling in the presence of fibrosis. Indeed on multi-variate a
background of atrial fibrillation as well as an infarct pattern of LGE were found to be
associated with the change in LVESVi highlighting other patient related factors that may
impact on the development of dyssynchrony or remodelling in any individual. Recent
work by Aalen et al. in animals has demonstrated that inducement of LBBB dyssynchrony
by ablation caused pre-ejection shortening and rebound stretch of the septum which is
then followed by reduced septal systolic shortening (326). The inducement of lateral wall
dysfunction by circumflex occlusion caused a loss of rebound stretch and therefore
improved septal work. However, in left anterior descending territory occlusion rebound

stretch was increased. It may be that the presence, burden and location of fibrosis, in
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tandem with RV pacing, exacerbates pre-existing regional changes in contraction

causing a greater reduction in myocardial efficiency.

5.5.6 NYHA Class, Quality of Life and Adverse events after
pacemaker implantation

After pacemaker implantation we found that patients with myocardial fibrosis did not
experience an improvement in NHYA functional class or their perception of their own
health state. This was in contrast to patients without fibrosis where significant
improvements in NYHA Class and self-assessed health were observed. Neither group
experienced a change in EQ-5D quality of life scores after pacemaker implantation.

The baseline NYHA Class was not significantly different between the groups and
therefore despite restoration of a more ‘physiological’ heart rate and AV synchrony those
with fibrosis did not improve after pacing. At baseline NYHA class will presumably be
determined not only by bradycardia but also by co-morbidities. Patients with LGE had a
greater burden of AF and coronary artery disease which may have contributed to NYHA
class and these factors may not directly be augmented by pacing. In addition, the greater
volumetric changes observed in those with fibrosis may offset any improvements made
by restoring physiological heart rates. In the BLOCK HF trial biventricular pacing was
associated with less adverse LV remodelling as well as better clinical outcomes and

improved functional class over the long term when compared to RV pacing (127, 155).

Patients with myocardial fibrosis did not experience any improvement in their perceived
quality of life after pacing in contrast to those without fibrosis. Clearly the reasons for this
may be complex and QoL may have been influenced by many factors in this study
including bradycardia, hospitalisation at time of initial assessment and co-morbidities.
However, it must be considered whether the changes in LV volumes and function in
those with fibrosis are linked to QoL and, if so, whether this can be augmented at

presentation by the use of interventions such as biventricular pacing.

Neither group experienced a change in EQ-5D quality of life scores. The EQ-5D is a
relatively blunt tool and only assesses QoL over five domains and may not adequately
assess the impact of pacing alone on QoL. Perhaps the use of a different questionnaire
such as the AQUAREL questionnaire, which was developed for patients with rhythm

disorders requiring pacing, would have been better suited to our study (327).
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The lack of improvement in QoL is at odds with the FOLLOWPACE study which
demonstrated a significant improvement in quality of life measured by EQ-5D in a Dutch
population of pacemaker recipients (328). Their population had a lower baseline score
and significantly larger sample size, included all indications for pacemaker implantation
and not just AV block. Perhaps most importantly, they added the following question to
the score: “How would you consider your change in health after your pacemaker
implantation?” which may have significantly influenced the results. Interestingly the
baseline quality of life scores in the whole cohort in our study were higher than the UK
norm suggesting our study population on average had a good quality of life. It may
therefore be difficult to detect small incremental improvements especially given the

modest sample size.

At follow-up we also observed four new incidences of AF and heart failure which all
occurred in patients with myocardial fibrosis. The study was not powered to detect
changes in clinical endpoints, these findings are perhaps not surprising. Right ventricular
pacing has been shown in large pacemaker and defibrillator trials to be associated with
an increased incidence of atrial fibrillation and heart failure (80, 126). Furthermore the
presence of LGE has been shown to be associated with an increased risk of heart failure
hospitalisation across a spectrum of LVEF and heart failure stage (329). Whether RV
pacing in patients with myocardial fibrosis hastens the development of heart failure or

even increases an individual’s risk clearly warrants further investigation.

5.5.7 Prevalence of myocardial fibrosis

We have found that focal and replacement cardiac fibrosis is prevalent in this population
with nearly two thirds of patients having evidence of late gadolinium enhancement. In
those with LGE there was nearly an even split between those with infarct and non-infarct
patterns. Only 11 of the 14 patients had a known history of myocardial infarction, which
meant we identified previously unknown myocardial infarction in three patients. The
distribution of LGE was predominantly in the basal to mid inferior and basal inferolateral
segments consistent with the right coronary artery territory. It is possible that the
development of AV block in these individuals results from long term ischaemic damage
to the AV nodal artery. In those with a non-infarct pattern of LGE the distribution tended
to be in the basal to mid inferoseptum and basal inferolateral segments. The relatively

high prevalence of non-infarct LGE can be explained by the high mean age and burden
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of co-morbidities in the study population. Recent evidence suggests that nearly a third of
unselected older adults have evidence of non-ischaemic LGE (330). The presence of
basal septal LGE in some individuals may also have led directly to the development of
AV block through disruption of conduction through the His bundle as it traverses the

septum.

5.5.8 Feasibility of imaging in patients with bradycardia and
permanent pacemakers

CMR was feasible in all subjects despite significant bradycardia in some participants at
baseline assessment and presence of pacemaker at 6 month follow up. Image quality
was of diagnostic quality in all patients and LGE imaging for assessment of focal fibrosis
was possible with a flexible approach utilising respiratory navigated and single shot
sequences in cases where standard segmented breath held LGE images were non-
diagnostic. Unfortunately, SPAMM tagging sequences were often uninterpretable due to

long breath holds and tag fading meaning they could not be analysed.

5.5.9 Device Safety

No adverse clinical events related to the scanning of MRI conditional devices during the
study were noted. A small but significant increase in the ventricular pacing lead capture
threshold and a small but significant decrease in the ventricular lead impedance were
noted on device check immediately after CMR. However no clinically significant changes
were noted in any device parameters except in the ventricular lead impedance although
a mean change in lead impedance of 18 Ohms would not result in clinical intervention or
device reprogramming. Furthermore changes in lead parameters occur irrespective of
whether a patient is undergoing an MRI (42). The majority of changes in lead impedance
were noted in Boston Scientific® devices and previously published data with these
devices have demonstrated an immediate reduction in the mean lead impedance of 15Q

which returned to pre-MRI levels at device check one week later (331).

55.10 Limitations

Our study had a few important limitations. Firstly, this was an observational study and
type of pacemaker as well as device programming were managed by the patient’s clinical

team. This may have led to individual variations in management that may have
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influenced cardiac function at 6 months. However clinical teams were blinded to the LGE
status of patients minimising differences in pacing programming between groups.
Secondly, all patients were scanned in a pacing mode that mandated ventricular pacing
to ensure safety whilst in the MRI scanner, by avoiding inadvertent inhibition of pacing,
and to ensure consistency across all patients. In patients with a low RV pacing burden
acute dyssynchrony may have been induced and therefore may not be reflective of these
patients’ usual ventricular function. Although, this would only be relevant in a small
number of patients as the median RV pacing burden was over 80% in both groups.
Thirdly, identifying whether changes in LVESV are due to adverse remodelling or pacing-
induced dyssynchrony is challenging as CMR was performed prior to pacemaker
implantation. CMR was performed prior to implantation in our study to confirm the
presence of LGE before implantation, evaluate the presence of LGE as an upfront risk
factor and assess feasibility of LGE imaging in this population. Another limitation to
performing CMR prior to pacemaker implantation is that both arrhythmia and bradycardia
may prolong breath holds and impact on image quality. Although we attempted to
overcome this by using single shot techniques to offset poor breath holding and
arrhythmia these sequences have inherent lower signal to noise ratio resulting in a

potentially lower sensitivity for detecting LGE (332).

We did not assess for development of mitral regurgitation which has been recognised in
patients after pacemaker implantation (112). This may led to a reduction in the effective
stroke volume and may contribute to development of heart failure or a change in NYHA
Class. In future studies, echocardiographic measurement of mitral regurgitation or
indirect CMR calculation using aortic valve phase contrast imaging would help in

evaluating this aspect. (333).

Lastly the sample size was a relatively small with a small event rate and with
predominantly inferior distribution of myocardial fibrosis Therefore the results may be
hard to generalise to all patients with these disease processes and all patients needing
pacemakers. Furthermore a larger sample size is needed to evaluate whether other
confounding factors, such as the presence of atrial fibrillation between the groups,

influenced the long term changes in LV haemodynamics.

5.5.11 Future implications

To our knowledge this is the first study using CMR to evaluate the prevalence of

myocardial fibrosis in patients with AV block and its impact on the longitudinal changes
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in ventricular volumes and function following pacemaker implantation. Those with fibrosis
seem to be most susceptible to development of dyssynchrony and LV remodelling
suggesting that the underlying myocardial substrate is potentially an important
determinant of deterioration in LV function and development of heart failure after pacing.
Hopefully this study could pave the way for further CMR studies examining the

relationship between myocardial fibrosis and pacing induced heart failure.

We believe that in future studies perhaps serial changes in response to pacing should
be guided by LVESV rather than LVEF. Changes in LVEF are the current standard for
assessment of pacing-induced cardiomyopathy and baseline LVEF is used in guidelines
to determine the upfront pacing device (117, 191). LVEF is mediated to a significant
extent by LVEDV and both metrics may largely depend on diastolic filing time and
preload. This may lead to two issues: firstly LVEF may be ‘falsely’ elevated during
bradycardia where LVEDV is increased due to a long diastolic filling period, so LV
function may be overestimated; secondly, a subsequent drop in LVEF at follow up may
be heart rate dependent rather than reflecting a true decline in cardiac function. We have
shown that LVESYV is heart rate independent and it may therefore be a better parameter
for both upfront and serial measurement of LV remodelling. Indeed a 10 ml/m? increase
in LVESVI after pacing has been shown to be associated with a 7% increased risk of
death and a 10% increased risk of hospitalisation from heart failure (156). CMR is
uniquely placed to evaluate serial changes in LVESV due to its high inter-study
reproducibility. To detect a 10ml change in LVESV in heart failure patients sample size
can be reduced by 85% compared to echocardiography (204). One factor we did not
address in the study was whether changes in LVESV were due to dyssynchrony caused
by acute RV pacing or long term remodelling and perhaps an additional scan immediately

after pacing in future studies could help answer that question.

Clearly there are drawbacks to using CMR in a cohort of patients with AV block. These
patients are often elderly and have significant bradycardia which means they are at risk
of further arrhythmias. Furthermore arrhythmia and long breath holds due to bradycardia
may impact image quality as well as resulting in a prolonged scan time. Some of these
issues can be overcome with utilisation of newer sequences and post processing
techniques. These can allow free breathing, potentially reduce scan times and improve
image quality as well as patient tolerance and comfort during the scan. Good quality
cine imaging can now be obtained in a single breath hold for an entire LV SA stack using
compressed sense acceleration or even using free breathing real time cine with motion

correction and retrospective binning which is comparable to standard segmented cine
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imaging (334, 335). Furthermore free-breathing, motion-corrected, single shot LGE
imaging provides at least comparable image quality to breath held sequences, and can
reduce scan times and has been validated in conjunction with wide band LGE in patients
with cardiac devices (70, 336, 337).

We have shown that the presence of myocardial fibrosis is associated with worsening
cardiac function at 6 months compared to those without fibrosis. Importantly this means
we have the potential to identify high risk patients before device implantation. The
incorporation of newer CMR techniques can facilitate scanning, by reducing scan time
and breath holding, in patients with AV block prior to pacemaker implantation. Indeed,
the identification of fibrosis using CMR could be used to guide upfront device selection,
particularly in those with preserved LVEF. We advocate a clinical trial where those with
fibrosis are randomised to either physiological pacing with CRT or His bundle pacing or
standard ventricular pacing. His bundle pacing may alleviate some of the pacing
mediated factors, particularly electrical dyssynchrony induced by RV pacing, by the
maintenance of physiological conduction and has shown promise in reducing clinical

events compared to RV pacing (176, 338).

5.6 Conclusion

To our knowledge this is the first study using CMR to evaluate longitudinal changes
following pacemaker implantation in patients with AV block. Focal myocardial fibrosis is
common in patients with AV block undergoing pacemaker implantation. The presence of
fibrosis, compared to those without fibrosis, in patients with RV pacing at 6 month follow-

up is associated with:

A significant increase in LVESVi and greater decline in LVEF
Greater electrical and mechanical dyssynchrony with reduced LV contractility

3. Alack of improvement in quality of life and functional class.

4. A possible signal for development of new onset heart failure and atrial fibrillation.

Further work is needed to determine the longer term effect of cardiac fibrosis in this
population and identify whether upfront interventions such as cardiac resynchronisation
therapy or His bundle pacing in this cohort can prevent dyssynchrony and adverse LV

remodelling.
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Chapter 6 Short and long term effects of right ventricular

pacing in patients with myocardial fibrosis

The advent of implantable permanent pacemakers has helped normalise life expectancy
and restore quality of life in patients with symptomatic bradycardia (262, 263). However
large clinical trials have demonstrated that long term RV pacing can be associated with
an increased risk of hospitalisation for heart failure (79, 80). Individuals with baseline
impairment of left ventricular function appear to be at the greatest risk but even those
with preserved LVEF can experience a decline in LVEF and develop heart failure (117,
126). Hospitalisation for heart failure is expensive and impacts significantly on long term
prognosis of patients (339, 340). Current strategies such as alternate right ventricular
pacing sites and biventricular pacing in patients with normal LV function have had limited
success and are not routinely recommended in guidelines (30, 161, 168, 191). There is
a need to identify upfront factors that can predict subsequent decline in LV function and
risk of heart failure in order to individualise therapy prior to pacemaker implantation. This
is particularly important as the rates of pacemaker implantation in Europe continue to

increase year on year (239).

