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See the editorial comment for this article ‘Wideband cardiac magnetic resonance for myocardial tissue characterization in patients with 
implantable cardioverter defibrillators (ICDs): comment on Patel et al.’s Impact of wideband cardiac magnetic resonance on diagnosis, de
cision-making, and outcomes in patients with ICD’, by B.L. Gerber, https://doi.org/10.1093/ehjci/jeac230.

Aims Although myocardial scar assessment using late gadolinium enhancement (LGE) cardiac magnetic resonance (CMR) imaging 
is frequently indicated for patients with implantable cardioverter defibrillators (ICDs), metal artefact can degrade image qual
ity. With the new wideband technique designed to mitigate device related artefact, CMR is increasingly used in this popu
lation. However, the common clinical indications for CMR referral and impact on clinical decision-making and prognosis are 
not well defined. Our study was designed to address these knowledge gaps.

Methods 
and results

One hundred seventy-nine consecutive patients with an ICD (age 59 ± 13 years, 75% male) underwent CMR using cine and 
wideband pulse sequences for LGE imaging. Electronic medical records were reviewed to determine the reason for CMR 
referral, whether there was a change in clinical decision-making, and occurrence of major adverse cardiac events (MACEs). 
Referral indication was the most common evaluation of ventricular tachycardia (VT) substrate (n = 114, 64%), followed by 
cardiomyopathy (n = 53, 30%). Overall, CMR resulted in a new or changed diagnosis in 64 (36%) patients and impacted clin
ical management in 51 (28%). The effect on management change was highest in patients presenting with VT. A total of 77 
patients (43%) experienced MACE during the follow-up period (median 1.7 years), including 65 in patients with evidence of 
LGE. Kaplan–Meier analysis showed that ICD patients with LGE had worse outcomes than those without LGE (P = 0.006).

Conclusion The clinical yield from LGE CMR is high and provides management changing and meaningful prognostic information in a 
significant proportion of patients with ICDs.
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Graphical Abstract

Left: Definition of significant clinical impact. Right: Change in diagnosis after CMR study.

Keywords cardiac magnetic resonance • late gadolinium enhancement • implantable cardioverter defibrillators

Introduction
Cardiac magnetic resonance (CMR) with late gadolinium enhancement 
(LGE) imaging is frequently employed in the assessment of patients with 
known or suspected cardiac disease. Well recognized as the reference 
standard for assessing cardiac function, CMR also has the ability to char
acterize myocardial tissue properties and thus provide insight in the de
termination of cardiomyopathy aetiologies and aid in the assessment of 
arrhythmogenic substrate burden by LGE.

Although the clinical utility of CMR has been extensively studied, it has 
only recently been shown that CMR can be safely performed in most pa
tients with implantable cardioverter defibrillators (ICDs), including legacy 
devices that have not been formally designated for conditional use in the 
magnetic resonance environment,1–3 even in the presence of abandoned 
or retained leads.4 Moreover, newer pulse sequences, ensuring the ability 
to acquire high-quality LGE images free of significant ICD-associated im
aging artefacts, are now validated across a spectrum of devices and scan
ner types.5,6 To date, only a handful of studies have reported upon the 
clinical impact of CMR imaging in patients with ICDs.7–9 Thus, the clinical 
and prognostic utility of CMR in this important cohort of patients has yet 
to be established. Elucidation of the clinical value of a CMR exam in these 
patients is relevant, given that an estimated 50% to 75% of patients with 
an ICD will have a potential indication for at least one CMR examination 
during their lifetime.10,11

Often, the aetiology of a cardiomyopathy or sudden cardiac death is not 
fully defined prior to ICD implantation. In this setting, it is unknown how 
often CMR imaging may change the clinical diagnosis or management. 
Furthermore, since patients with ICD can develop ventricular tachycardia, 
there may be a need to determine the location and burden of myocardial 
scar to guide ablation approach for ventricular tachycardia (VT).12 CMR 
additionally plays a role in predicting the post-ablation long-term VT-free 
survival.13 Recent studies showed that the use of wideband LGE significant
ly improves image quality, compared to conventional LGE imaging, and can 
accurately localize myocardial scar,5,14 but artefact reduction by the use of 
wideband LGE is not uniform across the different common types of ICD.15

Accordingly, our current study aimed to determine in patients with 
an ICD: (i) the current referral patterns of CMR, (ii) how often CMR 
results alter the clinical diagnosis, (iii) whether CMR impacts clinical 
decision-making, and (iv) whether CMR findings remain prognostically 

significant even in the presence of advanced heart disease already trea
ted with an ICD.

