
International Journal of Cardiology 279 (2019) 72–78

Contents lists available at ScienceDirect

International Journal of Cardiology

j ourna l homepage: www.e lsev ie r .com/ locate / i j ca rd
Clinical impact of cardiovascular magnetic resonance with optimized
myocardial scar detection in patients with cardiac implantable devices☆
Anish N. Bhuva a,b, Peter Kellman c, Adam Graham d, Manish Ramlall a, Redha Boubertakh a, Patricia Feuchter a,
Angela Hawkins d, Martin Lowe d, Pier D. Lambiase b,d, Neha Sekhri a, Richard J. Schilling d,
James C. Moon a,b, Charlotte H. Manisty a,b,⁎
a Department of Cardiovascular Imaging, Barts Heart Centre, St Bartholomew's Hospital, London, UK
b Institutes for Cardiovascular Science, University College London, London, UK
c National Institutes of Health, Bethesda, USA
d Department of Cardiac Electrophysiology, Barts Heart Centre, St Bartholomew's Hospital, London, UK
Abbreviations: AHA, American Heart Association; CR
therapy defibrillator; CIED, cardiac implantable electron
magnetic resonance; ICD, implantable cardioverter defibr
corder; LGE, late gadolinium enhancement; MRI, magneti
manent pacemaker; WB, wide bandwidth inversion pulse
☆ All authors agree to the following statement:“This au

aspects of the reliability and freedom from bias of the dat
interpretation”.
⁎ Corresponding author at: Department of Cardiac Im

George V Building, West Smithfield, London EC1A 7BE, UK
E-mail address: c.manisty@ucl.ac.uk (C.H. Manisty).

https://doi.org/10.1016/j.ijcard.2019.01.005
0167-5273/© 2019 Elsevier B.V. All rights reserved.
a b s t r a c t
a r t i c l e i n f o
Article history:
Received 28 August 2018
Received in revised form 17 December 2018
Accepted 2 January 2019
Available online 4 January 2019
Background: Myocardial scar assessment using late gadolinium enhancement Cardiovascular Magnetic
Resonance (LGE CMR) is commonly indicated for patients with cardiac implantable electronic devices (CIEDs),
however metal artifact can degrade images.
We evaluated the clinical impact of LGE CMR incorporating a device-dependent metal artifact reduction strategy
in patients with CIEDs.
Methods: 136 CMR studieswere performed in 133 consecutive patients (age 56±19 years, 69%male)with CIEDs
(22% implantable loop recorders [ILRs], 40% permanent pacemakers [PPMs], 38% implantable cardioverter defi-
brillators [ICDs]; 42% non-MRI conditional) over 2 years, without complication. LGE imaging was tailored to
the CIED, using a wideband sequence for left-sided PPMs and ICDs and conventional sequences for ILRs and
right-sided PPMs, scoring segmental artifact. Diagnostic utility and impact on clinical management were scored
by consensus of experts.
Results: CMRprovided unexpected diagnoses in 22 (16%) and changedmanagement in 113 (83%) patients.Myocar-
dial scar was present in 92 (68%), with other abnormalities detected in another 13%. Using conventional LGE, 43
(32%) studies were non-diagnostic (79% of defibrillators) compared to 0% using wideband LGE imaging. Wideband
LGE results changed clinical management in an additional 39 (75%) defibrillator patients and 10 (19%) pacemaker
patients when compared to imaging with conventional LGE sequences.
Conclusion: The clinical yield from CMR using optimized LGE sequences in patients with CIEDs is highwith no dem-
onstrated clinical risk. A device-dependent LGE imaging strategy using wideband LGE is needed to achieve clinical
utility especially in ICD recipients.

© 2019 Elsevier B.V. All rights reserved.
Keywords:
Pacemaker
Defibrillator
Cardiovascular magnetic resonance
Wideband
Late gadolinium enhancement
Fibrosis
1. Introduction

Late gadoliniumenhancement (LGE) imaging ofmyocardial scar using
cardiovascular magnetic resonance (CMR) facilitates diagnosis and
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clinicalmanagement across a range of conditions, and provides gold stan-
dard non-invasive information regarding scar presence, location, and dis-
tribution [1]. This has led to an increase in demand for CMR [2] to
determine the aetiology of heart failure [3], assess viability [4,5], prognosis
[6,7], and guide both coronary and electrophysiological interventions [8].