The aim of this project was to utilise CMR to evaluate the effect of acute and chronic RV
pacing on biventricular function. To our knowledge this work is the first use of CMR to
explore the effects of RV pacing. Previous work has predominantly used
echocardiography to evaluate to changes in cardiac function. Multi-parametric CMR has
several inherent advantages over other cardiac imaging modalities. In particular it
enables accurate and reproducible serial assessment of cardiac volume and function as
well as detecting myocardial fibrosis with unparalleled spatial resolution (203, 204, 210).
The presence of myocardial fibrosis, detected by LGE imaging, is a powerful prognostic
marker of cardiovascular mortality, ventricular arrhythmia and hospitalisation for heart
failure independent of LVEF in both ischaemic and non-ischaemic cardiomyopathy (67,
68). In patients with RV pacing the presence of previous myocardial infarction is
associated with future risk of heart failure (10, 134). We set out to evaluate how the
presence of myocardial fibrosis, detected by late gadolinium enhanced imaging, affected
acute cardiac haemodynamics and longer-term LV remodelling in patients with
pacemakers. Furthermore we also evaluated the use of 4D flow CMR, in patients with

CIEDs, in assessment of transvalvular and intracardiac flow in different pacing modes.
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This body of work utilising CMR in pacemaker recipients has demonstrated that:

1. Performing CMR in patients with significant bradycardia and high degree AV

block is feasible.

2. Myocardial fibrosis is relatively common in device recipients particularly in

patients with AV block.

3. The presence of myocardial fibrosis in patients with AV block is associated with

anincrease in LVESV and a greater decline in LV function at 6 months compared

to those without fibrosis.

4. Initiation of RV pacing in patients with preserved AV conduction and myocardial

fibrosis is associated with greater mechanical dyssynchrony and consequent

increase in LVESV compared to those without fibrosis.

5. 4D flow CMR in patients with MRI conditional pacemakers is feasible and allows

accurate and consistent assessment of transvalvular flow.

6.1 Acute and chronic effect of right ventricular apical pacing

in patients with myocardial fibrosis

The absolute changes observed in left ventricular volumes and function with both acute

and chronic right ventricular pacing in those with and without myocardial fibrosis can be

seen in Figure 6-1. Right ventricular pacing induces both acute and chronic changes in

LV function regardless of the presence of myocardial fibrosis. Importantly, in both study

cohorts, the magnitude of the decline in LV function during right ventricular pacing was

greater in those with myocardial fibrosis.
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Figure 6-1: Changes in Left Ventricular Volumes with initiation of Right Ventricular pacing.

Left ventricular volumes and function after either acute (immediate - left side) or chronic (6 months — right side) right ventricular pacing in patient with

(blue bars) and without (red bars) myocardial fibrosis.
" P-value comparing values obtained during AOO and DOO pacing modes

* P-value comparing values obtained before and 6 months after pacemaker implantation

€ac



# In the chronic group baseline and follow up scans were performed at different heart rates making comparison of LVEDVi and LVEF data challenging

Abbreviations: LGE: late gadolinium enhancement, LVEDVi: left ventricular end-diastolic volume index, LVEF: left ventricular ejection fraction, LVESVi,
left ventricular end-systolic volume index, RVEDVi: right ventricular end-diastolic volume index, RVEF: right ventricular ejection fraction, RVESVi, right

ventricular end-systolic volume index
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6.1.1 Left Ventricular End-Systolic Volume

We have observed that initiation of RV pacing causes an acute increase in LVESV in all
patients which is also seen over the long term in those with myocardial fibrosis. LVESV
is relatively insensitive to loading and indeed our data show that LVESV does not have
any correlation with heart rate (321, 322, 341). We therefore postulate that acute
changes in LVESV are due to direct effects of pacing on LV contractility. Long term
changes in LVESV are likely a combination of acute pacing induced dyssynchrony and

LV remodelling.

6.1.1.1 Patients with myocardial fibrosis

A greater acute change was observed in those with myocardial fibrosis suggesting that
its presence has an additive effect on the electromechanical dyssynchrony induced by
RV pacing. Indeed, mechanical dyssynchrony was significantly worse in those with
myocardial fibrosis and though a trend to worsening dyssynchrony was observed in
those without fibrosis it was non-significant. A similar pattern was observed over the long
term in those with myocardial fibrosis with reductions in contractility and deteriorations in
mechanical synchrony occurring between baseline and follow-up. In addition, greater
electrical dyssynchrony was present in those with fibrosis at follow-up. The presence of
fibrosis may therefore delay electrical propagation of the delivered ventricular stimulation
through the myocardium, which we believe contributes to increased mechanical

dyssynchrony and a decline in LV function.

Patients with myocardial fibrosis are clearly more susceptible to developing
electromechanical dyssynchrony after RV pacing. In the longitudinal study it was not
possible to ascertain whether changes in LV volumes and function were due to the
dyssynchrony induced by RV pacing or reflected underlying LV remodelling.
Unfortunately the majority of MRI conditional pacemakers are not licensed to undergo
MRI until 6 weeks post implantation so immediate imaging using CMR would not have
been possible. The impact of this limitation may be minimal as the presence of LV
dyssynchrony after RV pacing has been shown to be associated with LV remodelling,
worsening heart failure symptoms and increased heart failure hospitalisation over the
longer term (83, 142). Additionally, the magnitude of change in LVESV in those with
fibrosis was greater at 6 months than what we observed acutely. We conclude that the
differential change in LVESVi most likely represents adverse remodelling in the long

term. Furthermore the smaller reduction in LVEDVi in those with myocardial fibrosis may
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be explained by compensatory ventricular dilatation as a response to decreased
contractility, increases in LV end-diastolic pressure and neurohormonal activation.
Indeed RV pacing has previously been shown to induce sympathetic activation, alter
myocardial oxygen demand and lead to long term changes in myocardial perfusion (89,
108, 110). It may be that these mechanisms are hastened in patients with myocardial
fibrosis particularly in those with an infarct pattern who may already have some

impairment to perfusion.

6.1.1.2 Patients without myocardial fibrosis

In patients without fibrosis there was a small immediate increase in LVESVi with initiation
of RV pacing. However, over the long term there was no significant change in LVESVi.
These findings are interesting as clearly RV pacing induces electrical dyssynchrony with
both an acute and chronic increase in the QRS duration. Unlike in those with fibrosis this
electrical dyssynchrony does not appear to lead to detectable mechanical dyssynchrony
as no significant change in MDI was observed after initiation of RV pacing either
immediately or at 6 months. Perhaps the healthier underlying myocardium can
compensate over the long term for the immediate changes in contractility in a way that

is not feasible in those with underlying myocardial fibrosis.

6.1.2 Left Ventricular End-Diastolic Volume

In the longitudinal study the observed fall in LVEF was heavily influenced by a marked
drop in LVEDVi. In acute pacing however we did not observe any change in LVEDVi.
LVEDV is preload dependent and has been shown to have an inverse relationship with
heart rate during atrial pacing (315). In Chapter 5 CMR was performed prior to
pacemaker implantation when profound bradycardia was present in a proportion of
patients. Bradycardia prolongs diastolic filling time and thereby increases preload
leading to a greater LVEDV. This is compatible with the significant fall in LVEDVi at follow
up where the heart rate was programmed at 80bpm. The fall in LVEDV was much less
in those with myocardial fibrosis despite there being no difference in either baseline or
follow up heart rates. Given there was no significant difference between the groups in
the baseline or follow up heart rate we conclude that the difference in LVEDV between
those with and without fibrosis is related to adverse remodelling in those with fibrosis.
We did not observe any change in LVEDV between intrinsic conduction and acute
initiation of ventricular pacing because preload was relatively constant as there was no

change in heart rate and AV synchrony was maintained during ventricular pacing.
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6.1.3 Discussion

Acute RV pacing leads to a small increase in LVESV through reduced contractility and
mechanical dyssynchrony. Patients with myocardial fibrosis are particularly susceptible
to developing mechanical dyssynchrony after RV pacing. In chronic RV pacing there is
decrease in LVEF in all patients predominantly due to increase in heart rate and decline
in LVEDV. In patients with myocardial fibrosis there is a greater decline in LVEF due to
mechanical dyssynchrony and adverse LV remodelling. A proposed mechanism for the
pathophysiology underpinning the development of heart failure in those with myocardial

fibrosis is shown in Figure 6-2.

The presence of fibrosis alone cannot be the sole risk factor for the development of
dyssynchrony and remodelling. We can see from the individual data points in Chapters
4 and 5 that many patients with fibrosis did not experience a significant change in LVESV
after pacing. It may be that pacing mediated factors such as pacing burden and paced
QRS duration heighten risk and perhaps the location or burden of the fibrosis play a role.
Further work is needed in a larger population to further define this relationship.
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Figure 6-2: Proposed mechanism for the pathophysiology underpinning the development of heart failure in those with myocardial fibrosis.

Both the acute (orange box) and chronic (blue box) changes after initiation of RV pacing are shown.
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6.2 Comparison to clinical trials evaluating RV pacing

Direct comparison to clinical trials is challenging because of the different study populations, lack
of reporting of all echocardiographic measures of ventricular volumes and function and different
outcome measures. Furthermore, most of the robust data is from clinical trials comparing RV
apical pacing with either alternate RV pacing sites or biventricular pacing. A summary of the
changes in ventricular volumes in patients assigned to RV apical pacing in large clinical trials
(defined as >100 total recruited patients) compared to our total cohort and those with late

gadolinium enhancement is shown in Table 6-1.



PACE (2009)
(159)

PREVENT-
HF  (2011)
(161)

Block-HF
(2013) (127,
156)

Protect Pace
(2015) (168)

BLOCK MR
(All patients)

BLOCK MR
(LGE+)

46

319

76

50

31

LVEF>45%

SND & AV
block

Pacing
indication &
VP>80%

AV block
NYHA [-11I
LVEF <50%
AV block

LVEFz40%

AV block
LVEF>35%
AV block

LVEF>35%

12

6

24

Before implant

Prior to hospital
discharge

At randomisation
(after 30-60 days

of RV pacing)

Prior to hospital
discharge

Before implant

Before implant

54.9

39.6

57

57.3

5503

55

69

NR

54

56

3.4ml

3.4ml

0.3ml/m?

2ml/m?

10ml/m?

7.1ml/m?

7.1ml

3.2ml

0.4ml/m?

2ml/m?

4.7ml/m?

8.0ml/m?

6.7%

0.4%

0.3%

3%

10%

12.3%

(0574



Table 6-1: Changes in LV volumes and function in patients assighed to aright ventricular apical pacing in large clinical trials (>100 patients)
and our study.

Significant (green arrows) and non-significant (orange arrows) at follow up are shown.

Abbreviations: AV: atrioventricular, HR: heart rate, LGE: late gadolinium enhancement, LVEDV: left ventricular end-diastolic volume, LVEF: left
ventricular ejection fraction, LVESV, left ventricular end-systolic volume, NYHA: New York heart association, RV: right ventricle, SND: sinus node

disease, TTE: transthoracic echocardiogram, VP: ventricular pacing

TEC
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6.2.1 Left Ventricular End-Systolic Volume

LVESV in our study increased significantly after pacing and certainly to a greater degree
than in the majority of previous studies (Table 6-1). This is presumably related to the
timing of imaging in respect to pacemaker implantation: most studies performed baseline
echocardiography after pacemaker implantation. This is important as we have shown
that RV pacing can induce acute LV dyssynchrony, leading to immediate increases in
LVESV, which may explain the greater change in LVESV seen in our study. When
compared to the PACE trial, where baseline imaging was performed prior to pacemaker
implantation, the increases in LVESV observed were of a similar magnitude to our cohort
(159). The remaining studies did detect an increase in LVESV over the follow up period
but this was only significant in the Protect-Pace study, which reported an increase of
2ml/m? (168). Interestingly this change was similar to the difference in LVESVi we
observed between acute (5ml/m?) and chronic (8ml/m?) right ventricular pacing, albeit in
different cohorts. The additional 3ml/m? increase in LVESVi may reflect LV remodelling
rather than just dyssynchrony. Furthermore detecting dyssynchrony may also be
important as its presence may be directly linked to longer term remodelling (83, 142).
The failure to detect a difference in the PREVENT-HF trial may reflect the smaller sample
size and lower interstudy reproducibility of echocardiography in ventricular volume
assessment (161). Comparisons to the BLOCK-HF trial are particularly difficult as it
evaluated a very different cohort of patients with a significantly lower LVEF at baseline,
but it did demonstrate that a significantly greater proportion of patients assigned to right
ventricular pacing had a 215% increase in LVESVi compared to those assigned to CRT
(127).