Methods
Data and materials used in this study will not be made publicly available.

Study protocol
We identified from our CMR registry 179 patients with ICDs who under
went clinically indicated CMR examinations including LGE imaging with the 
wideband technique between February 2016 and July 2020. The study was 
approved by the Institutional Review Board, and each patient signed an in
formed consent to be included in the registry. In patients with repeat/ 
follow-up examinations, only the initially performed CMR dataset was 
used for analysis. Inclusion criteria were as follows: (i) age >18 years, (ii) 
glomerular filtration rate >30 mL/min/1.73 m2, and (iii) ability to tolerate 
CMR protocol. In accordance with the institutional policy during the above 
time period, patients with the following conditions were excluded from 
undergoing clinical CMR examination: (i) ongoing unstable ventricular ar
rhythmia, (ii) ICD implantation within 30 days, or (iii) abandoned and/or re
tained leads or suspected lead malfunction and/or fracture. The approach to 
our screening process and safety algorithm (before, during, and after CMR) 
followed Heart Rhythm Society recommendations. Specifically, a chest 
X-ray was performed prior to the CMR examination to assess the location 
and number of leads, and a pre- and post-CMR device interrogation was 
performed to ensure stability of ICD parameters and inhibit inappropriate 
tachyarrhythmia therapies during imaging. Patients were continuously mon
itored by an advanced cardiac life support certified advanced nurse practi
tioner or physician, with continuous heart rhythm monitoring using the 
CMR vector-gating system in conjunction with pulse oximetry and blood 
pressure assessments every 5 min. No issues with ICD parameters were 
identified using post-study interrogation.

Clinical data including demographics, medical history, indication for CMR 
referral, whether there was a change in clinical diagnosis/decision-making, 
and outcomes were obtained from the patient and from the electronic 
medical records. Diagnostic utility and impact on clinical management 
were assessed by consensus of experts (detailed below).
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CMR imaging protocol and analysis
All CMR studies were performed using a 1.5 T scanner (Achieva, Philips) 
with a five-channel surface coil using a standardized protocol, inclusive of 
cine and LGE imaging using the wideband technique as previously de
scribed.5 When possible, the protocol involved raising the arm above the 
head on the ipsilateral side of the ICD to increase the distance between 
the pulse generator and the heart in order to minimize imaging artefacts. 
The wideband LGE protocol modified the standard inversion radiofre
quency (RF) pulse bandwidth from the vendor’s default of 1.8 kHz setting 
to a fixed 3.8 kHz, based on previously published works.6,15 This modified 
inversion RF was used in three CMR pulse sequences: first, in a series of pre- 
contrast wideband inversion RF scans to determine the optimal wideband 
RF centre frequency shift for minimizing the extent of exhibited device ar
tefacts; second, in a wideband LGE Look-Locker T1 scout to determine 
the optimal inversion time for myocardial nulling, and lastly for wideband 
LGE imaging of the suspected myocardial scar. The pre-contrast images 
were acquired in the four- and two-chamber views at three frequency shifts: 
−1500, 0, and +1500 Hz. The frequency shift with minimal ICD-related arte
fact was visually identified and selected as optimal frequency shift. Next, a 
gadolinium-based contrast agent was administered (0.1– 0.2 mmol/kg, de
pending upon renal function), followed by short-axis cine images spanning 
the left ventricle (LV) from base to apex (temporal resolution ∼40 ms) using 
either a segmented steady-state free precession or gradient recalled echo tech
nique. Ten minutes after contrast administration, wideband LGE images with a 
phase sensitive reconstruction were acquired in the two-, three-, and four- 
chamber views, as well as in the short-axis stack, using the selected optimal fre
quency shift and inversion time. Images were acquired using the following para
meters: acquisition matrix: 192 × 192; voxel size: 2 × 2 × 10 mm; TR/TE 
(repetition time and echo time) = 4.1–4.5/2.0–2.2 ms; default bandwidth per 

pixel = 479 Hz/pixel; flip angle: 30°; and using gradient echo pulse sequence 
with parallel imaging (SENSE) acceleration factor of R = 2.