Alongside this rise in CMR, indications for cardiac implantable elec-
tronic devices (CIEDs) including permanent pacemakers (PPM) and im-
plantable cardioverter defibrillators (ICD) are expanding, meaning that
there are now 2.9 million people in the US alone with CIEDs [9,10].
Many of these patientswith electrical abnormalities also have structural
cardiac abnormalities, with LGE CMR clinically indicated to accurately
assess scar to aid diagnosis and plan electrophysiological procedures
[8]. Historically, MRI has been contraindicated in patients with CIEDs
due to safety concerns. However, MRI-conditional CIEDs have been de-
veloped and are industry standard. Furthermore, it is now known that
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non-MRI conditional devices can be safely scanned in nearly all circum-
stances by careful adherence to strict safety protocols [11,12]. These
protocols have now been developed with a growing number of centers
performing such scanning routinely.

LGE CMR imaging in patients with CIEDs however can be problematic
because of metal artifact, also a problemwith endovascular aortic repairs
(EVAR - present in 50,000 US patients) [13]. This limits the clinical yield,
with many images rendered non-diagnostic, particularly in patients with
defibrillators [14–17]. The effect of larger cardiac resynchronization ther-
apy defibrillators (CRTD) and MRI-conditionality on device artifact have
not been studied.

Recently, a new metal artifact reduction strategy has been developed
to reduce artifact on LGE images, using a wideband inversion pre-pulse
[18,19]. Althoughwideband LGE has been shown to be effective at reduc-
ing image artifact in defibrillator patients, the clinical benefit of LGE imag-
ing in patients with CIEDs remains unreported – largely due to historical
issues related to accessing scans and image artifact. We studied the im-
pact of LGE CMR for diagnosis and clinical management in patients with
CIEDs, and measured the incremental value of a device-dependent LGE
sequence selection strategy incorporating wideband LGE.

2. Methods

2.1. Patient cohort

Consecutive clinical requests for CMR in patients with CIEDs (implantable loop recorder
(ILR), PPM, ICD, CRTD) at a UK tertiary referral center (Barts Heart Centre, London) were re-
cruited. Prior to referral, all patients underwent clinical evaluation, ECG and transthoracic
echocardiography and additional investigations where appropriate. Our standard protocol
for device scanning involves an initial safety and clinical assessment by a team with both
CMR and pacing experience (here led by attending physician CM with dual International
Board of Heart Rhythm Examiners and European Association of Cardiovascular Imaging
level 3 CMR accreditation). All patients with MRI-conditional CIEDs were included, and pa-
tients with non-MRI conditional devices who fulfilled local operating procedure criteria
(based on MagnaSafe Registry and ESC Guidelines) [11,20] were included after formal in-
formed written consent. Patients with devices implanted prior to 2001 were excluded, as
were pacing-dependent patients with ICDs where the anti-tachycardia therapies could not
be disabled whilst maintaining asynchronous pacing.

All patients underwent device interrogation and re-programming immediately prior to
imaging, according to manufacturer and/or ESC guidance (Supplementary Appendix
1) [20]. Devices were re-interrogated immediately after the scan and programmed back to
the original settings. Adverse clinical outcomes and significant lead parameter changes
were noted according to MagnaSafe Registry criteria for significant changes [11]. Patients
were subsequently followed up in the device clinic within 3 months if significant changes
were noted.

2.2. MRI protocol

CMRwas performed at 1.5 T (Siemens Aera) with a 30 channel phased array receiver
coil atNormalOperatingMode (SAR limit b2W/kg)with continuousmonitoring (ECGand
pulse oximetry) and verbal contact with patients. The protocol was pre-specified accord-
ing to the clinical indication and to minimize time spent by the patient within the static/
gradient magnetic field. A device-dependent sequence selection strategy was made for
cine and perfusion imaging as described elsewhere [21]. T2-oedema (STIR) imaging was
performed if myocardial inflammation was suspected. Double inversion recovery T1-
weighted fast spin echo (with and without fat suppression) was performed if intra-
myocardial fat or pericardial disease were suspected.