6.2.2 Left Ventricular End-Diastolic Volume

We observed marked reductions in LVEDYV from baseline to follow up in our study in both
those with and without myocardial fibrosis. The most likely explanation for this is
differences in diastolic filling time and preload between the baseline and follow up scans.
In Chapter 5 baseline imaging was performed prior to pacemaker implantation when a
significant proportion of patients were in AV block with profound bradycardia. The
average baseline heart rate in our study was lower than in any other major trial. For
example, in BLOCK-HF the mean heart rate at baseline was 68 bpm compared with 54
bpm in our study. Furthermore, follow up imaging in our study was performed primarily
in a DOO pacing mode at 80bpm which meant there was a substantial difference in heart
rate and filling time between baseline and follow up. DOO at a rate of 80 bpm was chosen

to avoid competing rhythms but also because of manufacturers restrictions on
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programming in the MRI environment which meant this was usually the safest mode to
maintain AV synchrony. The heart rate differential between baseline and follow up was
not reported in earlier studies and this may account for the absence of a significant fall
in LVEDV. There was a trend to increased LVEDV in the majority of trials but it was
predominantly a non-significant change and could just represent alterations in preload

rather than remodelling.

6.2.3 Left Ventricular Ejection Fraction

Left ventricular ejection fell in patients with and without LGE in our study and was
predominantly mediated by a reduction in LVEDVi between baseline and follow up. The
extent of decline in LVEF was much greater in our study than any previous trial. These
discrepant findings are probably a result of performing CMR prior to pacemaker
implantation and the subsequent differences in heart rates and LV filling time between
baseline and follow up. It is also possible that quantification was more accurate in our
study given that we used CMR rather than echocardiographic parameters in contrast to
previous literature. However, those with myocardial fibrosis had a much greater decline
in LVEF (~5%) despite matched heart rates at baseline and follow up to those without
myocardial fibrosis. Changes in heart rate alone cannot explain these differential findings
and therefore it is highly likely that greater electromechanical dyssynchrony and
remodelling mediate additional changes in LVESV and LVEF in patients with fibrosis.

6.3 Impact of Research Findings

Overall the findings of this research project are comparable with the published literature
when timing of the baseline scan and differences in diastolic filling time are taken into
account. Furthermore we have found that myocardial fibrosis is prevalent in patients with
AV block and these patients experienced an increase in LVESV and lower LVEF at 6
months than those without fibrosis. These findings are novel and demonstrate the
potential deleterious interaction between RV pacing and the presence of myocardial

fibrosis.

We have demonstrated that in patients with pacemakers assessment of transvalvular
flow is feasible and reproducible across a range of device manufacturers. CMR imaging
in patients with profound bradycardia and AV block is feasible and provides diagnostic

image quality. Furthermore advanced CMR techniques such as 4D flow and feature
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tracking can be performed in patients with CIEDs to assess dyssynchrony and may even
provide future novel imaging biomarkers to further our understanding of pacing-induced

cardiomyopathy.

6.3.1 Limitations

Firstly, the findings of our study are not applicable to all pacemaker recipients as we
excluded patients who were too unstable to undergo MRI, such as those with temporary
pacing wires, and those with significant LV impairment. We also wanted to recruit
patients with a high RV pacing burden, as this has previously been implicated as a risk
factor for development of heart failure, and therefore did not include patients with sinus
node disease who represent a significant proportion of patients who may experience RV
pacing. Furthermore, as the standard practice in our study centre is to implant the RV
lead in the RV apex, the results are not applicable to those with alternate RV pacing
sites.

Secondly, we did not perform CMR immediately after pacemaker implantation as this is
contraindicated in the majority of MRI conditional pacemakers. This makes it challenging
to know whether the long term changes in LVESVi that we observed are due to pacing-
induced dyssynchrony or reflect true LV remodelling. However, the differential results in
LVESV between the cohorts undergoing CMR with acute and chronic RV pacing suggest
the possibility of a degree of remodelling that occurs over the long term. Furthermore,
the presence of significant LV dyssynchrony has been shown to be associated with future
remodelling and heart failure risk, so this theoretical concern may not have major
implications on our ability to draw conclusions from this study. As our study was not
powered for clinical events and the period of follow-up was relatively short it is difficult to
know the clinical impact of our observed changes in LVESV. We did identify a signal
towards increased clinical events downstream in the fibrosis group, which is an

interesting observation and an area that could be given more emphasis in future work.

Finally, although we found that patients with fibrosis, particularly those with an infarct
pattern, have greater changes in LV volumes and function at 6 months the numbers in
each group were small. On an individual level the response to RV pacing in any particular
patient varied significantly. This suggests that there may be a complex relationship
between the underlying fibrosis and pacing factors, such as pacing burden and paced

QRS duration, in determining adverse LV remodelling. Indeed Aalen et al. have shown
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in animal models of dyssynchrony that circumflex and left anterior descending artery
occlusion have very different effects on regional septal work (326). The sample size in
our study was too small to interrogate fully all the aforementioned factors either
individually or together. Given the low number of patients without any LGE we cannot
definitively conclude that these patients are not at risk of remodelling and heart failure,
and equally, we cannot say with certainty that the changes we did observe were fully
related to pacing given that we did not have a comparator arm of patients who did not
undergo RV pacing. A matched control arm would have enabled evaluation of the natural
temporal changes in volumes and QRS duration in the absence of RV pacing. However
the study was predicated on people who had a pacing indication and were likely to have
unavoidable RV pacing. Finally confounders such as the presence of atrial fibrillation,
which was significantly different between the groups and found on multi-variate analysis
to be predictive of the change in LVESVi, could well influence long-term changes in LV
haemodynamics and these would need consideration in further work with larger sample

sizes.

6.3.2 Clinical Impact

Despite the limitations to our study it paves the way for further CMR studies to increase
our understanding of the pathophysiology underlying pacing-induced cardiomyopathy

and heart failure.

We have shown that CMR scanning in patients with advanced AV block and profound
bradycardia is feasible particularly with a flexible protocol to optimise image quality.
Importantly no significant clinical events occurred either in patients with advanced AV
block or in patients with MRI conditional cardiac devices. Minor changes in lead
parameters did occur but no clinical intervention was required in these patients.
Demonstrating the feasibility of CMR in this cohort of patients is important as it means
that future studies utilising CMR can have significantly reduced sample sizes for
detecting longitudinal changes than those previously performed with echocardiography
(203, 204). The increased inter-observer agreement seen in CMR may also have
implications for the accuracy of data going forward in this field. We also propose that
LVESVi may be the optimal parameter for monitoring changes attributable to right
ventricular pacing over the long term. Serial measurement of LVESV allows the
assessment of acute dyssynchrony and long term remodelling that may occur after RV

pacing. This is particularly important in patients with AV block where diastolic filling
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period and preload have the capacity to alter LVEDV, and subsequently LVEF,

significantly.

Finally, by using LGE imaging, we have potentially identified a particularly high risk group
that is more susceptible to the deleterious effects of right ventricular pacing. If this
observation is replicated in larger studies, there may be a role for greater vigilance in
screening patients for myocardial fibrosis before pacemaker implantation or early

monitoring in those with significant fibrotic burden.

6.3.3 Future implications

The multi-parametric nature of CMR means both scanning and subsequent analysis can
be time consuming sometimes limiting its clinical applicability. There are some inherent
risks to scanning patients in AV block in the MRI environment, such as the length of the
scan and immediate access to resuscitation equipment, which can be circumvented with
imaging modalities such as echocardiography. Furthermore the presence of AV block
may increase scan time through longer breath holds. However several technological
advances in CMR can be used to shorten both scan and post processing times as well
as reducing or even negating the need for breath holding. Compressed sensing
techniques allow acquisition of a full LV cine SA stack in a single breath hold with good
reproducibility by utilising incoherent undersampling and non-linear reconstruction (334,
342). Application of post-acquisition motion correction has also been demonstrated for
both real time cines and single shot LGE imaging with comparable image quality to
standard segmented techniques with single shot acquisitions having been shown to
reduce scan times (335, 337). Recently the use of machine learning and artificial
intelligence has been shown to allow the accurate and reproducible quantification of
ventricular volumes in a significantly shorter time (343, 344). Utilisation of these
techniques has the potential to reduce scan time as well as ensure high image quality,
both of which are integral to detecting serial changes in ventricular volumes and

myocardial fibrosis.

Most patients tolerate RV pacing with no adverse haemodynamic consequences
however, there is a cohort of patients who develop heart failure after pacemaker
implantation. Our data suggest that patients with focal myocardial fibrosis are particularly
susceptible to developing mechanical dyssynchrony after RV pacing and experience a

greater decline in LV function than those without fibrosis. The fact that CMR enables the
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upfront identification of these patients is of paramount importance as many of the other
factors associated with development of pacing induced cardiomyopathy and heart failure
such as paced QRS duration or pacing burden cannot be predicted prior to implantation.
Furthermore the mean LVEF in patients with myocardial fibrosis was normal which
means they would not have been identified as high risk if using echocardiography as a
tool to guide management. Upfront identification of high risk patients is needed to
individualise therapy as to date randomised studies of physiological pacing in those with
a normal LVEF have not demonstrated improved clinical endpoints and these devices
come with a greater risk of complications. However upfront intervention to mitigate any
iatrogenic insult caused by RV pacing, in susceptible individuals, and reduce the
downstream burden of heart failure is vital. This is particularly important with the ever
ageing population and growing number of pacemaker implantations.

A larger trial incorporating CMR to guide upfront treatment, identify individuals most at
risk of heart failure and evaluate the long term clinical outcomes of pacing this population
is needed. We propose a double blinded randomised controlled trial in which all patients
with AV block and LGE are implanted with a CRT device and assigned to either
biventricular or RV pacing with thought given to relevant outcome measures such as
adverse remodelling, heart failure hospitalisation and cardiovascular death. Patients
without fibrosis would be implanted with a standard pacemaker and followed up in a
registry. An additional CMR could be performed of as soon as possible after implantation
to assess the impact of acute dyssynchrony, although there is limited evidence on the
safety of scanning recently implanted devices and our data hint towards long term

remodelling being the more relevant mechanism (43).

6.4 Conclusion

Multi-parametric CMR allows a comprehensive assessment of many of the factors
implicated in LV remodelling after pacemaker implantation. CMR offers high
reproducibility of ventricular volumetric assessment and detection of myocardial fibrosis
without the need for ionising radiation. These factors mean it is an ideal test for
assessment of myocardial fibrosis and its effect in long term LV remodelling in patients

undergoing pacemaker implantation.

We have shown CMR to be feasible in detection of myocardial fibrosis in patients with

AV block and in those with intracardiac devices. We demonstrate that volumetric, 4D and
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tissue characterisation analyses can be carried out safely and accurately in patients with
devices, using flexible CMR protocols. Right ventricular pacing in patients with
myocardial fibrosis, compared to those without, leads to greater deterioration in cardiac
function both immediately and after 6 months. This finding has enhanced our
understanding of the mechanisms underlying pacing-induced cardiomyopathy and heart
failure and paves the way for future observational and trial research. It is our hope that
this foundation can be built upon to identify patients at higher risk of PICM and, perhaps,
eventually find ways to individualise the manner and mode of pacing upfront to try and
prevent it.
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Ethical approval, Patient information sheets and consent form
for Chapters 3 and 4

NHS

Health Research Authority

NMRES Committee Yorkshire & The Humber - Leeds West
First Floor

Millside

Mill Pond Lans

Leeds

LS6 4RA

Telephone: 0113 3050122
Facsimde: 0113 8356191

24 January 2013

Cr John P Greenwood

Consultant Cardiologist, Senior Lecturer
University of Leeds

Academic Unit of Cardiovascular Medicine
G floor, Jubilee Wing

Leeds General Infirmary

L51 3EX

Dear Dr Greenwood

Study title: CE-MARC 2: Optimization of Image Acquizition and
Analysis Methods

REC reference: 12"YHI0554

IRAS project 1D: 116093

Thank you for your letter of 18 January 2013, responding to the Committee’'s request for further
information on the above research and submitting revised documentation.

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

We plan to publizsh your research summary wording for the above study on the NRES website,
together with your contact detailz, unless you expressly withhold pemission to do so.
Publication will be no earlier than three months from the date of this favourable opinion letter.
Should you wish to provide a substitute contact point, require further information, or wish to
withhold permizsion to publizh, please contact the Co-ordinator Mrs Elaine Hazell,
nrescommitiee yorkandhumber-leedswesti@nhs uk.

Confirmation of ethical opinion

On behalf of the Committee, | am pleased to confirm a favourable ethical opinion for the above
research on the basis described in the application form, protocol and supporting documentation
as revised, subject to the conditions specified below.

Ethical review of research sites

A Research Ethics Commitee estabilshed by the Haaith Reseanch Authority



261

MHS sites

The favourable opinion applies to all NHS sites taking part in the study, subject to management
permission being obtained from the NHS/HSC RA&D office prior to the start of the study (see
"Conditions of the favourable opinion™ below).

