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Abstract

Cardiovascular magnetic resonance (CMR) imaging has been shown to be safe as an imaging
modality for patients with cardiac resynchronisation (CRT) pacemakers. As the gold standard for
measuring cardiac volumes, mass and ejection fraction, CMR has underutilised potential in
improving diagnostics and care for patients implanted with CRT devices. A number of studies have
already highlighted a role in optimising left ventricular lead placement. There is also significant
evidence the scanning is useful prior to implantation to predict outcome and optimise device effect
through lead placement. By employing modern technology and techniques, there is scope to
improve CMR utility post implantation by potentially scanning in higher field strengths and whilst
CRT is active. These advances are expected to translate to an improved responder rate and patient

outcomes.
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Background

CRT and CMR

Heart failure is a common condition affecting 1-2% of the adult population in developed countries,
increasing to above 10% in those aged over 70 years [1]. Shortness of breath and reduced exercise
capacity are often are the initial presenting complaints with further imaging required such as
echocardiography to make the initial diagnosis. Cardiovascular magnetic resonance (CMR) is
considered the gold standard for investigating the aetiology of heart failure due its ability to identify
ischaemia and ventricular dimensions. It has further utility in the diagnosis of uncommon conditions
including sarcoidosis and haemochromatosis [1]. High quality tissue characterisation and low inter-
observer variability allows CMR act as a single imaging tool for both diagnosis and prognostication

[2].

Cardiac resynchronisation therapy (CRT) pacemakers are routinely implanted in patients with
reduced ejection fraction heart failure and an associated conduction issue such as left bundle branch
block (LBBB) [1]. Dyssynchrony is over-represented in the heart failure population (approximately
25%) and increases the 1 year mortality risk by 70% [3]. CRT devices cause pre-excitation within the
left and right ventricles through leads placed at the right atrium, right ventricle and coronary sinus
(left ventricle). This helps co-ordinate contraction precisely resulting in improved stroke volume and
myocardial efficiency [4]. Following implantation, patients generally have an increased exercise
capacity with fewer symptoms, improved haemodynamics and reduced mortality [1, 5, 6]. CRT
devices can also have a defibrillator fitted (CRT-D) conferring additional survival in selected

populations such as patients with diabetes or an ischaemic aetiology [7].

There has been a longstanding caution in applying CMR techniques in patients with a CRT device due
to isolated reports of damage to pacemaker devices, ranging from issues around the generator,
circuitry or the leads which in turn could damage myocardium [8, 9]. However, retrospective

observational studies in patients with pacemakers scanned incidentally have suggested that the rate



of complications, even with standard non-MRI-conditional devices is incredibly rare. The European
Society of Cardiology issued guidance in 2008 that patients could be eligible for CMR if reasonable
considerations were made both in selection and the scanning techniques employed [10]. More
recent registry and off-label studies have confirmed the relative safety of CMR if precautions are
taken [11, 12]. Furthermore, pacemakers appear to be safe in a standard MRI scanner without
monitoring taking place [13]. However, to improve confidence, over the past few decades device
compatibility with magnetic resonance has garnered interest. Industry have made significant strides
in reducing ferromagnetic content within the devices in addition to filters to block out certain
magnetic frequencies and software to optimise settings to reduce the impact of exposure. This has
led to the present situation where the majority of pacemakers and CRT devices routinely implanted
are MRI conditional. Similarly, CMR has improved in image quality, scanning time and accessibility to
patients. Currently it is used as part of a multimodality-imaging package in this cohort of patients,

showing utility pre-implantation in optimising the lead placement and the response rate [14, 15].

In this report we will explore the current uses of CMR in patients with a CRT device implanted and
speculate on the future application of this scanning technique. We believe that CMR is likely to
become the most useful imaging modality for heart failure patients not only considered for

implantation but also for monitoring response subsequently.