LGE images were acquired 5–20 min after administration of 0.1 mmol/kg of Dotarem
(Guerbet S.A., Paris). Sequence selection followed a device-dependent strategy. For all pa-
tients with ILRs and right-sided PPMswhere artifact was not felt likely to impact on image
quality, conventional FLASH (fast low angle shot) LGE imagingwas initially acquired. If the
device produced artifact (judged by the radiographer), a corresponding wideband LGE se-
quence was acquired. For all patients with left-sided PPMs and defibrillators, a wideband
LGE sequence was acquired in all orientations. This was paired in two long-axis and three
short-axis orientations with conventional FLASH (fast low angle shot) LGE, with the same
phase encoding direction and field of view and TI adjusted appropriately. A center fre-
quency shift was applied if artifact remained significant. If there were breath-holding dif-
ficulties, a paired conventional free-breathing steady-state free precession (MOCO-SSFP)
LGE sequencewas used at the radiographer's discretion [22]. Typical sequence parameters
of the LGE sequences can be found in Supplemental Table 1.

2.3. Image analysis

All LGE images were analyzed for artifact by an observer with greater than four years'
experience (AB). Each LGE image orientationwas graded for AHA segment artifact and for
overall quality on a scale of 0–4, where Grade 0 corresponded to images with no artifact
over themyocardium, and Grade 4 corresponded to imageswhere the entiremyocardium
was obscured by artifact as outlined in Supplemental Fig. 1. Scans with a Grade of 3 and 4
(artifact covering greater than half, or the entire myocardium averaged across all orienta-
tions) were classified as ‘non-diagnostic’.

2.4. Inter-observer reproducibility of artifact grading

Inter-observer agreement for AHA segment grading was repeated by two senior ob-
servers (with N15 and 10 years' CMR experience respectively) for a randomly selected
sample of 15 patients with 420 segments (2 long axis and 3 short axis orientations per pa-
tient), stratified by device type. There was exact agreement in 97 and 95% of segments
respectively.

2.5. Assessment of impact on diagnosis and patient management

Conventional and wideband LGE images were assessed independently by two ob-
servers (AB, MR) for significant clinical impact; both for diagnosis and changes to clinical
management. A third independent observer (CM) adjudicated any discrepancy between
the interpreters.

Definitions were pre-defined according to previously published criteria [23], with
data collection from patients' medical records. Final diagnosis was determined by the re-
ferring specialist, and we adjudicated a ‘new diagnosis’ if this final diagnosis was princi-
pally determined by the CMR findings, and was not suspected from investigations prior
to the CMR. A “change in management” was noted if one of the following criteria were
met:

• findings led directly to the guidance of or avoidance of an invasive procedure,
• findings led to the initiation or discontinuation ofmedication including anticoagulation,
• findings directly resulted in hospital/clinic admission or discharge,
• findings led to planned genetic testing of the proband or cascade family screening.

2.6. Statistical analysis

Data distribution was assessed by histogram and using Shapiro-Wilk test for normal-
ity. Continuous variables are summarized asmean± standard deviation ormedian (inter-
quartile range); and categorical variables are summarized as absolute numbers and
frequencies. For paired normally distributed lead parameter data, the Student's t-test
was used. For non-normally distributed variable analysis, the Mann Whitney test was
used. For differences in categorical data, theChi squaredwas used. Analysiswas performed
with Stata statistical software (StataCorp. 2015. Stata Statistical Software: Release 14. Col-
lege Station, TX: StataCorp LP). All tests were two tailed, and p b 0.05 was considered
significant.

3. Results

3.1. Patient characteristics

Over two years from December 2015, 136 scans were performed in
133 patients referred consecutively for CMR, age 56 ± 19 years, 69%
male, 18% current hospital in-patients, detailed in Table 1. Implanted
devices were 40% PPMs (3 CRT pacemakers), 27% ICDs, 22% ILRs, 12%
CRTDs (one also with endovascular aortic repair stent graft). 42% of
pulse generators were non-MRI conditional, and 35 (33%) patients
were pacing-dependent of whom seven had defibrillators. 19 (14%) pa-
tients had atrial fibrillation. Before CMR scanning, 29% had undergone
invasive coronary angiography, 14% cardiac computed tomography cor-
onary angiography (CTCA), 5% positron emission tomography (PET-CT),
5% nuclear myocardial perfusion scanning, 2% exercise stress echocardi-
ography and 12% of patients had had CMR scans prior to device
implantation with the follow-up scans requested to assess for disease
progression.