Mon-NHS sites

Conditions of the favourable opinion

The favourable opinion is subject to the following conditions being met prior to the start of the
study.

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

Management permission ("R&D approval”™) should be sought from all NHS organisafions
involved in the study in accordance with NHS ressarch governance amangements.

Guidance on applying for NHS permission for research is available in the Integrated Research
Application System or at hitp:/fwww_rdforum.nhs. uk.

Where a NHS organization’s role in the study is imited to identifying and referring potential
participants fo research sites ("pariicipant identificafion centre”), guidance shouwd be sought
fram the R&D office on the information it reguires to give permission for this activity.

For non-NHS sifes, site management permission should be obfained in accordance with the
procedures of the refevant host organisation.

Sponsors are not required to notify the Commifiee of approvals from host organisations

Pleasze insert spaces between paragraphs in the section "What will happen to me if | take
part” to improve readability.

It i= the rezponsibility 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).

You should notify the REC in writing once all conditions have been met (except for site
approvals from host organisations) and provide copies of any revised documentation
with updated version numbers. The REC will acknowledge receipt and provide a final list
of the approved documentation for the study, which can be made available to host
organisations to facilitate their permission for the study. Failure to provide the final
versions to the REC may cause delay in obtaining permissions.

Approved documents
The final list of documents reviewed and approved by the Committee iz as follows:

Dacument Verzion Diafe

A Reseanch Ethics Committee astablished by the Haalth Reseanch Authonty
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Advertisement

Covering Letter

23 November 2012

Evidence of insurance or indemnity

20 Septemnber 2012

Investigator CW

10 August 2012

Letter of invitation to participant

22 November 2012

Participant Consent Form: Healthy volunteers

11

18 Jamuary 2013

Participant Consent Form

11

18 Jamuary 2013

Participant Information Sheet Volunteer

11

18 Jamuary 2013

Participant Information Sheet

11

18 Jamuary 2013

Protocal

10

05 November 2012

REC application

34

23 November 2012

Response to Request for Further Information

18 Jamuary 2013

Statement of compliance

The Committes iz constituted in accordance with the Govemance Armangements for Research
Ethics Committees and complies fully with the Standard Operating Procedures for Research

Ethics Committees in the UK.
After ethical review

Reporting reguirements

The attached document “Affer ethical review — guidance for researchers® gives detailed
guidance on reporting requirements for studies with a favourable opinion, including:

Motifying substantial amendments

Adding new sites and investigators
Maotification of serious breaches of the protocol
Progress and safety reports

Mofifying the end of the study

The NRES website also provides guidance on these topics, which is updated in the light of
changes in reporting requirements or procedures.

Feedback
You are invited to give your view of the service that you have received from the Mational
Research Ethics Service and the application procedure. If you wish to make your views known

please use the feedback form available on the website.

Further information is available at Maticnal Research Ethics Service website = After Review

12"YHID5541 Please quote this number on all correspondence

We are pleased to welcome researchers and R & D staff at our NRES commitiee members’
training days — see details at http 'www hra.nhs uk/hra-fraining/
A Research Ethies Commities established by the Hasitn Research Autharty
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With the Committee’s best wishes for the success of this project.

Yours sincerely

e it

pp
Dr Rhona Bratt
Chair

Email:nrescommittee yorkandhumberleedswesti@nhs. uk

Enclosures: “After ethical review — guidance for
researchers”
Copy to: Ms= Clare E Skinner

M= Anne Gowing, Leeds Teaching Hospitals NHS Trust

& Research Ethics Commites established by the Haalth Reseanch Authonty
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Health Research
Authority
Yorkshire & The Humber - Leeds West Research Ethics Committee

Jamow Business Centre
Ruaolling Mill Road

Jamow
ME32 30T

Tel: 0207 104 8117

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
assessment has been
confirmed.

24 October 2017

Dr John Greenwood

University of Leeds

Academic Unit of Cardiovascular Medicine
= floor, Juhiles Wing

Leeds General Infirmary

Leeds

LS1 3EX

Dear Dr Greenwood

Study title: CE-MARC 2: Optimization of Image Acquisition and
Analysis Methods

REC reference: 12YH/0551

Amendment number: SAS

Amendment date: 05 October 2017

IRAS project ID: 116093

The above amendment was reviewed at the meeting of the Sub-Committee held in
comespondence.

Summary of amendment

This substantial amendment was submitted to add an extra possible imaging sequence
called Diffusion Weighted Imaging, due to this change the protocol was updated.

Ethical opinion

The Sub-Committee did not raise any ethical issues.

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 amendmeant form and

supporting documentation.

A Research Ethics Committee established by the Health Research Authority
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Approved documents

The documents reviewed and approved at the meeting wers:

Document Version Date

Motice of Substantial Amendment {(non-CTIMP) [Substantial SAS 05 October 2017
amendment form]

Research protocol or project proposal [Protocol - tfracked] 14 03 October 2017

Membership of the Committee

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

Working with NHS Care Organisations

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

Statement of compliance

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.

We are pleased to welcome researchers and R & D staff at our Research Ethics Committes
members’ training days — see details at httpiwww . hra.nhs. uk/hra-training/

12 HI0551: Pleaze quote this number on all correspondence

Yours sincerely
PP

‘”’{-

Dr Vera Neumann
Vice Chair

E-mail: prescommittee yorkandhumber-leedswest@nhs.net

Enciosures: List of names and professions of members who fook part in the
review
Copy fo: Mrs Anne Gowing

A Ressanch Ethics Committee established by the Health Research Authority



266

Yorkshire & The Humber - Leeds West Research Ethics Committee

Attendance at Sub-Committee of the REC meeting held in correspondence

Committee Members:

Name Profession Present | Notes

Dr Martin Elliott Consultant Paediafric |Yes
Oncologist

Dr Vera Neumann Retired Consultant in | Yes Chair of the Sub-
Rehabilitation Commitiee
Medicine

Also in attendance:

Name

Position (or reason for attending)

Miss Rheanneon Fuller

REC Assistant

A Ressarch Ethics Committee established by the Health Research Authority
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PATIENT INFORMATION SHEET
Version 1.3 16 February 2017

CE-MARC 2: Optimization of acquisition and analysis methods (patients).

Chief Investigator: Dr John Greenwood

Dear Patient,

“fou are being invited to take part in a research study. Before you decide it is important for you
to understand why the rezearch is being done and what it will involve. Pleaze take time to read
the following information carefully and discuss it with friends, relatives and your GP if you wish.
Ask us if there iz anything that is not clear or if you would like more information. Take fime to
decide whether or not you wish to take part.

Purpose of the study

Magnetic Rezenance Imaging (MRI) is a test which produces detailed pictures of your intermal
organs by putting vou within a strong magnetic field. With Cardiac MRI we are able to defect
a number of important abnormalities that are caused by heart disease. Importantly, MRl is a
safe test and does not use any radiation. MRI may become one of the most important tests in
patients who suffer with different types of heart disease.

We have been doing MRI scans of the heart in Leeds since 1995. However, research into
improving the images is a confinuous process. We always work at developing and improving
the scanning protocols, ie. the computer programmes that produce the images of patients’
hearts.

Why have | been chogen?

This study is looking at up to 300 people like yvou, who either have heart disease, are currently
being investigated for heart disease, or have risk factors for heart diseaze. We are alzo
recruiting 400 healthy volunteers.

Do | have to take part?

Mo It is up to you to decide whether or not to take pant. If you do decide to take part you
will be given this information sheet to keep and be asked to sign a consent form. If you
decide to take part yvou are still free to withdraw at any time and without giving a reason.
This will not affect the standard of care that you receive from the MHS. If there is a
possibility that you might be pregnant, you should not take part in the study. Our
research team will be happy fo discuss any other questions that you may have
concerning your suitability for the study, before vou decide whether to take part.

What will happen to me if | take part?

Most patients will have a single MRl scan. A small group of participants in this study will be
asked to undergo up to four MRI scans to allow comparsons between different ways of
obtaining MRI pictures. It is enfirely up to you how many scans you wish fo volunteer for, and
you will remain free to withdraw from the study at any time. All scans will be performed at the
Leeds General Infirmary, and will be performed on separate days.

The MRI scan will take approximately 60 minutes to complete. You lie in a short tunnel’, which
holds a large magnet. Short bursts of radio waves from the MRI scanner allow images fo
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e created. You will hear percdical loud “banging” noises while we are acquiring the images of
your heart, 5o we protect your ears with headphones through which you can listen to the radio or
one of your own CDz. We will remain in communication with you throughout the scan. For most
scans we will insert one or fwo cannulae (small plastic tubes) into veins in your amm. It is likely
that we will inject a contrast dye during the scan. Usually people are nof aware of the contrast
dye injection. At one point we may alzo inject a medication {Adenosing) into a vein in your
arm, which is a drug to increase the blood flow fo your heart. This can cause a brief feeling of
warmth, breathlessness or chest discomfort. However all of these feelings, if they occur,
usually settle within one or two minutes. & doctor will stay in the room with you whilst you are
having the medicaficn. In =ome cases instead of using adencsine we may immerse your hands
or feet in cold water for up to 2 minutes to achieve the same increased blood flow o the heart
muscle, or we may ask you fo use a cycle ergometer, a bicycle which can be used whilst lying
down in the scanner.

If we wizh to obtain specific images of your heart arteries we will wrap a belt around your
abdomen to help improve the guality of the pictures. This is not painful and is a recognized
method of doing this type of scan. You may be given a nitrate (GTH) spray under the tongue
which helps us to cbtaining good images. If your heart beat i quite fast we would give you a
beta blocker to reduce your heart rate. Again, these methods are widely used in other centres
worldwide and are used in normal clinical work too.

Some of the MRI methods used in the heart are alzo applicable to other body organs. In some
patients we will, for example, take images of the blood vessels andior muscles in the
abkdomen, or a leg or arm during the same scan. The only difference to the heart scans is that
we will use a different receiver coil (the aerial used for reception of MRI signals) to obtain these
images.

As this study is about improving our scan pretocols on an ongoing basis for a period of five
years the information we give you has fo describe all the different techniques we wish to use
in the study overall, but not all the techniques described above will be used during your
scan(s). Before you sign the consent form we will discuss with vou the specific =canning
protocal that we are going to use.

We may ask you for a blood sample, which would be taken whilst we inser the cannula in
your arm for the confrast, so there are no extra needles involved. Knowing your haematocnt
(the volume percentage of red blood cells in the blood) helps us to create specific images
which are applicable to clinical practice. We may also test your blocd glucese and lipid levels.
In the unlikely event of an abnormality we will, with your permigsion, inform your GP.

We may ask you to have an ECG, this iz a heart tracing fo measure the elecirical impulses
within the heart. It involves having 10 sfickers applied to your chest for 5 minutes.

Rizsks and discomforts

Magnetic Resonance Imaging (MRI) is safe and no x-rays or radiation are used for this scan.
There are no known risks from this technique. Some people may experience claustrophobia.
Our MRI staff will do all that they can to make you feel comfortable during the scan, and
will be monitering you via a video camera and an audio link. If we are unable to make you
feel comfortable in the scanner, we will not go ahead with scanning. The confrast medication
which we use is very safe but, as with any injection, reacfions may occur. These include a warm
sensation at the injection site, nausea or vomiting and fransient skin rash. These effects usually
only last for a few minutes. People with a history of allergy are more likely to suffer a more severe
reaction, but this is rare {less than 1 in 3000). The department iz equipped to cope with allergic
reactions if they happen. Adenosine, the medication we use fo increaze the blood flow to the
heart, can cawse flushing, breathlessness and chest discomfort. However, all of these feelings
usually subside within one or fwo minutez or even maore quickly if the medication is stopped.
Immersing your hands or feet in cold water is unpleasant, but the effects wear off very quickly.
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Mitrates and a beta blocker can cause temporary ight headedness. For this reason if these drugs
are used you will be kept under observation until the effects have worn off.

Benefits to you
This study does not form part of your normal clinical care and s done solely for research
purposes. YWour participation may however benefit future pafients.

Expenses
We will provide reasonable travel expenses should this be necessary for you to attend the
MRI scan. We are also happy to arrange transport fo the hospital and return you home if
needs be.

Will my taking part be kept confidential?

All information, which is collected about you during the course of the research will be kept
strictly confidential. Thiz information will be securely stored at the Cardiac MRI Unit at
Leeds General Infirmary on paper and electronically, under the provisions of the 1993
Data Protection Act. Y ou will not be identified in any publication that may result from this
research.

We will inform your General Praciitioner (GP) in the event of an unexpected abnormality
on the scan.

With your permissicn, your data may alzo provide a resource for fulure studies. If any
information from this study is used fo develop new research, data protection regulations
will be observed and strict confidentiality maintained. Ethical approval will be obtained for
any future studies involving your data. You will not be identified in the results of any future
studies.

What will happen to the results of the research study?

When the study iz complete the results will be publizhed in a medical journal, but no
individual patients will be identified. If vou would like a copy of the published results, please
ask your doctaor.