All CMR studies were analysed off-line using a workstation with a dedi
cated software (Medis Suite, Leiden, Netherlands). LV and right ventricular 
(RV) volume, mass, and ejection fraction (EF) were measured by use of the 
method of disks applied to the short axis stack of cine images. LV endocardial 
and epicardial borders on cine images were manually traced to define the 
myocardium, taking care to exclude papillary muscles and the intertrabecular 
blood pool. Volumes and mass were normalized to body surface area.

LGE analysis
The presence and/or absence of LGE was visually determined on post- 
contrast images by a level 3 trained CMR expert. LGE was defined as having 
a signal intensity greater than 5 SD of the normal remote myocardium and 
confirmed on either two contiguous slices or in two distinct imaging planes. 
When possible, oblique images were used to confirm that an area of sus
pected LGE was not due to partial volume effect from the LV outflow tract 
or other structure. The predominant patterns of LGE (used for categorizing 
diagnosis) were recorded as follows: (i) subendocardial (n = 68), (ii) mid-wall 
(n = 30), (iii) subepicardial (n = 15), (iv) combined (ischaemic and nonischae
mic pattern, n = 6), (v) diffuse (n = 11), (vi) patchy (n = 12), and (vii) RV inser
tion points (n = 9), including patients with more than one of these patterns. In 
addition, LGE was quantified per slice of myocardium by manually tracing 
around its visually apparent perimeter, with the total LGE area of all slices 
summed over the entire LV myocardium to calculate total LGE burden.

Artefacts were assessed in each short-axis slice for wideband LGE images, 
and each slice was interrogated for the presence of device-related artefacts 
(off-resonance, signal void, or susceptibility). Studies without device-related 
artefact affecting the myocardium were categorized as ‘no artefact’.

Figure 1 Definition of significant clinical impact.
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Assessment of CMR impact on clinical 
diagnosis, management, and outcomes
Designations of ‘significant clinical impact’ of CMR were defined prior to 
data collection and evaluated by direct review of electronic medical records 
(Figure 1). Significant clinical impact criteria were met in the presence of a 
‘changed or new diagnosis’, or if a ‘change in management’ occurred. 
Two physicians blinded to ascertainment of ‘significant clinical impact’ inde
pendently interpreted a random sample of the patients. A third physician 
adjudicated any discrepancy between the interpreters.

Changed or new diagnosis/change in 
management
A ‘new diagnosis’ was defined as occurring only if it was previously unknown 
by the referring healthcare team. For example, a patient referred for CMR 
assessment of non-ischaemic cardiomyopathy found instead to have evi
dence of myocardial infarction would be defined as having had a change 
in diagnosis. Another example for a new diagnosis would be detection of 
a previously unknown LV thrombus. For CMR-based imaging, CAD was 
considered present if sub-endocardial based LGE was identified in a typical 
coronary artery distribution.

‘Change in Management’ was defined as occurring when one of the fol
lowing criteria were met: CMR results led directly to either the perform
ance or avoidance of an invasive procedure [such as endomyocardial 
biopsy, angiography, percutaneous coronary intervention (PCI), coronary 
artery bypass grafting (CABG), or ablation]; CMR findings led to a change 
in ablation approach; CMR findings led to changes in medication; or CMR 
findings led to genetic testing of the potential proband or cascade family 
screening (Figure 1).

A patient with both ‘changed or new diagnosis’ and ‘change in manage
ment’ (e.g. when CMR findings led to diagnosis of intracardiac thrombus 
with subsequent initiation of anticoagulation) was only counted once to
wards ‘significant clinical impact’.

Clinical outcomes
Clinical outcomes were defined as a composite endpoint of all-cause death 
and major adverse cardiovascular events (MACEs): cardiovascular death, re
current ventricular arrhythmia, heart transplantation, CABG, and LV assist 
device implantation. When more than 1 event occurred in a patient, the first 
event was used.