3.2. Indication

Scans were performed most commonly for cardiomyopathy as-
sessment or follow up (n = 47, 35%), scar assessment prior to ven-
tricular tachycardia ablation (n = 27, 20%), or assessment of
viability ± ischemia = 15 (11%), Table 1. Scans to investigate an un-
derlying cardiomyopathy were for patients with conduction abnor-
malities or ventricular arrhythmia with either other abnormal
clinical findings or a significant family history.
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3.3. Impact of CMR on new diagnosis and patient management

CMR resulted in unexpectednewdiagnoses in 22 (16%) and changed
clinical management in 113 (83%) studies (Table 2).

The most frequent (32%) new diagnosis was myocardial infarction
based on typical scar pattern on LGE images that had not been previ-
ously suspected from coronary angiography or echocardiography. Left
ventricular thrombus was discovered in a further 6 patients not seen
on previous echocardiography, all prior to ventricular tachycardia (VT)
ablation (22% of these referrals). CMR led to a new diagnosis of cardiac
sarcoidosis in 3 patients (14%) with no prior diagnosis of extra-cardiac
sarcoid, after LGE strongly suggested cardiac involvement, supported
by subsequent PET-CT or biopsy. Patients who were diagnosed with di-
lated cardiomyopathy or myocarditis (14%) showedmid-myocardial or
epicardial LGE patterns in combination with clinical findings. One pa-
tient with arrhythmogenic right ventricular cardiomyopathy (ARVC)
was diagnosed after RV wall motion abnormalities and dilatation were
noted on CMR (not previously seen on echocardiography) in combina-
tion with non-imaging Task Force criteria. CMR findings diagnosed
Table 1
Baseline characteristics. Normally distributed variables described as mean and standard
deviation. Categorical variables expressed as absolute numbers and percentages.

Patient characteristics

N 133
Age/years 56 ± 19
Male 92 (69%)
Atrial fibrillation 19 (14%)
LV ejection fraction/% 50 ± 17
Hospitalized inpatient 24 (18%)

CMR indication

N 136
Suspected cardiomyopathy 47 (35%)
Cardiomyopathy follow up 11 (8%)
Isolated complete heart block 5 (4%)
Ejection fraction assessment 3 (2%)
Infiltrative disease 5 (4%)
Ischaemia/viability 15 (11%)
Myocarditis 10 (7%)
Mass 1 (1%)
Out of hospital VF arrest 5 (4%)
Pericardial disease 3 (2%)
Substrate for arrhythmia 27 (20%)
Thrombus 4 (3%)

Device type

CRT-Da 16 (12%)
EVARb 1 (1%)
ILR 30 (22%)
ICDc 36 (27%)
PPMd 54 (40%)

Other device details

Non-MRI conditional 45 (42%)
Pacing-dependent 35 (33%)
Right-sided 6 (6%)

Device manufacturer

Boston Scientific 35 (26%)
Biotronik 17 (13%)
Medtronic 67 (49%)
St Jude Medical (Abbott) 17 (13%)

PPM= permanent pacemaker; CRT-D= cardiac resynchronization therapy defibrillator;
EVAR = endovascular aortic repair stent graft; ILR = implantable loop recorder; ICD =
implantable cardioverter defibrillator; PPM = permanent pacemaker.

a 1 patient had an upgrade from ICD to CRT-D between two scans.
b 1 patient had an CRT-D and EVAR in situ.
c Includes one subcutaneous defibrillator.
d Includes three CRT pacemakers. Three patients were scanned on two occasions.
hypertrophic cardiomyopathy based on asymmetrical hypertrophy
and characteristic scar pattern in a patient with a prior myocardial in-
farction and presumed ischemic cardiomyopathy. Another patient was
diagnosed with an intra-cardiac mass that had not been detected on
transthoracic echocardiography.