Indemnity/Compensation

Ifyou are harmed as a direct result of taking part in this study, there are no special compensation
arrangements. If you are harmed due fo someone’s negligence, them you may have grounds to
a legal acfion. Regardiess of this, if you have any cause to complain about any aspect of the way
you have been approached or treated during the course of this study, the normal Maticnal Health
Senvice complaints mechanisms are available to you.

The research organisation
This iz a research project of the Cardiac MRl depariment at Leeds General Infirmary.

For further information please contact:
Petra Bijsterveld

Research Murse

CMR Clinical Research Group

47, Sunzhine Corridor

Leeds General Infirmary

Leeds

LS1 3EX

T 0113 392 5481
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F 0113 392 5225
M 07922 512 53T
Email p.bijsterveld@lesds. ac.uk

| am interested in hearing more about this study

(study code: CE-MARC 2 physics - patients)

| give permigsion for a researcher to confact me by telephone to discuss the study
furthier.

My phone numberis...... ...

L T

Address. e

Pleasze return thig slip to Petra Bijsterveld in the stamped addressed envelope provided.

Thank you.
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COMSEMNT FORM v 1.3 16 February 2017

CE-MARC 2: Optimization of acquisition and analysis methods (patients).
Chief Investigator: Dr John Greenwood

Patient Mumber ..._............... Date of Birth: ..................._|

Patientinitials ...

Please inifial boxes

| have read the Patient Information Sheet dated 16 February 2017
(Wersion 1.3) for the above study and | have had the

opportunity to ask questions and discuss the research study

and | am satisfied with the answers to my guestions.

I have received enough information abowt this study.

I understand that my paricipation is voluntary and that | am
free to withdraw from the study at amy fime without
giving a reason.

I give my consent for my General Practitioner to be informed in the event of any
abnormality being discoverad and that the cardiclogist will be informed only if we
find any abnormality over and above which iz already known.

I understand that images collected will be stored on a computer systemn, and, after
my perscnal details have been removed, may be available to researchers at other
institutions.

| understand that some of the blood samples taken from me may be
stored and may be analyzed in the future for markers related to  heart disease

I understand that relevant sections of my medical notes and data collected
during the study, may be looked at by individuals from the University of Leeds,
from regulatory authorities, or from the Leeds Teaching Hespitals NHS Trust,
where it i= relevant to my taking part in this research. | give permission for
these individuals to have access to my records.

If | were to lose capacity, | understand that data already collected will be kept and
uged for the purposes of the study.

I agree to take part in this research study and that the general results of the
study will be made available to the medical community most likely through
publication in a reputable medical joumal.

SIGNBIUNE. ... e

Mame (block capitals)........ooooooeeeeeeeeeee Date

Signature of researcher......._..

Mame (block capitals)..............Date
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Ymchwil lechyd m
a Gofal Cymru

Health and Care Health Research
Research Wales Authority
Professor Sven Plein
BHF Professor of Cardiology and Honorary Consultant Email: hra.approvali@nhs.net
Cardiologist Research-permissions{Twales.nhs.uk
University of Leeds
LICAMM
LIGHT building
University of Leeds
LS2 84T
15 June 2018

Dear Professor Plein

HRA and Health and Care
Research Wales (HCRW])

Approval Letter
Study title: Advanced Magnetic Resonance Imaging: Optimization of
Image Acquisition and Analysis Methods (AMaRI)
IRAS project ID: 245109
REC reference: 18 YH/0168
Sponsor University of Leeds

| am pleased to confirm that HRA and Health and Care Research Wales (HCRW) Approval has been
given for the above referenced study, on the basis described in the application form, protocol,
supporting documentation and any clarifications received. You should not expect to receive anything
further relating to this application.

How should | continue to work with participating NHS organisations in England and Wales?
You should now provide a copy of this letter to all participating NHS organisations in England and
Wales, as well as any documentation that has been updated as a result of the assessment.

Following the arranging of capacity and capabhility, participating WHS crganisations should formally
confirm their capacity and capahility to undertake the study. How this will be confirmed is detailed in
the “summary of assessment” section towards the end of this letter.

You should provide, if you have not already done so, detailed instructions to each organisation as to
how you will notify them that research activities may commence at site following their confirmation of
capacity and capahility (2.g. provision by you of a ‘green light” email, formal notification following a site
initiation visit, activities may commence immediately following confirmation by participating
organisation, etc.).

Page 1of 7
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| IRAS project D | 245108

It is important that you involve both the research management function (2.9. R&D office) supporting
each organisation and the local research team (where there is oneg) in setting up your study. Contact
details of the research management function for each organisation can be accessed here.

How should | work with participating NHS/HSC organisations in Northern Ireland and
Scotland?

HRA and HCRW Approval does not apply to NHS/HSC organisations within the devolved
administrations of Morthem Ireland and Scotland.

If you indicated in your IRAS form that you do have paricipating organisations in either of these
devolved administrations, the final document set and the study wide govemance report (including this
letter) has been sent to the coordinating centre of each paricipating nation. You should work with the
relevant national coordinating functions to ensure any nation specific checks are complete, and with
each site so that they are able to give management permission for the study to begin.

Please see |RAS Help for information on working with NHS/HSC organisations in Northern Ireland and
Scotland.

How should | work with participating non-NHS organisations?
HRA and HCRW Approval does not apply to non-NHS organisations. You should work with your non-
MHS organisations to gbtain local agreement in accordance with their procedures.

What are my notification responsibilities during the study?
The document =Affer Ethical Review — guidance for sponsors and investigators™, issued with your REC
favourable opinion, gives detailed guidance on reporting expectations for studies, including:

+ Registration of research

«  Motifying amendments

+ Notifying the end of the study
The HREA website also provides guidance on these topics, and is updated in the light of changes in
reporting expectations or procedures.

| am a participating NHS organisation in England or Wales. What should | do once | receive this
letter?

You should work with the applicant and sponsor to complete any outstanding arrangements so you
are able to confirm capacity and capability in line with the information provided in this letter.

The sponsor contact for this application is as follows:

Mame: NHS Resesarch Ethics Officer
Email: govemance-ethicsi@lesds.ac.uk

Who should | contact for further information?
Please do not hesitate to contact me for assistance with this application. My contact details are below.

Your IRAS project ID is 245109, Please guote this on all correspondence.

Page 2of T
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IRAS projectID | 245109

Yours sincerely

Thomas Fairman
HRA Assessor

Email: hra.approvali@nhs.net

Copy to: NHS Research Ethics Office, Leeds University, (Sponsor Contact)
Ms Anne Gowing, Leeds Teaching Hospitals NHS Trust, (Lead NHS R&D Contact)

Page 3of T
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List of Documents

IRAS project ID

245109

The final document set assessed and approved by HRA and HCRW Approval is listed helow.

Documernt Version Diate

Copies of advertisement matenials for research participants [AMaRI [1.0 27 March 2018
recruitment email]

Evidence of Sponsor insurance or indemnity (non NHS Sponsors 21 September 2017
only) [Confirmation of Liakility]

HRA Schedule of Events 1.0 11 April 2018
HRA Statement of Activities 1.0 11 April 2018
IRAS Application Form [IRAS_Form_06042018] 06 April 2015
Laboratory Manual [Laboratory manual] 1.0 01 March 2018
Letter from funder [BHF Programme Grant] 24 May 2016
Letter from sponsor [confirmation of sponsorship] 27 March 2018
Letters of invitation to participant [AMaRI invitation letter] 1.0 27 March 2018
Participant consent form [AMaR1 PIS Consent Patients (tracked 1.1 12 June 2018
changes]]

Participant consent form [AMaR| PIS Consent Volunteers] 1.1 12 June 2018
Research protocol or project proposal [AMaR] Protocol] 1.1 12 June 2018

Response to Additional Conditions Met

Summary CV for Chief Investigator (CI) [CV]

01 Movember 2017

Page 4of T




Summary of assessment

The following information provides assurance to you, the sponsor and the NHS in England and Wales
that the study, as assessed for HRA and HCRW Approval, is compliant with relevant standards. It also
provides information and clarification, where appropriate, to participating NHS organisations in
England and Wales to assist in assessing, arranging and confirming capacity and capabhility.

Assessment criteria
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IRAS projectID | 245109

Section Assessment Criteria Compliant with Comments
Standards
11 IRAS application completed Yes Mo comments
comactly
21 Participant information/consent | Yes Mo comment
documents and consent
process
KN FProtocol assessment Yes Mo comment
4.1 Allocation of responsibilities Yes The sponsor has submitted the HRA
and rights are agreed and Statement of Activities and intends for
documented this to form the agreement between the
sponsor and study sites.
The sponsor is not requesting, and
does not reguire any additicnal
contracts with study sites.
4.2 Insurancefindemnity Yes Where applicable, independent
arrangements assessed contractors (e.q. General Practitioners)
should ensure that the professional
indemnity provided by their medical
defence organisation covers the
activities expected of them far this
research study
4.3 Financial arrangements Yes External study funding has been

assessed

secured from the British Heart
Foundation. Study funding will be
provided to sites, as detailed at
Schedule 1 of the Statement of
Activities.

Page 5of T
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IRAS project 1D | 245109

Section Assessment Criteria Compliant with Comments
Standards
51 Compliance with the Data Yes Mo comment

Protection Act and data
security issues assessed

52 CTIMPS — Arrangements for Mot Applicable | No comments
compliance with the Clinical
Trials Regulations assessed

53 Compliance with any es Mo comments
applicable laws or regulations

6.1 MHS Research Ethics Yes Mo comments
Commitiee favourahle opinion
received for applicable studies

6.2 CTIMPS — Clinical Trials Mot Applicable | No comments
Authorisation (CTA) letter
received

6.3 Devices — MHRA notice of no | Not Applicable | No comments

objection received

6.4 Other regulatory approvals Mot Applicable | No comments
and authorisations received

Participating NHS Organisations in England and Wales

This provides detail on the fypes of participating NHS organisations in the study and a statement as o whether
the activities af all ornganisations are the same or different.

All participating NHS organisations will undertake the same study activities. There is therefore only
one study site ‘type’ involved in the research.

The Chief Investigator or sponsor should share relevant study documents with participating NHS
organisations in England and Wales in order to put arrangements in place to deliver the study. The
documents should be sent to bath the local study team, where applicable, and the office providing
the research management function at the participating organisation. Where applicable, the local
LCRM contact should also be copied into this correspondence.

If chief investigators, sponsors or principal investigators are asked fo complete site level forms for
participating NHS organisations in England and Wales which are not provided in IRAS, the HRA or
HCRW websites, the chief investigator, sponsor or principal investigator should notify the HRA
immediately at hra.approvali@nhs.net or HCRW at Research-permissions@wales.nhs . uk. We will
work with these organisations to achieve a consistent approach to information provision.

Page 6of 7
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IRAS projectID | 245109

Principal Investigator Suitability

This confirms whether the sponsor posiion on whether a PI, LC or neither should be in place is correct for each
lype of participating NHE organisation in England and Wales, and the minimum expectations for education,
training and experience that Pls showd meet (where applicable).

A Principal Investigator should be appointed at study sites.

ZCP fraining is not a generic training expectation, in line with the HRA/HCEW/MHRA statement on
training expectations.

HR Good Practice Resource Pack Expectations

This confirms the HR Good Practice Resource Fack expectations for the sfudy and the pre-
engagement checks that showld and should not be undertaken

As a non-commercial study undertaken by local staff, it is unlikely that letters of access or honorary
research contracts will be applicable, except where local network staff employed by another Trust (or
University) are involved (and then it is likely that arrangements are already in place).

Where arrangements are not already in place, network staff (or similar) undertaking any of the
ressarch activities listed in A18 or A19 of the IRAS form (except for administration of questionnaires
or surveys), would he expected to obtain an honorary research contract from one NHS organisation
(if university employed), followed by Letters of Access for subsequent organisations. This would be
on the basis of a Research Passport (if university employed) or an NHS to NHS confirmation of pre-
engagement checks letter (if NHS employed). These should confirm enhanced DBS checks,
including approprate barred list checks, and occupational health clearance.

For research team members only administering questionnaires or surveys, a Letter of Access based
on standard DBS checks and occupational health clearance would be appropriate.

Other Information to Aid Study Set-up

This defails any other information that may be helpful to sponsors and participating NHS
orgamisations in England to aid study sef-up.

The applicant has indicated that they do intend to apply for inclusion on the NIHR CRN Portfolio.

Page Tof T
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PARTICIPANT INFORMATION SHEET - PATIENTS
Version 1.2 —October 04 20138

AMaRI

Advanced Magnetic BResonance Imaging: Opfimization of Image Acquisition and Analysis
Methods

Chief Investigator: Professor Sven Plein

Dear Patient,

“fou are being invited to take part in a research study. Before you decide it is important for you
to understand why the rezearch is being done and what it will involve. Pleaze take time to read
the following information carefully and discuss it with friends, relatives and your GP if you wish.
Ask us if there iz anything that is not clear or if you would like more information. Take fime to
decide whether or not you wish to take pan.

Purpose of the study

Magnetic Resonance Imaging (MRI) iz a test which produces detailed pictures of yvour intermal
organs by putting you within a strong magnetic field. MREI allows us to detect abnormalities in
many organs in the human body with a very high sensitivity. Importantly, MRl is a safe test
and doe= not use any harmful radiation. It is therefore an increasingly used fest in many areas
of medicine with over 100,000 MRI scans performed in the NHS every year.