Statistical analysis
Continuous variables were expressed as mean ± standard deviation if nor
mally distributed or as median and interquartile range if not normally dis
tributed. Categorical variables were expressed as frequency and 
percentages. Intergroup comparisons were performed using Student t-tests 
or Mann–Whitney U tests for numeric variables and χ2 tests of association 
or Fisher exact tests for categorical variables, as appropriate. The area un
der the curve in the receiver operating characteristic (ROC) analysis was 
estimated to determine the optimal cut-off point for LGE area to predict 
clinical outcome. Kaplan–Meier analysis plotted MACE survival curves ac
cording to the presence of LGE, burden of LGE, and LVEF, and compared 
using the log-rank test. All P-values were two-sided, and a P-value ≤0.05 was 
considered statistically significant. All statistical analyses were performed 
using STATA version 16 (Stata Corporation, College Station, TX, USA).

Results
Baseline clinical characteristics
Baseline characteristics are summarized in Table 1. Seventy-seven (43%) 
patients had ICD implantation for secondary prevention. Of the 179 
study patients, 119 had pacemaker ICD, 47 cardiac resynchronization 

therapy ICD, and 13 subcutaneous devices. Overall, image quality 
was good. One hundred thirty studies had no significant device-related 
artefact (73%); 40 had device-related artefact but remained diagnostic 
(22%); only 9 were non-diagnostic (5%) and were excluded from LGE 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Table 1 Baseline patient clinical characteristics

Baseline characteristics All subjects,  
n = 179

Age (years ± SD) 59 (± 13)

Sex

Male 135 (75.4%)

Female 44 (24.6%)

Race

White 115 (64.3%)

Black 55 (30.7%)

Hispanic 4 (2.2%)

Asian 4 (2.2%)

Other 1 (0.6%)

BMI (kg/m2) 29 ± 6

ICD indication

Primary prevention 101 (56.7%)

Secondary prevention 77 (43.3%)

CMR study indication

Ventricular arrhythmia 114 (63.7%)

Cardiomyopathy evaluation 53 (29.6%)

Viability 10 (5.6%)

Other 2 (1.1%)

Referral setting

Inpatient 62 (34.8%)

Outpatient 116 (64.8%)

Comorbidities

Hypertension 122 (68.2%)

Dyslipidaemia 112 (62.6%)

Diabetes mellitus 56 (31.3%)

Smoking

Never 114 (64.0%)

Current 60 (33.7%)

Former 4 (2.3%)

Chronic kidney disease 54 (30.3%)

Peripheral arterial disease 16 (9.0%)

Stroke 19 (10.7%)

Coronary artery disease 87 (48.9%)

Heart failure 151 (84.8%)

Rheumatoid arthritis 3 (1.7%)

Amyloidosis 7 (4.0%)

Sarcoidosis 8 (4.5%)

Arrhythmogenic right ventricular cardiomyopathy 7 (3.9%)

Family history of atherosclerotic cardiovascular 

disease

65 (36.5%)

Prior ventricular ablation 36 (20.9%)
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analysis, which consisted of the remaining 170 studies. Biventricular dys
function was common in this cohort, with average LVEF and RVEF 

values of 35% and 42%, respectively. LGE was present in 134 of 170 
(78.8%) studies.

The major CMR findings are summarized in Table 2. Overall, the 
most common referral indication was for evaluation of ventricular 
arrhythmia substrate (n = 114, 63.7%), followed by assessment or 
follow-up of cardiomyopathy (n = 53, 29.6%). All patients had a prior 
echocardiogram within the last 12 months. Sixty-two (34.8%) were 
inpatient referrals (Table 1).