Impact on clinical management was greatest in the cohort of patients
referred for CMR prior to ventricular tachycardia (VT) ablation for scar lo-
calization (n = 27, 17 presumed ischemic cardiomyopathy). Ablation
strategywas changed in 9 (33%) patients after discovery of left ventricular
(LV) thrombus, or selecting an epicardial/right ventricular approach in
non-ischemic cardiomyopathy, Fig. 1. 5 (4%) patients underwent device
upgrade (from a pacemaker to a defibrillator) or revision following scar
detection as part of risk stratification for sudden cardiac death in patients
with non-cardiac sarcoidosis, or a new diagnosis of ARVC. 2 (1%) patients
underwent percutaneous coronary intervention or coronary artery by-
pass grafting after LGE imaging demonstrated myocardial viability. 1 pa-
tient with complete heart block underwent right ventricular myocardial
biopsy after LGE imagingdemonstratednon-ischemic scar suggesting sar-
coidosis. Medication management was also influenced, most commonly
by commencing antiplatelet therapy (n=13, 10%) after diagnosis of un-
suspected myocardial infarction, or by modifying dual antiplatelet ther-
apy with systemic anticoagulation after confirming LV thrombus in
patients with known coronary artery disease. In 8 (6%) patients with
suspected or known cardiomyopathies, findings suggested ARVC, hyper-
trophic cardiomyopathy or Fabrydisease, thereby prompting genetic test-
ing and/or family screening.
3.4. Late gadolinium enhancement imaging

All patients underwent late gadolinium enhancement imaging. 3
studies required conventional MOCO-SSFP LGE imaging due to breath-
hold difficulty. 9 ILR and 2 right-sided PPM patients had artifact on con-
ventional LGE, and consequently wideband LGE images were acquired
following the FLASH LGE sequences. In 10 patients (4 CRTD, 6 ICD pa-
tients) with very extensive artifact noted on initial long axis conven-
tional LGE imaging, conventional LGE images were not acquired in all
orientations due to futility. Completemyocardial coveragewas achieved
with wideband LGE sequences as per protocol. Scar was present in 92
(68%) patients.
3.5. Artifact distribution, extent and device type with conventional LGE

Artifact was more common in patients with defibrillators and in the
anterior wall, Supplemental Fig. 2. With ILR, PPM, ICD and CRTDs, the
proportion of completely or almost completely diagnostic scans (Grades
0–1) was 87%, 84%, 11%, and 13% respectively. 4 patients with ILRs had
artifact covering up to half of the ventricular myocardium, all of whom
had older, non-injectable devices. 2 patients with PPMs had non-
diagnostic imaging, including one CRT. 4 patients with defibrillators
had no artifact, including 3 right-sided generator implants. There was
no significant difference between ICD and CRTD-related artifact (78%
and 81% non-diagnostic respectively, p = 0.83).
3.6. MRI conditionality and artifact with conventional LGE

Of 33 studies in patients with left-sided ICDs, 19 (58%) had non-
MRI conditional devices. There was similar artifact with non-MRI
conditional compared to conditional ICDs; 75 (59–90)% versus 73
(55–79)% segments with artifact, p = 0.4. The rate of completely
non-diagnostic scans was however higher in non-MRI conditional
devices (68% Grade 4, 16% Grade 3, 16% Grade 2 in those with non-
MRI conditional devices; MRI-conditional ICDs: 14% Grade 4, 64%
Grade 3, 7% Grade 2, 14% Grade 1; p b 0.004).



Table 2
Changes to clinical management by cardiac implantable electronic device. Data expressed as absolute numbers with percentages in parentheses. Percentages add up to N100% as 19 pa-
tients had more than one aspect of management changed. CABG = coronary artery bypass graft; CRT-D = cardiac resynchronization therapy defibrillator; ILR = implantable loop re-
corder; ICD = implantable cardioverter defibrillator; PCI = percutaneous coronary intervention; PPM= permanent pacemaker; VT = ventricular tachycardia.