Current applications of CMR

MRI uses a combination of strong magnetic fields and radiowaves to create images. A magnetic
moment is generated within the hydrogen nuclei causing alighment generally in the direction of the
static external magnetic field. This also creates additional spin (precession) around the hydrogen ion.
When the radiofrequency pulse matches the product of internal frequency of the ion and magnetic
field strength, resonance is achieved which forms the image [16]. The combination of repeated
electromagnetic pulses in the presence of a constant strong magnetic field is the driver of potential

damage to a pacemaker. Whilst improvements to the CRT hardware and software have made CMR



viable following implantation, patients with a CRT-D remain with a higher risk of arrhythmias such as
ventricular fibrillation or tachycardia due to increased structural disease. Furthermore, patients with
CRT-Ds have greater propensity to short-circuit whilst the images are more degraded due to large
areas of artefact [17]. Often, alternative MRI scan protocols are carried out to obtain a diagnostic
grade image [18]. All of these issues in conjunction with strict programmable settings and scanning
techniques limit the current uses of CMR in patients with a CRT device. This is complicated further by
the “MRI safe mode,” a requirement for the use of CRT devices in a MRI scanner. The mode

generally switches off therapies, fixes a minimum heart rate and has right ventricular pacing active.

Despite these limitations, if appropriate precautions are taken, CMR is viable in patients with a CRT

device for a broad set of indications:

1. Assessment of aetiology of heart failure — For a selection of patients it remains helpful to
investigate the cause of left ventricular systolic dysfunction

2. Assessment of ischaemia or fibrosis - Late gadolinium enhancement is utilised to evaluate
fibrosis and scar formation. This technique has been validated against histopathology [19]
and creates a large contrast between normal and scarred tissue. The distribution pattern of
these tissue types can be analysed to distinguish between ischaemic and non-ischaemic
pathologies.

3. Assessment of ventricular parameters, specifically; volume, mass and ejection fraction.

4. Investigating wall motion - The myocardial tissue usually moves in three planes: radially,
longitudinally and circumferentially. With therapies active it would be expected that wall
motion would return to a more normalised movement enabling the relatively small organ to
generate a large amount of force. Conventional MRI gives a high quality image of the heart
with the ability to analyse motion and the displacement of the inner and outer wall. This
technique allows measurement of radial strain to be made relatively accurately in a routine

scan. Importantly, radial strain is generally the largest strain subtype and associated with



wall thickening [20]. The other types of strain assessment require advanced imaging
techniques. Wall motion patterns with an appropriately placed left ventricular lead have

been independently linked to CRT response [21].

Despite these advances, CMR remains underutilised in patients with a CRT device. Many hospital in
the UK do not offer a CMR service to patients with a cardiac device in situ [22]. This is largely related
to perceived concerns around scanning this cohort, logistical issues and a lack of support. The
hospitals that do use CMR for implanted cardiac devices generally conduct fewer than 10 scans per
year. Further research and communication is needed to bridge this gap between feasibility and

practical improvements in care.

Potential issues around CMR scanning

Standard MRI in the UK is conducted in scanners with a field strength of 1.5 Tesla. Advances in
imaging technology has led to many institutions owning 3T or 7T scanners that are largely used for
research, though there is increasing overlap with clinical practice. Increasing the field strength of the
scanner has some obvious benefits including improved signal to noise ratio, spatial resolution and
potentially faster scanning [23]. However the trade-off is an increased rate of artefacts and
likelihood of reaching the specific absorption rate (SAR) limit for patients. Artefacts (routinely caused
by implanted cardiac devices) are particularly exacerbated by the higher field strength often
manifesting as large areas of void within the image. Modern pacemakers allow for a SAR limit of
2W/Kg for whole body scanning. The SAR applied on a patient relates to the frequency, intensity and
scanning protocol used. Higher SAR will cause greater physiological stress (such as heating) to cells
though could enable faster scanning. However, there are few recorded events of short or long term
patient harm from passing these limits [16]. Modern scanning techniques means that SAR levels are
kept to a minimum with restrictions built in to the software to cut off scanning when beyond patient

derived limits.