Impact of CMR on diagnosis
CMR resulted in a new or changed diagnosis in 64 (36%) studies (Figures 
2 and 3). A changed diagnosis based on CMR findings occurred in 33% 
(38/114) patients referred for ventricular arrhythmias and in 36% (19/ 
53) referred for cardiomyopathy evaluation. Impact of CMR on diagno
sis was also seen in all (2/2) patients referred for thrombus/pseudoa
neurysm evaluation and in 30% (3/10) of patients referred for 
viability assessment. In addition, this impact was seen in 31% of patients 
with primary prevention ICD, vs. 34% with secondary ICD. The most 
frequent new diagnoses were related to determination of cardiomyop
athy aetiology, specifically in recognition of mixed aetiology (n = 10) and 
non-ischaemic aetiology (n = 11), followed by a diagnosis of unrecog
nized or silent myocardial infarction (n = 8) based on typical LGE 
patterns which had previously gone undetected by coronary angiog
raphy or echocardiography. LV thrombus was found in two patients 
not seen on echocardiography and excluded in three patients with in
conclusive echocardiography findings. CMR led to a new diagnosis of 
cardiac sarcoidosis in six patients, all of whom had been referred for 
CMR prior to VT evaluation, with the diagnosis confirmed by subse
quent positron emission tomography-computed tomography 
(PET-CT) or biopsy. Cardiac amyloidosis was detected in an additional 
five patients, who were all referred for cardiomyopathy evaluation. 
CMR findings diagnosed hypertrophic cardiomyopathy in three patients 
(2 referred for cardiomyopathy and 1 for VT evaluation) based on the 
characteristic pattern of hypertrophy and scar—one in a patient with a 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Table 2 CMR characteristics

CMR characteristics All patients

LVEF (%) 35 (25–46)

LVEDV index (mL/m2) 113 (92–153)

LVEDV (mL) 237 (190–308)

LVESV index (mL/m2) 78 (50–107)

LVESV (mL) 153 (100–235)

LV mass index (g/m2) 71 (60–90)

LV mass (g) 154 (114–192)

RVEF (%) 43 (33–51)

RVEDV index (mL/m2) 90 (71–112)

RVEDV (mL) 188 (146–233)

RVESV index (mL/m2) 50.5 (37–67)

RVESV (mL) 99.5 (77–140)

Artefact

No artefact, n (%) 140 (75.3)

Artefact + diagnostic, n (%) 36 (19.4)

Artefact + nondiagnostic, n (%) 10 (5.4)

LGE present, n (%) 134 (78.7)

LGE area, cm2 (136) 13.9 (0.56–44)

Values are median (25–75th percentile). 
LVEDV, LVESV - left ventricular end-diastolic/end-systolic volumes; RVEDV, RVESV - 
right ventricular end-diastolic/end-systolic volumes; LVEF, RVEF - left/right ventricular 
ejection fractions.

Figure 2 Change in diagnosis after CMR study. Weighted lines represent number of patients (also numerically represented within the circle).
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prior myocardial infarction and presumed ischaemic cardiomyopathy 
and two with a history of nonischaemic cardiomyopathy. Acute myo
carditis was diagnosed in five patients (4 referred for cardiomyopathy 
and 1 referred for VT assessment) based on mid-myocardial or sub- 
epicardial LGE patterns in combination with the clinical context. 
Three patients were strongly suspected of LV non-compaction as an 
aetiology for their cardiomyopathy after characteristic findings were 
noted on CMR (not previously seen on echocardiography). CMR find
ings led to a new diagnosis of arrhythmogenic RV cardiomyopathy 
(ARVC) in four patients who were all referred for VT evaluation (2 pre
viously normal and 2 with nonischaemic cardiomyopathy). CMR find
ings of fibrosis in four patients modified the diagnosis from normal 
heart to other conditions that not clearly fit into any one of the above 
categories. Pseudoaneurysm was excluded in one patient with 

suggestion of this diagnosis on prior echocardiography. Overall, the dis
covery of a new diagnosis led to a change in patient management in 37% 
of cases as detailed in the following section.

Impact of CMR on management
CMR findings impacted clinical management in 51 (28%) studies (Table 3). 
Six patients underwent revascularization with PCI or CABG after LGE 
imaging demonstrated myocardial viability. Conversely, coronary revas
cularization was deferred in four patients due to the absence of viability 
on CMR. In nine patients with suspected or known cardiomyopathy, find
ings suggested hypertrophic cardiomyopathy, cardiac amyloidosis, or 
ARVC, prompting genetic testing. Four patients underwent PET-CT 
and myocardial biopsy after LGE imaging demonstrated abnormalities 
suggesting sarcoidosis.

Medication management was also influenced in a number of patients. 
Antiplatelet and statin therapy was commenced in one patient after 
diagnosis of unsuspected myocardial infarction; dual antiplatelet ther
apy was modified with systemic anticoagulation after confirming LV 
thrombus in another patient with known CAD. Systemic anticoagula
tion was stopped in two patients due to absence of LV thrombus on 
CMR, despite being suspected by recent echocardiography. LGE find
ings of inflammatory cardiomyopathy or cardiac amyloidosis led to ini
tiation of immunosuppressive therapy or tafamidis in four patients.