Total ILR PPM ICD CRT-D

Ventricular arrhythmia
Guided ablation and substrate mapping 26 (19%) 13 (43%) 13 (36%)
Change in ablation approach 9 (7%) 7 (23%) 2 (6%)
Thrombus detection pre VT ablation 6 (4%) 5 (17%) 1 (3%)
Thrombus exclusion pre VT ablation 1 (1%) 1 (3%)
Unsuspected infarction in non-ischemic cardiomyopathy 5 (4%) 2 (7%) 3 (8%)

Device management
Prompted ICD upgrade or device revision 5 (4%) 5 (9%)
Avoided ICD implantation 3 (2%) 2 (7%) 1 (2%)

Ischemic heart disease
Investigation of chest pain - prompted angiography/PCI 2 (1%) 1 (3%) 1 (2%)
Investigation of chest pain - avoided angiography/PCI 14 (10%) 3 (10%) 6 (11%) 5 (17%)
Led to CABG (±aortic valve replacement) 2 (1%) 1 (3%) 1 (2%)
Change in antiplatelet agents 13 (10%) 2 (7%) 3 (6%) 5 (17%) 3 (8%)
Change in anticoagulation 6 (4%) 6 (20%)

Heart failure
Change in heart failure medication 7 (5%) 3 (10%) 2 (4%) 2 (7%)
Change in iron chelation therapy 2 (1%) 2 (4%)

Cardiomyopathy
Genetic testing/family screening 8 (6%) 1 (3%) 4 (7%) 2 (7%) 1 (3%)
Immunosuppression for inflammatory cardiomyopathy 6 (4%) 3 (6%) 3 (10%)
Prompted endomyocardial biopsy 1 (1%) 1 (2%)
Avoided endomyocardial biopsy 2 (1%) 1 (3%) 1 (3%)

Discharge from hospital admission 7 (5%) 1 (3%) 2 (4%) 3 (10%) 1 (3%)
Discharge from specialist clinic 23 (17%) 11 (37%) 12 (22%)
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3.7. Image artifact using wideband LGE

Of 43 (32%) studies with non-diagnostic (Grades 3–4) images ac-
quired using conventional LGE, wideband LGE sequences permitted ac-
quisition of diagnostic images (Grades 0–2) in all subjects. Wideband
LGE completely or almost completely removed artifact (Grade 0 or 1) in
39 (91%), with residual artifact covering less than half of the ventricular
myocardium in the remaining 4 (p b 0.001), Supplemental Figs. 2 and 3.

In the 36 (26%) remaining studies with mild artifact on images ac-
quired using conventional LGE (Grades 1–2), wideband LGE completely
removed artifact in 31 (86%) patients, with Grade 1 residual artifact in 5
patients.
Fig. 1. Case examples of changes to management in patients with cardiac implantable electro
enhancement. Top row: scar imaging using wideband late gadolinium enhancement imagi
ventricular thrombus. (b) Secondary prevention medication and targeted endocardial ab
(c) Detailed scar localisation in multiple coronary territories enabling successful ablation. (d) I
(e–h) showing paired non-diagnostic conventional FLASH late gadolinium enhancement imag
3.8. Incremental impact on new diagnosis and patient management using
wideband LGE

Using only conventional LGE imaging, new diagnoses were made in
12 (9%) studies, and using wideband LGE new diagnoses were made in
an additional 10 (7%) studies, whichwere in patientswith defibrillators.

Using only conventional LGE imaging, clinical management was
changed in 63 (46%) studies, and using wideband LGE clinical manage-
ment was changed in an additional 50 (37%) studies. This incremental
benefit was greatest in patients with defibrillators, where thewideband
image results directed changes to management in an extra 39 (75%)
patients, Fig. 2.
nic devices using wideband (top row) and conventional (bottom row) late gadolinium
ng: (a) Epicardial ablation and anticoagulation after finding an unsuspected large left
lation after an occult infarction in a patient with presumed dilated cardiomyopathy.
ntervention avoided after establishing a large non-viable anterior infarction. Bottom row:
ing. PPM = permanent pacemaker; ICD = implantable cardioverter defibrillator.
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3.9. Safety

Therewere no clinical complications during or followingMRI related
to scanning. One self-terminating episode of atrial fibrillation was ob-
served in a patient already under follow up for an atrial arrhythmia.
One patient was scanned in a slow stable ventricular tachycardia and
two patients were scanned whilst maintaining lidocaine infusion (all
pre-ablation for ventricular tachycardia). There was no inappropriate
pacing inhibition, unexpected pacing, anti-tachycardia therapy or sig-
nificant lead parameter changes (see Supplemental Table 2). 45 (22%)
individual leads had minor parameter changes, which at follow up of
52 (6–81) days, normalized or were stable within normal limits.