In Leeds, we have an ongoing research programme that aims to continuously improve the way
we acquire MR pictures. This iz mostly achieved by making scans shorier, increasing the
detail in the image or finding out new information from within the acquired images. These
developments are first tested in phantoms (bottles filled with a special liguid) and later need
confirmation in volunteers and then in patients.

Why have | been chogen?

This study is looking at up fo 300 people like you, who may have a range of condifions that
are of interest to our research into improving imaging. We are also asking 400 healthy
volunteers to participate in the study.

Do | have to take part?

Ma. Itis up to you to decide whether or not to fake part. If you do decide to take part you
will be given this information sheet to keep and be asked to sign a consent form. If you
decide to take part you are still free to withdraw at any time and without giving a reason.
Thiz will not affect the standard of care that you receive from the NHS. If there is a
possibility that you might be pregnant, you should nof take part in the study. Our research
team will be happy to discuss any other questions that you may have concerning your
suitability for the study, before you decide whether to take part.

What will happen to me if | take part?

Maost patients will have a single MRI scan. A small group of participants in this study will be
asked to undergo up to four MRI scans to allow comparisons between different ways of
obtaining MRI pictures. It is entirely up to you how many scans you wish to volunteer for, and

o Information Sheet and Consent - - -
Subject: . - IRAS ID 245109
patient=

1.2 October 04

Principal Investigator: Prof 5 Plein viersion/Date: 2018

Short Title: AMaR Page: 1of7
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you will remain free to withdraw from the study at any time_ All scans will be perfermed at the
Leeds General Infirmary, and will be performed on separate days.

The MRI scan will take approximately 60 to 90 minutes fo complete. You lie in a short ‘tunnel’,
whiich holds a large magnet. Short bursts of radio waves from the MRI scanner allow images to
be created. You will hear pericdical loud “banging™ noises while we are acquiring the images, so
we protect your ears with headphones through which you can listen to the radio or one of your
own CDs. We will remain in communication with vou throughout the scan.

For most scans we will insert one or fwo cannulae (small plastic tubes) into veins in your arm.
It is likely that we will inject a contrast dye during the scan. Usually people are not aware of
the contrast dye injection. At one point we may also inject a medication (Adencsine, or
occasionally Dobutamineg) info a vein in your arm, which is a drug fo increase the blood flow
to your heart. This can cause a brief feeling of warmth, breathlessness or chest discomfort.
However all of these feelings, if they occur, usually seffle within one or two minutes of the
medication being stopped. A dector will stay in the room with you whilst you are having the
medication. In some cases instead of uging adenosine we may immerse your hands or feet in
cold water for up to 2 minutes fo achieve the same increased blood flow fo the heart muscle,
or we may ask you fo use a cycle ergometer, a bicycle which can be used whilst lving down
in the scanner.

If wee wish to obtain specific images of your heart arteries we will wrap a belt around your
abdomen to help improve the guality of the pictures. This is not painful and is a recognized
method of doing this type of scan. You may be given a nitrate (GTH) spray under the tongue
which helps us to obtaining good images. If your heart beat is quite fast we would give you a
beta blocker tablet to reduce your heart rate. Again, these methods are widely used in other
centres worldwide and are used in normal clinical work too.

As this study is about improving our scan protocols on an ongoing basis for a perod of four
years the information we give you has fo describe all the different technigues we wish to use
in the study overall, but not all the techniques described above will be used during your
scan(s). Before you sign the consent form we will discuss with you the specific scanning
protocol that we are going to use.

We may ask you for a blood sample {5 1o 10 mis. or 1 to 2 teaspoons), which would be taken
whilst we insert the cannula in your arm for the conirast, so there are no exifra needles
inveheed. Knowing vour haematocrit (the volume percentage of red blood cellz in the blood)
helps us to create specific images which are applicable to clinical practice. We may also fest
your blood glucose and lipid levels. With your permission we may store serum samples and
analyse them at the end of the study for markers of hear function.

We may ask you to come for the scan in a fasted state, or offer to scan you following a meal
which we will provide you with, so that we can assess the influence of fed or fasted state on
the heart scan assessments.

We may ask you to have an ECG, this is a hear tracing fo measure the elecirical impulses
within the heart. It involves having 10 sfickers applied to vour chest for 5 minutes.

In the unlikely event of any abnormality we will, with your permission, inform your GP.

Risks and discomforts

Magnetic Resonance Imaging {MRI) is safe and no x-rays or radiation are used for this scan.
There are no known rigks from this technique. Some people may experience claustrophobia.
Cur MRI staff will do all that they can to make you feel comfortable during the scan, and
will be monitering you via a video camera and an audio link. If we are unable to make you

o Information Sheet and Consent - = .
Subject: i - IRAS ID 245109
patients

1.2 October 04

Principal Investigator: Prof 5 Plein Wersion/Date: | ;5.0

Short Title: AMaR Page: 3 of 7
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feel comfortable in the scanner, we will not go ahead with scanning. You may experience
minor bruising or irritation at the site where we place the cannula in your arm. irhe contrast
medication which we use is very safe but, as with any injection, reactions may occur. These
include a warm sensation at the injection site, nausea or vomiting and transient skin razh. These
effects usually only last for a few minutes. People with a history of allergy are more likely to suffer
a more severe reaction, but this is rare (less than 1 in 3000). The department is equipped to cope
with allergic reactions if they happen. Adenosine, the medication we use to increase the blood
flow to the heart, can cause flushing, breathlessness and chest discomfort. However, all of these
feelings usually subside within ome or two minutes or even maore quickly if the medication is
stopped. Immersing your hands or feet in cold water is unpleasant, but the effects wear off very
quickly. Mitrates and a beta blocker can cause temporary light headedness. For this reason if
these drugs are used you will be kept under observation until the effects have worn off.

Benefits to you
This study does not form part of your normal clinical care and is done solely for research
purposes. Your participation may however benefit future pafients.

Expenses
We will provide reasonable travel expenses should this be necessary for you to attend the
MRI scan. We are also happy to amrange transport fo the hospital and return you home if
needs be.

Will my taking part be kept confidential?

All information, which is collected about you during the course of the research will be kept
sirictly confidential. This information will be securely stored at the Cardiac MRI Unit at
Leeds General Infirmary on paper and electronically, under the provisions of the 2013
Data Protection Act. The data collected will be coded and your personal details will be
kept separately. If we keep any of your serum samples these will be stored in -80°C
freezers in a secure environment, in University of Leeds or Leeds Teaching Hospitals HHS
Trust Research laboratories. Stored serum samples will be anonymized and identified only
by sample IDs. You will not be idenfified in any publication that may result from this
research.

We will inform your General Practitioner (GP) in the event of an unexpected abnormality
being found.

With your permission, your data may also provide a resource for fufure studies. If any
information from this study is used to develop new research, data protection regulations
will be observed and strict confidentiality maintained. Your anonymized data and or
images may be sent to institutions in the UK, the Eurcpean Economic Area or outside the
EEA. Ethical approval will be cbtained for any future studies invelving your data. You will
not be identified in the results of any future studies.

The University of Leeds is the sponsor for this sfudy based in the United Kingdom. We will
be using infermation from youw and/or your medical records in order to underiake this study
and will act as the data controller for this study. This means that we are responsible for
locking after your information and using it properly. The University of Leeds and the Leeds
Teaching Hospitals NHS Trust (on behalf of the University of Leeds), will keep identifiable
infermation about you for the purpose of the study for a maximum of 15 years after the
study has finished. Y our rights to access, change or move your information are limited, as
we need to manage your information in specific ways in order for the research to be
reliable and accurate. If you withdraw from the study, we will keep the information about

o Information Sheet and Consent - . .
Subject . - IRAS ID 245109
patients

12 October 04

Principal Investigator: Prof & Plein Version/Date: | 55,0

Shart Title: AMaR Page: Iof 7




282

The Leeds Teaching Hospitals

UNIVERSITY OF LEEDS

you that we have already obtained. To safeguard your rights, we will use the minimum

perscnally-identifiable information possible.

You can find out more about how we use vyour information at

hitp:/fwww.leeds. ac ukfzecretanat/data protection himl

The University of Leeds will use your name, NHS number and contact details o contact
you about the research study, and make sure that relevant information about the study is
recorded for your care, and to oversee the quality of the study. Individuals from the
University of Leeds and regulatory crganisations may look at your medical and research
records fo check the accuracy of the regearch study. Leeds Teaching Hospitals NHS Trust
will pass these details to the University of Leeds along with the information collected from
you and your medical records. The only people in the University of Leeds who will have
access to information that identifies you will be people who need to contact you to organize
the research or audit the data collection process. The people who analyse the infermation
will not be able to identify vou and will not be able to find out your name, NHS number and

contact details.

What will happen to the results of the research study?

When the study is complete the results will be published in a medical journal, buf no
individual participants will be idenfified. If you would like a copy of the published results,

please ask your doctor.

Indemnity/Compensation

Ifyou are harmed as a direct result of taking part in this study, there are no special compensation
arrangements. If you are harmed due to someone’s negligence, then you may have grounds to
a legal action. Regardless of this, if you have any cause to complain about any aspect of the way
you have been approached or freated during the course of this study, the normal Mational Health

Senvice complaints mechanisms are available to you.

The regearch organisation

This iz a regearch project of the Department of Biomedical Imaging Science at the Leeds

Institute of Cardiovascular and Metabolic Medicine (LICAMM).

For further information please contact:
Research Nurses

CMR Clinical Research Group

47, Sunshine Corridor

Leeds General Infirmary

Leeds

LS1 3EX

T 0113 392 5481 or 392 5504
cmirresearchi@leeds. ac.uk
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CONSENT FORM v 1.2 October 04 2015
AMaRI

Advanced Magnetic Rescnance Imaging: Optimization of Image Acquisition and Analysis

Methods
Chief Investigator. Professor Sven Plein

Patient Mumber: ... DateofBirth: ._..........._......

Patientinitials ... ..

Flease inifial boxes

1. | have read the Patient Informafion Sheet dated Cctober 042018
(Version 1.2 for the above study and | have had the
opportunity to ask questions and discuss the research study
and | am =satisfied with the answers to my guestions.

2. | have received enough information abowt this study.

3. | understand that my pardicipation is voluntary and that | am
free to withdraw from the study at any time without giving a reason.

4. I give my consent for my General Practitioner fo be informed in the
event of any abnomality being discovered and that the cardiclogist
will be informed only if we find any abnormality over and above
which is already known.

3. | understand that images collected will be stored on an NHS
computer system, and, after my personal details have been
removed, may be available to researchers at other institutions in the
UK, the EEA, and countries outside the EEA.

G. | understand that some of the blood samples taken from me may be
stored and may be analyzed in the future for markers related to
heart dizease

7. | understand that relevant sections of my medical notes and data
collected during the study, may be looked at by individuals from
the University of Leeds, from regulatory authorties, or from the
Leeds Teaching Hospitals NHS Trust, where it is relevant to my
taking part in this research. | give permission for these individuals
fo have access to my records.

a. If | were to lose capacity, | understand that data already collected
will be kept and used for the purposes of the study.

9. | agree to take part in this research study and that the general
results of the study will be made available to the medical
community most likely through publication in a reputable medical

journal.
Informaticn Sheet and Consent -
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10. I am willing to be contacted again in the future to receive information
about the publication of this study.

11.  lam willing o be contacted again in the future with regard to
potentially taking part (without any obligation) in further related
research studies, or attending for further MRl scans.

12. I weould like to receive a summary of the final results when they are available

Mame (Dlock capilals). ..o veeee e, DA

Signature of researcher... ...

Mame (block capitals)..... ..o Date

1 copy to be given to the patient
1 copy to be filed in notes

1 copy to be retained researcher

Yes Mo

Yes Mo
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| am interested in hearing more about this study

(study code: AMaRI - patienis)

| girve permission for a researcher to contact me by telephone to discuss the study further.

My phone numberis.................................

Please return this slip to the research nurse office in the stamped addressed envelope provided.

Thank you.
Information Sheet and C nt -
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patients
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Clinical and CMR parameters of patients excluded from

analysis in Chapter 4

Male Sex —n (%)

Age —yr

Indication for device — no (%)
Sinus node disease

No pacing indication/ICD

BMI

Intrinsic QRS duration (ms)

Paced QRS duration (ms)

Imaging parameters

LV end-diastolic volume index — mL/m?
LV end-systolic volume index — mL/m?

LV ejection fraction - %

LV mass index — g/m?

RV end-diastolic volume index — mL/m?
RV end-systolic volume index — mL/m?