This is also an issue in scanning patients with conditions including heart failure who often have
irregular or difficult to control breathing. Routine imaging relies on respiratory triggering combined
on cardiac gating and arrhythmia rejection [24]. There is currently significant validation work on-
going to dramatically reduce the need for breath holding by using free breathing scan techniques.
Advances in free breathing protocols are likely to result in faster scan times with arguably less image

variance.

The current protocol of scanning patients in “MRI safe mode” via RV pacing is safe but contentious.
The CMR image may not be truly representative of normal cardiac function for the patient, i.e. with
CRT therapies active. It is hoped that in the future pilot studies likely in collaboration with industry
will scan in patients with biventricular pacing. This step may well provide the foundation for both
device optimisation and prediction of treatment response. Late gadolinium enhancement could also
be used in this cohort to predict outcomes as already evidenced in patients with dilated
cardiomyopathy [25]. Furthermore, recent study has suggested that non-conditional devices rarely
present a danger to the patient nor become obviously damaged when exposed to routine scans at
different locations of the body including the thorax [26]. As MRI conditional devices are generally
more expensive and sometimes less structurally ideal, increasing confidence around older non-CMR
conditional devices means that CMR could therefore be accessible to more patients. The gains are
potentially increased further when considering that replacing older non-conditional leads to produce

a full “MRI system” increases the adverse event risk from 4% to 15% [27].

Summary

CMR is a safe, under-utilised, high value imaging choice for patients with a CRT device; enabling gold
standard assessment of aetiology, ventricular volume, mass and ejection fraction. Advances in both
scanning techniques and device technology are expected to lead to improvements in accessibility,

device optimisation and patient outcomes.



Expert commentary

Indications for CRT implantation vary significantly around the globe [28]. CMR could be positioned as
a single solution in the patient journey from the diagnosis of heart failure to assessment of response
to CRT [29]. Novel parameters such as scar burden, myocardial viability and mechanical
dyssynchrony would also be possible from a reduced number of imaging procedures. Advanced MRI
techniques including magnetisation tagging, tissue phase mapping strain encoded imaging allow for
dense assessment of motion throughout the cardiac walls [20]. These techniques allow longitudinal
and circumferential strain to be analysed. This would be fascinating, giving us a more accurate
picture of the complex movement of the heart in this cohort of patients. Echocardiographic
assessment have already eluded to an improvement in all three types of myocardial contraction with

CRT therapies active[30].

CMR also shows great promise in imaging the right heart which is poorly imaged by other
techniques; right ventricular function is increasingly relevant in patients with left ventricular systolic
dysfunction [31]. Right ventricular dimensions can be obtained accurately with work in progress to

apply techniques including mapping to analyse wall motion accurately [20].

As CMR becomes standardised post CRT implantation, it is expected that cardiac images and profiles
are created for each patient. Advanced predictive modelling would show the expected outcome not
only with CRT therapies active but also with other device parameters. Ideal device settings could be

generated which may evolve with the patient’s response or disease process. It may become feasible
to accurately predict degradation in ventricular function and hospitalisation as evidenced in patients

with ICDs [32].

Key Issues



The utilisation of CMR whilst CRT is active will enable direct visualisation with gold standard
assessment of the cardiac augmentation with CRT active. This will answer a number of questions

currently unclear in the treatment of heart failure patients including:

e How is ventricular contraction improved following CRT and over what time course are these
improvements expected?

e Can CRT therapy be optimised further by altering the settings of the pacemaker and re-
evaluating changes with CMR?

e How does right ventricular function change with CRT and is this important?

e Does the aetiology of heart failure play a significant role in cardiac function with CRT and

does it alter outcomes?

5 Year plan

Indications for CMR in the context of device therapy will become common, both before and after
implantation. By enabling CRT to be active during assessment it becomes possible to identify
responders at an earlier stage and also generate outcome profiles based on the pre and post
implantation assessment. CMR itself will represent a single solution for most of the workup of
patients requiring CRT, improving candidate selection, lead placement and even treatment response
assessment. With advances in technology it will be possible to alter device settings wirelessly,

enabling easier optimisation and assessment whilst the patient undergoes scanning.
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