4. Discussion

These data from the largest reported cohort of patients with cardiac
implantable electronic devices undergoing CMR highlight the incre-
mental clinical impact of optimized scar assessment. Principally based
on LGE findings, CMR identified new diagnoses and/or altered manage-
ment in five out of every six patients (83%). Using a device-dependent
LGE sequence selection strategy enabled acquisition of diagnostic im-
ages in high risk patients within standard clinical workflows, with the
greatest incremental clinical impact of a refined wideband sequence in
patients with defibrillators.

4.1. Clinical utility of myocardial scar imaging using LGE CMR

Overall, the clinical yield fromCMR scans in this cohortwas high,with
unexpected diagnoses made in 16% and changes to management in 83%.
This is likely to be related to a potentially higher threshold for referral in
device patients, and the high prevalence of structural heart disease in
this cohort, which may have contributed to the decision for device im-
plantation initially. However, all patients underwent extensive investiga-
tions prior to CMR using alternative imaging modalities and/or invasive
investigations. The clinical impact in non-MRI conditional CIEDs, different
CIEDs, and in a range of indications has not previously been reported. The
clinical utility of LGECMR iswell described, howeverwe show the yield in
this cohort of device patients is higher thanmost previous studies of other
patient populations (including heart failure) [23,25–27]. Samar et al.
showed that MRI scans enhance device patient care in 97% in predomi-
nantly non-cardiac indications [28]. Raphael et al. showed CMR provided
management-changing information in 63% of patients with MRI-
conditional pacemakers [27], the EuroCMR registry showed an impact
on patient management in 62% [26], and Abbasi et al. showed CMR
Fig. 2. Impact of conventional LGE images compared with wideband LGE images on
changes to clinical management. The incremental benefit of wideband LGE was greatest
in patients with defibrillators where the sequence improved image quality, leading to
changes to clinical management in an additional 75% of patients.
changed management in 52% of heart failure patients (without CIEDs)
[23].

Probably the greatest clinical impact was related to electrophysiol-
ogy procedural decision-making in patients with VT. Detecting throm-
bus and localizing ischemic versus non-ischemic scar had substantial
impact on planned ablation approaches (endocardial vs epicardial and
left vs right ventricular), in accordance with previously-published data
[8]. In patients with pacemakers, scar assessment guided decisions re-
garding immunosuppression or device upgrade in sarcoidosis and ge-
netic screening in patients with suspected cardiomyopathy. Across all
CIEDs, new diagnoses (principally unexpected myocardial infarction
or cardiomyopathies) were made in almost one in five patients.

4.2. Incremental clinical value of wideband LGE imaging

Theproblemofmetal artifact on LGE images in patientswith CIEDs is
widely appreciated, meaning that CMR scans are often not requested
even in patients withMRI-conditional deviceswhen needed. Incorpora-
tion of awider bandwidth radiofrequency inversion pulse has beenused
by several groups with success to reduce this artifact [18,19] although
the incremental clinical utility of this approach over conventional LGE
imaging has not been explored. The impact on clinical management
was most marked in the defibrillator group where 79% had non-
diagnostic imaging using conventional LGE sequences, but with wide-
band LGE, diagnostic imaging across the whole group resulted in man-
agement changes in 87%. Although previously reported in small
numbers [29], our data suggest thatwideband LGE should also be acces-
sible for CMR imaging in patients with PPMswhere an additional 19% of
patients had changes tomanagement, when compared to using conven-
tional imaging.