RV ejection fraction - %

Presence of LGE (n)

4 (100%)
74.1+12.2
3 (75%)
1 (25%)
26.9 + 2.4
123 + 28.6
160 + 6.7
AOO DOO
119.8+185 119+15.1
82+232  85.6+16.2
325+84  28.4+6.0
61.5+20.6 65.7 +20.9
69.7+10.1 70.3+9.8
33.0+81  353+7.3
552+64  50.0+5.3
4 (100%)

P value

0.80

0.46

0.20

0.40

0.85

0.51

0.63
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Ethical approval, Patient information sheets and consent form
for Chapter 5

NHS

Health Research Authority

Dr Peter Swoboda

Lecturer in Cardiology Email: hra.approvali@nhs.net
University of Leeds

Leads

L329JT

12 January 2018

Dear Dr Swoboda

Letter of HRA Approval

Study title: Effect of right ventricular pacing in atrioventricular block by
cardiovascular magnetic resonance: BLOCK-MR

IRAS project ID: 236042

REC reference: 17T/EM/0475

Sponsor University of Leeds

| am pleased to confirm that HRA Approval has been given for the above referenced study, on the
basis described in the application form, protocol, supporting documentation and any clarfications
noted in this letter.

Participation of NHS Organisations in England
The sponsor should now provide a copy of this letter to all participating NHS organisations in England.

Appendix B provides important information for sponsors and participating NHS organisations in
England for arranging and confirming capacity and capability. Please read Appendix B carefully, in
particular the following sections:

« FParticipating NHS organisations in England — this clarifies the types of participating
organisations in the study and whether or not all organisations will be undertaking the same
activities

« Confirmation of capacity and capabilify - this confirms whether or not each type of participating
MNHS organisation in England is expected to give formal confirmation of capacity and capability.
Where formal confirmation is not expected, the section also provides details on the time imit
given to participating organisations to opt out of the study, or request additicnal time, before
their participation is assumed.

+ Allocation of responsibilities and rights are agreed and documented (4.1 of HRA assessment
criteria) - this provides detail on the form of agreement to be used in the study to confirm
capacity and capability, where applicable.

Further information on funding, HR processes, and compliance with HRA criteria and standards is also
provided.

Page 1of 8
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It is critical that you involve both the research management function {e.g. R&D office) supporting each
organisation and the local research team (where there is one) in setting up your study. Contact details
and further information about working with the research management function for each organisation
can be accessed from the HRA website.

Appendices
The HRA Approval letter contains the following appendices:

« A —List of documents reviewed during HRA assessment
+« B - Summary of HRA assessment

After HRA Approval

The document “Affer Ethical Rewview — guidance for sponsors and investigators” issued with your REC
favourable opinion, gives detailed guidance on reporting expectations for studies, including:

« Registration of research
« Motifying amendments
« Maotifying the end of the study

The HRA website also provides guidance on these topics, and is updated in the light of changes in
reporting expectations or procedures.

In addition o the guidance in the above, please note the following:

« HRA Approval applies for the duration of your REC favourable opinion, unless otherwise
notified in writing by the HRA.

« Substantial amendments should be submitted directly to the Research Ethics Committes, as
detailed in the Affer Ethical Rewview document. Non-substantial amendments should be
submitted for review by the HRA using the form provided on the HRA website, and emailed to
hra.amendments@nhs.net.

+« The HRA will categorise amendments (substantial and non-substantial) and issue confirmation
of continued HRA Approval. Further details can be found on the HREA website.

Scope

HRA Approval provides an approval for research involving patients or staff in NHS organisations in
England.

If wour study involves NHS organisations in other countries in the UK, please contact the relevant
national coordinating functions for support and advice. Further information can be found through IRAS.

If there are participating non-NHS organisations, local agreement should be obtained in accordance
with the procedures of the local participating non-NHS organisation.

User Feedback

The Health Research Authority is continually striving to provide a high quality service to all applicants
and sponsors. You are invited to give your view of the service you have received and the application

Page 2 of 8
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procedure. If you wish to make your views known please use the feedback form available on the HEA
website.

HRA Training

Ve are pleased to welcome researchers and research management staff at our training days — see
details on the HRA website.

Your IRAS project 1D is 236042. Please quote this on all correspondence.
Yours sincerely

Joanna Ho
Assessor

Email: hra.approval@nhs.net

Copy to: NHS Research Ethics Offfcer, Sponsor Representative, University of Leeds
Petra Bijsterveld, Sponsors Delegated Point of Contact, University of Leeds

Anne Gowing, Lead NHS RE&D Contact, Leeds Teaching Hospitals NHS Trust
Dr Christopher Saunderson, Student, Liniversity of Leeds
Professor Sven Plein, Academic Supenvisor, University of Leeds
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Appendix A - List of Documents

IRAS project ID 236042

The final document set assessed and approved by HRA Approval is listed helow.

Document Version Date

Evlid_ence of Sponsor ingurance or indemnity (non NHS Sponsors 21 September 2017
anly)

GPru-:Dnsultﬁnt information sheets or letters 1.0 21 November 2017
HRA Schedule of Events

HRA Statement of Activities

IRAS Application Form [IRAS_Form_30112017] 30 November 2017
IRAS Application Form XNIL file [IRAS_Form_30112017] 30 November 2017
IRAS Checklist XML [Checklist_05012018] 05 January 2018
Letters of invitation to participant 1.0 21 November 2017
Other [Invitation Letter] 11 03 Januwary 2018
Other [Protocol - Tracked Changes] 11 03 January 2018
Other [Response to REC] 05 January 2018
Other [Consent Form -TC ] 1.4 03 January 2018
Cither [CRF - BLOCK -MR] 1.0 03 January 2018
Participant informaticn sheet (PIS) 11 03 January 2018

Summary CV for Chief Investigator (Cl)

11 August 2017

Summary C\ for student

Summary C\ for supenvisor (student research)

30 November 2017

Validated questionnaire [EQ-50]
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Appendix B - Summary of HRA Assessment

This appendix provides assurance to you, the sponsor and the MHS in England that the study, as
reviewed for HRA Approval, is compliant with relevant standards. It also provides information and
clarification, where appropriate, to paricipating NHS organisations in England to assist in assessing
and arranging capacity and capahility.

For information on how the sponsor should be working with participating MHS organisations in
England, please refer to the, parmicipating NHS organisations, capacity and capability and
Allocation of responsibilities and rights are agreed and documented (4.1 of HRA assessment
criteria) sections in this appendix.

The following person is the sponsor contact for the purpose of addressing participating organisation
questions relating to the study:

MName: Petra Bijsterveld
Tel: 0113 392 5481
Email: p.bijsterveld@leeds.ac.uk

HRA assessment criteria

Section HRA Assessment Criteria Compliant with Comments
Standards
11 IRAS application completed Yes Mo comments
comactly
21 Participant information/consent | Yes Mo comments
documents and consent
process
KN FProtocol assessment Yes Mo comments
41 Allocation of responsibilities Yes The Statement of Activities will act as
and rights are agreed and agreement of an NHS organisation to
documented participate.
Mo other agreement is expected.
42 Insurancefindemnity Yes Sponsor indemnity arrangements are in
arangements assessed place for the management and design
of the study. NHS indemnity applies to
the conduct of the study.
Where applicable, independent
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Section HRA Assessment Criteria Compliant with Comments
Standards
confractors (e.g. General Practitioners)
should ensure that the professional
indemnity provided by their medical
defence organisation covers the
activities expected of them for this
research study
4.3 Financial amrangements Yes Mo application for external funding was
assessed made for this study.
Participating NHS organisations will be
provided with funding as detailed in the
Statement of Activities.
51 Compliance with the Data Yes Mo comments
Protection Act and data
security issues assessed
52 CTIMPS — Arrangements for Mot Applicable Mo comments
compliance with the Clinical
Tnals Regulations assessed
53 Compliance with any Yes Mo comments
applicahle [aws or regulations
6.1 MHS Research Ethics Yes REC provisional opinion issued 02
Committee favourable opinion January 2018; REC favourable opinion
received for applicable studies issued 11 January 2018
6.2 CTIMPS - Clinical Trials Mot Applicable Mo comments
Authorisation (CTA) letter
received
6.3 Devices — MHRA notice of no | Not Applicable | No comments
objection received
6.4 Other regulatory approvals Mot Applicable Mo comments

and authorisations received
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Participating NHS Organisations in England

This provides detail on the fypes of participating NHS organisations in the study and a stafement as fo whether
the activities af all organisations are the same or different.

This is a non-commercial single centre study where the participating NHS organisation will be
undertaking all research activities. There is therefore only one site type in this study.

The Chief Investigator or sponsor should share relevant study documents with participating NHS
organisations in England in order to put arrangements in place to deliver the study. The documents
should be sent to both the local study team, where applicable, and the office providing the research
management function at the participating organisation. For NIHR CEN Portfolio studies, the Local
LCRN contact should also be copied into this cormespondence. For further guidance on working with
parficipating NHS organisations please see the HRA website.

[f chief investigators, sponsors or principal investigators are asked to complete site level forms for
participating NHS organisations in England which are not provided in IRAS or on the HRA website,
the chief investigator, sponsor or principal investigator should natify the HRA immediately at
hra.approval@nhs.net. The HRA will work with these organisations to achieve a consistent approach
o information provision.

Confirmation of Capacity and Capability

This describes whether formal confirmation of capacity and capability Is expected from participating NHS
organisations in England.

Participating MHS organisations in England will be expected to formally confinrm their capacity
and capability to host this research.

# Following issue of this letter, participating NHS crganisations in England may now confirm to
the sponsor their capacity and capability to host this research, when ready to do so. How
capacity and capacity will be confirmed is detailed in the Alfocation of responsibilities and
rights are agreed and documented (4. 1 of HRA assessment criteria) section of this appendix.

# The Assessing, Arranging, and Confirming document on the HRA website provides further
information for the sponsor and NHS onganisations on assessing, amanging and confinming
capacity and capability.

Principal Investigator Suitability

This coniirms whether the sponsor position on whether a P, LC or neither should be in place is correct for each
type of participating NHE organisation in England and the minimum expectations for educalion, training and
experience that Pls should meet (where applicable).

A Principal Investigator should be in place at each participating NHS organisation.

GCP fraining is not a generic training expectation, in line with the HRA/MHRA statement on fraining
expectations.
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HR Good Practice Resource Pack Expectations

This coniirms the HR Good Practice Resource Pack expectations for the sfudy and the pre-engagement checks
that showd and should nof be undertaken

Local staff substantively employed by the pariicipating NHS organisation will he underiaking research
activities as described in the IRAS application. No HR access arrangements are therefore expected
for this study.

Where arrangements are not already in place, network staff employed by another Trust or University
(or similar) underiaking any of the research activities listed in A18 or A19 of the IRAS form (except for
administration of questionnaires or surveys), would be expected to obtain an honorary research
contract from one NHS organisation (if university employed), followed by Letters of Access for
subsequent organisations. This would be on the basis of a Research Passport (if university
employed) or an MHS to NHS confirmation of pre-engagement checks letter (if NHS employed).
These should confirm enhanced DBS checks, including appropriate barred list checks, and
occupational health clearance. For research team members only administering questionnaires or
surveys, a Letter of Access based on standard DBS checks and occupational health clearance would
he appropriate.

Other Information to Aid Study Set-up

This defails any other information that may be helpful to sponsors and participafing NHS organisations in
England fo aid study sef-up.

The applicant has indicated that they do not intend to apply for inclusion on the MIHR CRN Portfolio.
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Effect of right ventricular pacing in atrioventricular block by
cardiovascular magnetic resonance: BLOCK-MR

PARTICIPANT INFORMATION SHEET
Chief Investigator: Dr Peter Swoboda, Clinical Lecturer in Cardiclogy, University of Leeds

Version 1.2 November 8 20138
1. Invitation

You are being invited to take part in a research study. Before you decide whether or not to take
part, it is important for you to understand why the research is being done and what it will involve.
Please take time to read the following information carefully, and discuss it with others if you wish.
Ask us if there is anything that is not clear, or if you would like more information. Take time to
decide whether or not you wish to take part.

2. What is the purpose of the study?

Slow heart rates (bradycardia) cause symptoms such as shortness of breath and blackouts. The
diagnosis is made by performing a heart tracing (electrocardiogram) and is treated by giving you
a pacemaker. The leads of the pacemaker that regulate the heart rate are positioned in the right
side of the heart and attached to a generator which is inserted underneath the skin. We know from
previous studies using heart ultrasound that measureable changes in the pumping function of the
|eft side of the heart can occur in the longer term with pacemakers. In a small subaroup of patients
this can lead to abnormalities in the heart muscle and a condition known as heart failure. This
mainly leads to shortness of breath which in turn can lead to being admitted to hospital or a worse
quality of life.

At present there are no good ways of identifying patients at risk of heart failure prior to pacemaker
insertion. Current pacemakers are now deemed ‘magnetic resonance imaging (MRI) conditional’
and studies have shown they are safe to scan under the right conditions. Therefore this allows the
opportunity to perfarm more detailed scans of the heart with cardiac MR

We plan to recruit patients when they present to hospital with symptomatic slow heart rates that
require implantation of a pacemaker. By carrying out comprehensive heart scans before and after
the pacemaker is implanted we will be able to see which features on the scan predict who is at
risk of developing heart failure. Identifying patients at risk of heart failure will hopefully allow us to
tailor therapies to prevent heart failure and the associated symptoms in the future.

3. Why have | been chosen?

ou have been chosen because you have a slow heart rate that requires treatment with a cardiac
pacemaker.