CMR imaging depicted LGE in 85 of the 114 patients referred for 
ventricular arrhythmia assessment (75%). Seventy-six (67% of VT refer
ral) patients underwent VT ablation following CMR. Of these, LGE im
aging identified a structural substrate in 58 patients (76%). As it is our 
institutional practice pattern to simultaneously perform epicardial and 
endocardial mapping in most patients during VT ablation, CMR results 
did not impact whether an epicardial approach was used, with the ex
ception of those with isolated scarring in the septum. In this scenario, an 
epicardial approach was not performed (17/58, 29%) thus impacting ab
lation strategy. In addition, LGE findings led to a deferral of ablation in 2 
of 58 (3%) patients, who were instead referred for coronary angiogram 
and genetic testing, respectively.

Clinical outcomes
A total of 77 patients (43%) experienced MACE during the follow up 
period (median, 1.7 years), including: all-cause death (n = 30), LV assist 

Figure 3 Examples of a change in or new diagnosis. (A) A 58-year-old male with heart failure with reduced ejection of unclear aetiology was referred 
for cardiomyopathy evaluation, with findings suggestive of left ventricular non-compaction cardiomyopathy. (B) A 67-year-old male with non-ischaemic 
cardiomyopathy and recurrent VT referred for scar evaluation prior to ablation. LGE in the anteroseptal and inferoseptal segments with extension to 
the RV (‘hook sign’ in anteroseptum and ‘triangle sign’ in inferoseptum) was seen. Findings were highly probable for cardiac sarcoidosis, which was 
confirmed on biopsy.
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Table 3 Impact of CMR on patient management

Impact of CMR on patient management n

Impact on revascularization 10

Led to PCI/CABG 6

Avoided PCI/CABG 4

Impact on medications 8

Started anticoagulation 1

Stopped anticoagulation 2

Started immunosuppressive therapy 4

Started ASA/statin 1

Impact on diagnostics 13

Led to genetic testing 9

Led to endomyocardial biopsy 4

Impact on electrophysiology procedures 20

Avoided ablation 3

Change in ablation approach 17

TOTAL 51
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device implantation (n = 8), heart transplantation (n = 7), recurrent 
ventricular arrhythmias (n = 31), and CABG (n = 1). Of these out
comes, 65 of 77 (84%) occurred in patients with LGE and 12 of 77 
(16%) occurred in patients without LGE. Sixty-six percent (51/77) oc
curred in patients referred for VT evaluation, 25% (19/77) for CM, 6.5% 
(5/77) for viability, and 2.6% (2/77) for other reasons (Table 4). Kaplan– 
Meier analysis revealed that ICD patients with LGE had worse out
comes than those patients with no LGE (Figure 4A; P = 0.006). The me
dian total area of LGE extent in LGE positive patients was 13.9 cm2. 
ROC curve was created to determine the best discriminator value of 
LGE extent for predicting event free survival. From this, a value of 
LGE area of 12.4 cm2 was obtained as the best cut-off value for predict
ing MACE in this cohort. LGE positive patients were then subdivided 
into LGE area < and ≥ 12.4 cm2 for Kaplan-Meier analysis. The burden 
of LGE also demonstrated prognostic association with MACE 
(Figure 4B). Lastly, LVEF as measured using CMR also demonstrated 
prognostic association with MACE (Figure 4C).

Discussion
Due to a growing understanding that CMR can be safely performed in 
most patients with an ICD while maintaining diagnostic quality 
images,5,16 CMR is increasingly utilized in this patient population. 
However, patients it is unknown how frequently the use of CMR in pa
tients with ICDs alters the clinical diagnosis and/or the treatment plan, 
nor is it known whether CMR provides prognostic value in these pa
tients. The primary findings of our study are as follows: (i) the most 
common indications for CMR referral at our centre were for evaluation 

of ventricular arrhythmia substrate (64%) or for assessment or follow- 
up of cardiomyopathy (30%), (ii) CMR testing resulted in a change in 
diagnosis in 36% of the overall population, (iii) CMR testing resulted 
in a change in clinical decision-making in 28% of patients, and (iv) the 
presence and extent of LGE was associated with worse outcomes. 
These data indicate that CMR is valuable as a diagnostic and prognostic 
imaging tool in appropriately selected patients with ICDs.