The approach used in this study uses a thin slice 2Dwideband (WB)
LGE sequence acquired using single shot respiratory motion corrected
averaging [22] to improve the signal-to-noise and combined with
phase sensitive inversion recovery (PSIR) [30] to optimize myocardial
nulling. 23% of studies were affected by mild or minimal artifact using
wideband LGE and all studies were diagnostic. This is similar to recent
literature reporting some artifact in 13% and non-diagnostic studies in
3% [31]. Our approach is robust in the routine clinical environment, en-
abling scan acquisition even in patients with unstable breathing pat-
terns and susceptibility to arrhythmia. Previous studies [31] reported
that 4% of cases are affected bymotion artifact, and hencewould benefit
from this free-breathing acquisition. Our cohort however was clinically
less stable, with 31% of patients hospitalized or with underlying ar-
rhythmia (including ventricular tachycardia) during scanning, suggest-
ing a greater benefit.

4.3. Influences on artifact using LGE imaging

These data found that there is no appreciable difference in artifact
between patients with ICD and CRTDs. Patients with MRI-conditional
ICDs had better overall artifact grade, but similar segmental artifact fre-
quency, as compared to those with non-MRI conditional devices. This
studywas not powered to detect such a difference, and by incorporating
a variety of device manufacturers, any effect may have been diluted.
Nevertheless, this resultmay be attributed to the reduced ferromagnetic
material content and radiofrequency interference in MRI-conditional
devices. Despite this improvement, conventional LGE imaging was still
non-diagnostic in 78% of patients with MRI-conditional ICDs.

4.4. Safety of CMR in patients with CIEDs

The combination of increasing evidence supporting LGE CMR for tis-
sue characterisation to aid clinical diagnosis and guide patient manage-
ment, together with the manufacture of MRI-conditional cardiac
implantable electronic devices and an expanding body of safety data
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for imaging non-MRI conditional devices, means that there is a rising
demand for myocardial scar imaging using LGE CMR in CIED patients.

This study represents the largest reported cohort of consecutive pa-
tients undergoing cardiac MRI with non-MRI conditional cardiac im-
plantable electronic devices, including pacemaker dependent patients
with no underlying ventricular rhythm and clinically unwell hospital-
ized patients with ventricular arrhythmia. Following strict local safety
protocols based on ESC and HRS recommendations, [20,24] there were
no significant clinical complications and no individual lead parameter
changes that required intervention, although non-significant, tempo-
rary changes were detected.

4.5. Service provision

Despite a growing demand for CMR in CIED patients, predominantly
for scar imaging, provision of MRI scanning in this population is cur-
rently inadequate [32]. This study highlights the clear clinical utility of
CMR in this patient cohort, and should be used to drive service develop-
ment. The infrastructure required to scan devices is however non-trivial
- at our center this involves a radiographer, MRI physicist, cardiac phys-
iologist, and attending cardiologist (for non-MRI conditional devices),
with availability of monitoring equipment and an external defibrillator
with transcutaneous pacing. This is a similar infrastructure to other pre-
viously described safety protocols [11,24,25], andmeans that MRI scan-
ning in patients with non-MRI conditional devices is likely to be
restricted to specialized centers within healthcare frameworks. A litera-
ture is now developing for less intensively monitored scanning proto-
cols [33] in patients with MRI-conditional devices, with recognition by
industry of the clinical need for devices designed to require less manual
expert input, to improve clinical workflows [34].

4.6. Study limitations

This was a single center study and so reflects the referral patterns
and clinical protocols used at our institution. Wideband LGE was not
performed in patients in whom conventional LGE provided adequate
image quality without artifact and 10 ICD/CRTD patients did not have
whole heart conventional LGE due to obvious futility, given the extent
of artifact seen on the initial images. The impact of metal artifact on
right ventricular scarwas not assessed, although RV scar assessment re-
mains problematic even in patientswithout CIEDs.We did not assess for
the incremental benefit of T2 weighted STIR imaging for edema in the
study, given that there are currently no optimized sequences available.
Scan analysis was not performed blinded because it was evident
which sequences were wideband and which were conventional LGE.
Image quality analysis and clinical impact was subjective; we used a
panel of three observers for clinical impact tominimize this, and applied
previously published criteria for determining clinical impact [23,27].
Further studies would help to corroborate our findings.

5. Conclusion

Diagnostic myocardial scar imaging using LGE CMR results in signif-
icant changes to clinical management in themajority of CIED patients. A
metal artifact reduction strategy using wideband imaging is however
often necessary to optimize image quality in both left-sided pacemakers
and defibrillator patients.
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