BLOCK-MR PIS V1.2 08_Mov_2018 RAS Project ID 236042 1
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4, Do | have to take part?

Mo. It is up to you to decide whether or not to take part. If you do decide to take part you will be
given this information sheet to keep and be asked to sign a consent form. If you decide to take
part you are still free to withdraw at any time and without giving a reason. This will not affect the
standard of care that you receive from the NHS. If there is a possibility that you might be pregnant,
you should not take part in the study. Cur research team will be happy to discuss any other
questions that you may have conceming your suitability for the study, before you decide whether
to take part.

L3 What will happen to me if | take part?

If you want to take part you will have the initial tests during your admission and will have to return
to the LGl on one separate occasion. On both visits you will have a cardiac MRI scan, a blood
sample taken and an ECG (heart tracing) performed. During your admission you will also have an
ECHO (heart ultrasound) performed. This whole process should take around an hour and a half
(aithough vou should allow 120 minutes in the department including time to get changed and look
at your scan).

MRI scan: This will last approximately 60 minutes during which you will lie flat in the scanner and
be asked to hold your breath several times for up to 10 seconds. We will give you a contrast dye
that allows us to learn more about your heart and is used commaonly in this type of scan.

ECG: This is a heart tracing to measure the electrical impulses within the heart. It involves having
10 stickers applied to your chest for 5 minutes.

ECHQO: This is an ultrasound of the heart that allows measurements of the structure and function
of the heart. It involves applying an ulirasound probe to your chest and takes about 30 minutes.

Blood Tesrs: During the MRI scan we put a small plastic tube in a vein in your arm to allow
administration of the contrast dye. During this procedure we will take a small blood sample (10mls
which is 2 teaspoons).

Questionnaire: You will be asked to complete a short questionnaire to assess how you feel and
how this impacts on your day-to-day living A member of the research team can help you with this
if you need assistance. We will ask you to complete these again at the second visit.

Visit 1 Visit 2
Potertial participant with during in-patient stay & months after pacemaker

heart :‘;‘E“ "Eg'-"tri'm"g Cardiac MRI {60 minutes), implantation
PaCEMEREr Impiantatnn ECHO, ECG and Cardiac MRI {60 minutes),
questionnaire ECS and guestionnaire

Follow up: We will follow your progress by checking your medical records in both paper and
electronic form for up to five years. If we cannot find the information we need we may briefly
contact vou or your GP by telephone.

BLOCK-MR PIS V1.2 03_Nov_2013 IRAS Project ID 236042 2
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G, What do | have to do?

Your only commitment is to aftend for the two appointments. We can be flexible with the fiming of
these to fit in with you and your pacemaker implantation, and we are able fo reimburse your travel
EXPENSES.

7. What are other possible disadvantages and rizks of taking part?

MRI scan: Magnetic Resonance Imaging (MRI) is safe and no radiation is used for this scan.
There are no known risks from the technigue.

Some people may experience claustrophobia (fear of confined spaces). Cur MR staff will do all
that they can to make you feel comfortable during the scan, and will be monitoring you via a video
camera and an audio link. If we are unable to make you feel comfortable in the scanner, we will
not go ahead with scanning.

We will need to ingert a emall fube (cannula) into your arm for the confrast dye. The dye we use
during the scan is very safe but, as with any injection, reactions may occur. These include a warm
sensation at the injection site, nausea or vomiting and transient skin rash.

People with a history of allergy are more likely to suffer a more severe reaction to the medication
used, but this is rare (less than 1 in 3000). The depariment iz equipped to cope with allergic reactions
if they happen.

MRl with pacemakers:
MRI s=cans can now be perfformed safely in paients with pacemakers and your device will be checked

before and after your scan. We have performed over 100 MRI scang on patients with pacemakers
over the last 2 years with no adverse events. If the pacemaker you have implanied is not MRI
conditional then you will not be able to attend for the second MRI scan.

For Women:

If there is any possibility that you might be pregnant you will be asked to have a pregnancy test
(urine or blood) before taking part.

8. What are the possible benefits of taking part?

We cannot promize the study will help you but the information we get might help to identify patients
at risk of heart muscle deterioration afier pacemaker implantation.

If you are interested a dector can show you the results of your scan.

There iz also a small chance that an abnormality may be detected on your scan. If this is the case
we will provide a full report to your medical team so that appropriate action can be faken.

9. What happens when the research study stops?

After your second visit your direct involvement with the study will cease but yvour normal care will
continue, under your clinical team, uninterrupted.

10. What if there iz a problem?

BLOCK-MR: FIS 1.2 08_Mov_2018 IRAS Project ID 236042 3
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If you have a concem about any aspect of this study, you should ask to speak with the researchers
who will do their best to answer your question. If you remain unhappy and wish to complain
formally, you can do this through the NHS Complaints Procedure. This can be done via the Patient
Advice and Liaison Service (FALS) at Leeds Teaching Hospitals NHS Trust (0113 2066261).

In the event that something does go wrong and you are harmed during the research study there
are no special compensation arangements, however in certain circumstances amrangements may
differ. If yvou are harmed and this is due to someone's negligence then you may have grounds for
a legal action for compensation but you may have to pay your legal costs. The normal Mational
Health Service complaints mechanisms will still be available to you.

11. What if new information becomes available?

Sometimes during the course of a study, new information becomes available on the condition
being studied. If this happens, we will tell yvou about it and discuss with you whether you want to
or should continue in the study. If you decide to withdraw, we will make arangements fior your
care to continue. If you decide to continue in the study vou will be asked to sign an updated
consent form.

On receiving new information, we might consider it to be in vour best interests to withdraw you
from the study. If 50, we will explain the reasons and arrange for your care to continue.

If the study is stopped for any other reason, you will be told why and vour continuing care will be
arranged.

12. What will happen if | don’t want to carry on with the study?

If you withdraw consent or lose the capacity to consent, unless you object, your data and samples
will remain on file and will be included in the final study analysis.
If you decide to withdraw from the study the rest of your medical care will not be affected.

13. Will my part in this study be kept confidential?

All infarmation collected about you during the course of the study will be kept sirictly confidential.
This information will be securely stored, electronically on the Leeds Teaching Hospitals NHS Trust
secure server, and on paper, under the provisions of the 2018 Data Protection Act. The data
collected will be coded and your personal details will be kept separately. You will not be identified
in any publication that may result from this research. With your permission, we will inform your GP
of your participation in the study. If any unexpected abnormality or condition were found we would
inform your GP. If you withdraw consent from further study follow-up, or if you were to become
incapacitated, any data collected about you up to that point will remain on file and will be included
in the final study analysis.

The University of Leeds is the sponsar for this study based in the United Kingdom. We will be
using information from you andfor vour medical records in order to undertake this study and will
act as the data controller for this study. This means that we are responsible for looking after your
information and using it properly. Leeds Teaching Hospitals NH3 Trust and the University of Leeds
will keep identifiable information about you for the purpose of the study for 20 years after the study
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has finished. Your rights to access, change or move your information are limited, as we need to
manage your information in specific ways in order for the research to be reliable and accurate. If
you withdraw from the study, we will keep the information about you that we have already
obtained. To safeguard your rights, we will usze the minimum personally-identfiable information
possible. You can find out more abowt how we uwse vyour information at
hitp:dhenenw leeds. ac.ukfsecretanat/data protection.himl

Leeds Teaching Hospitals NHS Trust and the University of Leeds will use your name, NHS
number, and contact details fo contact you about the research study, and make sure that relevant
information about the study is recorded for your care, and to oversee the quality of the study.
Individuals from the University of Leeds and regulatory organizations may look at your

medical and research records to check the accuracy of the research study. The Leeds Teaching
Hospitals MHS Trust will pass these details to the University of Leeds along with the information
collected from you and/or your medical records. The only people in the University of Leeds who
will have access to information that identifies you will be people who need to contact you to or
audit the data collection process. The people who analyse the information will not be able to
identify you and will not be able to find out your name, NHS number or contact details

When you agree to fake part in a research study, the information about your health and care may
be provided to researchers running other research studies in this organisation and in other
organisations. These organisations may be universiies, MHS organisations or companies
invahved in health and care research in this country or abroad. Your information will only be used
by erganisations and researchers to conduct research in accordance with the UK Policy
Framework for Health and Social Care Ressarch.

This informaticn will not identify you and will not be combined with other information in a way that
could identify wou. The information will only be used for the purpoze of health and care research,
and cannot be used to contact you or to affect your care. It will not be used to make decisions
about future services available to you, such as insurance.

With your permission we will retain the link to your personal details so that we can contact you
about any publications arising from this study, and with regard to potentially taking part in further
related studies.

14. Informing your General Practitioner (GP)

We will inform your GP that you are taking part, but the stedy will net have an impact on your care.
15. What will happen to any samples | give?

Blood samples will be analysed to determine your haematocrt, which is a measure of the
‘thickness’ of your blood. We require this to be able fo read the MRI scan correctly. Blood samples
will be stored in an access-conirolled lecation within the laboratories of the Leeds General
Infirmary to allow for specialist tests to be performed in one batch. With your permission your
stored sample may be wsed in future hear related research studies, this can only happen if a
research ethics commitiee allows it.

16. Will any Genetic testing be done?

Mo

17. What will happen to the results of this medical study?
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The results of the study will be available after it finishes and will usually be published in a medical
journal or be presented at a scientific conference. The data will be anonymous and none of the
patients involved in the trial will be identified in any report or publication.

Should you wish to see the resulis, or the publication, please ask your study doctor.

18. Who is organising this study?

This study is being organised by Leeds Institute of Cardiovascular and Metabolic Medicine
(LICANMM) within the University of Leeds.

14, Who has reviewed the study?

This study was given favourable ethical opinion for conduct in the NHS by 17/EM/0475 Research
Ethics Committes.

20, Contact for further information

You are encouraged to ask any questions you wish, before, during or after your research
investigations. If you have any questions about the study, please speak to your study nurse or
doctor, who will be able to provide you with up to date information about the drug(s)procedura(s)
involved. If you wish to read the research aon which this study is based, please ask your study
nurse or doctor. If yvou require any further information or have any concerns while taking part in
the study please contact one of the following people:

Dr Christopher Saunderson Research Nurses

Clinical Research Fellow in Cardiology Cardiovascular Research
Cardiac MRI department, Sunshine Corridor

Clarendon wing, Leeds General Infirmary

Leeds General Infirmary Tel: 0113 392 5481 or 392 6286
01133525909 cmmesearchi@leeds ac uk

c.saunderson@lesds. ac uk

[T you decide you would like to take part then please read and sign the consent form. You will be
given a copy of this information sheet and the consent form to keep. A copy of the consent form
will be filed in your patient notes, one will be filed with the study records and one may be sent to
the Research Sponsor.

You can have more time to think this over if you are at all unsure.

Thank you for taking the time to read this information sheet and to consider this study.
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5 A

UNIVERSITY OF LEEDS

The Leeds Teaching Hospita

| CONSENT FORM v 1.2 November 08 2018

Effect of right ventricular pacing in atrioventricular block by cardiovascular
magnetic resonance: BLOCK-MR

Chief Investigator: Dr Peter Swoboda, Clinical Lecturer in Cardiclogy, University of Leeds

Subject Study Number: ... Subject Initials...................

Please initial boxes
1. | have read the Patient Information Sheet dated Movember B

2018 {version 1.2) for the above study and | have had the

opportunity to ask guestions and discuss the research stedy and |
am satisfied with the answers to my guestions.

2. | understand that my participation is woluntary and that | am
free to withdraw from the study at any time without giving a
reason.

3. | give my consent far my General Practitioner and other doctors
looking after me to be informed.

4. | understand that data and images collected will be stored on a
computer system, and, after my personal details have been

removed, may be sent to participating study centres or to an

independent laboratory, and may be available to researchers at
other institutions in the UK, the EEA, and courntries qutside the
EEA.

5. | understand that relevant sections of my medical notes and

data collected during the study ({including personal data) may be

looked at by individuals from the University of Leeds, from
regulatory authorities, or from the Leeds Teaching Hospitals
MHS Trust, where it is relevant to my taking part in this research.
| give permission for these individuals to have access to my
records.

6. If I 'were to lose capacity or withdraw consent for further fallow-up
| understand that identifiable data already collected will be kept

and used for the purposes of the study.

7. | agree to take part in this research study and that the general
results of the study will be made available to the medical

community most likely through publication in 2 reputable
medical journal.
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The Leeds Teaching Hospita

5

A

UNIVERSITY OF LEEDS

B I am willing to be contacted again in the future to receive information ves Mo
about the publication of this study.
Yes Mo
4. I'am willing to be contacted again in the future with regard to
potentizlly taking part (without any obligation) in further related
resegrch studies.
Yes Mo
10. I agree to my blood samples being stored and used in future heart

related research.

Qptional

11. I'would like to receive a summary of the final results when they are available

b= = L =S U TS U USRS

Name (block capitals).....coooooeeeeeeeeee e DR

Signature of researcher. .o

Name (block capitals).......oooooeeeeeeeeeeeeee DEEE

1 copy for patient, 1 copy for medical records and 1 copy for Investigator Site File
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