CMR has the distinctive ability for tissue characterization, with par
ticular emphasis on its ability to detect myocardial injury patterns. 
CMR detection of myocardial injury in both ischaemic and non- 
ischaemic cardiomyopathies provide valuable prognostic information, 
and can help guide appropriate patient selection for device therapies 
and pre-procedural planning for VT ablation. While the number of pa
tients with ICDs is steadily rising, CMR based LGE assessment in this 
population remains limited due to residual apprehensions about safety 
and ICD-induced artefacts that can render LGE assessment non- 
diagnostic. Despite these concerns, a growing body of literature sug
gests that it is safe to perform CMR in the presence of cardiac devices 
by taking several precautions during patient selection and image acqui
sition. By adhering to a safety algorithm to ensure appropriate patient 
selection and monitoring, as well as pre- and post-CMR interrogation of 
the device to maintain the specific absorption rate below 2 W/kg, we 
obtained diagnostic quality LGE imaging in patients with an ICD without 
any adverse events. We also used a modified sequence with a widened 
RF bandwidth inversion pulse, which reduced the hyperintensity arte
fact and resulted in diagnostic-quality LGE images in 95% of subjects 
at our institution. Efforts are currently underway to develop additional 
CMR techniques using wideband pulse sequences, including T1- and 
T2-mapping, as well as stress perfusion imaging,17,18 but the principal 
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Table 4 Clinical outcome according to CMR study referral indication

All patients CMR indication

VT (n = 114) CM (n = 53) Viability (n = 9) Other (n = 2)

LGE (+) LGE (−) LGE (+) LGE (−) LGE (+) LGE (−) LGE (+) LGE (−)
(n = 44) (n = 7) (n = 19) (n = 0) (n = 5) (n = 0) (n = 1) (n = 1)

Outcome Death 30 13 2 10 0 4 0 0 1
OHT 7 3 1 2 0 1 0 0 0

LVAD 8 3 0 4 0 0 0 1 0

Recurrent VT 31 25 4 2 0 0 0 0 0
CABG 1 0 0 1 0 0 0 0 0

CM, cardiomyopathy; LVAD, left ventricular assist device; OHT, orthotopic heart transplantations.

Figure 4 Kaplan–Meier survival curves by presence of LGE (A), by total LGE area (B), and by LVEF (C ).
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value of CMR in patients with ICDs remains in LGE assessment. 
Moreover, 3D LGE might be useful for guiding ablation procedures.

We found a relatively high rate of diagnostic impact in patients re
ferred for CMR for the evaluation of ventricular arrhythmia, and in par
ticular, secondary prevention ICD patients as well as in those referred 
for evaluation of cardiomyopathy. There may be several reasons for this 
observation. Current diagnostic algorithms for patients presenting with 
malignant ventricular arrhythmia recommend the routine use of trans
thoracic echocardiography and invasive coronary angiography with se
lective consideration of additional imaging, such as CMR. This approach, 
however, cannot readily identify the entire range of myocardial tissue 
abnormalities that may be detectable at the time of ICD implantation. 
For instance, cardiac diseases mimicking LV hypertrophy may be mis
diagnosed as hypertensive heart disease and remain undetected. In 
our cohort, cardiac sarcoidosis, ARVC, and LV non-compaction cardio
myopathy were diagnosed in patients with no prior history of these dis
orders. Previous data in survivors of sudden cardiac death/VT showed 
that the addition of CMR prior to ICD implantation yielded a high incre
mental diagnostic value, resulting in a new or alternate diagnosis in 
about 50% of patients.19 Because certain conditions, such as acute myo
carditis, may be considered transient catalysts of ventricular arrhythmia, 
identifying them is clinically important. We also identified unsuspected 
myocardial infarction-LGE pattern in a group of patients presenting 
with ventricular arrhythmias. This finding raises important considera
tions, and provides a mechanistic explanation for the malignant ven
tricular arrhythmias experienced by these patients. The recurrence of 
arrhythmia in these patients with CMR evidence of myocardial infarc
tion may present insights into the appropriate use of ICD therapy in 
this population.

Notably, a single baseline CMR exam may not be sufficient for 
identifying myocardial pathology, which may manifest over time. 
Given the natural evolution of myocardial diseases and variable dis
ease stages, interval re-imaging of ICD patients could be considered 
if life threatening arrhythmias or worsening heart failure symptoms 
recur over time. Our results add to previous research showing the 
added value of CMR imaging on clinical decision-making in patients 
with CMR–conditional pacemakers20 and ICDs7 with ventricular 
arrhythmia.

While not directly assessed by the current study, perhaps the great
est clinical impact is related to electrophysiology procedural decision 
making in patients with VT. Our results support that CMR imaging 
has diagnostic utility in the detection of myocardial substrate in patients 
with malignant ventricular arrhythmia. LGE imaging identified a struc
tural substrate in 76% of patients who underwent VT ablation following 
CMR. In non-ischaemic cardiomyopathy in particular, identifying a po
tential target for subsequent VT ablation is important as substrate- 
guided (‘fibrosis-guided’) ablation has become a cornerstone for 
catheter treatment of complex ventricular arrhythmias. LGE CMR 
based information can help determine the preferred route of access 
(i.e. endocardial or epicardial approach only or combined endo-/ 
epicardial approach) and facilitate a more targeted ablation with knowl
edge about the segmental location of potential substrate beforehand.

CMR remains the gold standard for tissue characterization. In the 
current study, the information gained from CMR testing resulted in a 
change in clinical diagnosis and management in a significant proportion 
of ICD patients referred for cardiomyopathy assessment. Of the 53 
such patients, a new or changed diagnosis was made in 36%. This in
crease was especially realized through more sensitive detection of is
chaemic and nonischaemic forms of myocardial disease. LGE 
assessment additionally provided guidance in decisions regarding im
munosuppression in sarcoidosis, genetic screening with suspected car
diomyopathy, and pharmacotherapy in ischaemic cardiomyopathy.

It is well known that CMR offers additional prognostic data with as
sessment of fibrosis and disease severity in ICD patients. Both the 

presence and burden of LGE was associated with worse outcomes in 
our study, which included patients with both primary and secondary 
prevention ICD.

Limitations
Our study has important limitations, the first being that our data are re
flective of a single medical centre; thus, the impact of institutional refer
ral patterns on the findings cannot be quantified. While the study 
cohort closely reflected the clinical spectrum typically encountered at 
a tertiary care centre, future work needs to consider larger study 
groups from multiple centres. Additionally, our CMR protocol for im
aging patients with an ICD was limited to cine and wideband LGE 
imaging and did not include techniques such as wideband 
T1-mapping, T1- or T2-weighted imaging, magnetic resonance angiog
raphy, or myocardial perfusion, which are the focus of many current 
research endeavours. Accordingly, reclassification to non-ischaemic 
cardiomyopathy was based on absence of typical ischaemic LGE pat
tern, leaving a possibility of classification error in some patients without 
corroborative evaluation by other modalities.

One might question the high incidence of LGE in our study cohort, 
which indeed is high even for a mixed population of ischaemic and non- 
ischaemic cardiomyopathy. However, the high incidence of LGE is 
explained by the fact that this cohort is comprised of patients who 
have ICDs. It has been well established that patients with various 
non-ischaemic cardiomyopathies who have LGE are more likely to 
have ventricular arrhythmias21–23; thus, it is no surprise that patients 
with an ICD are more likely to have LGE. Additionally, the fact that a 
patient with an ICD was referred for CMR by itself suggests that their 
cardiomyopathy is not behaving as expected in some way; therefore, 
the higher incidence of LGE in our population is not surprising. 
Furthermore, two of three patients in our cohort were referred for 
ventricular arrhythmias (Table 1), and so these individuals would be 
expected to have more LGE.

Conclusion
The use of a tailored CMR protocol that includes cine and wideband 
LGE imaging has the potential to change the clinical diagnosis, alter 
treatment plan, and provide incremental prognostic value in appropri
ately selected patients with an ICD. Future studies in a multicentre set
ting are needed to fully understand the clinical impact of performing 
CMR imaging in this patient population.
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