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Abstract

Implantable cardioverter defibrillators (ICDs) have been a relative contraindication to
cardiovascular magnetic resonance imaging. Although cardiovascular magnetic resonance
provides valuable information regarding scar in patients with ventricular arrhythmias or
cardiomyopathy, ICDs in these patients frequently cause artifacts hindering accurate interpretation
of both cine and late gadolinium enhancement (LGE) images. We sought to quantify the frequency
and severity of artifact on LGE images and assess whether a modified wideband LGE protocol
could improve the diagnostic yield of scar identification in agreement with invasive
electroanatomic mapping (EAM). Forty-nine patients with ICDs and ventricular tachycardia (VT)
or cardiomyopathy underwent CMR (Philips 1.5T), including standard and wideband LGE
imaging. A safety algorithm was followed throughout the protocol. Standard and wideband LGE
short-axis images were graded using an artifact score on a per-slice basis. LGE on wideband
images was compared with EAM in 27 of 49 patients who underwent VT ablation. There were no
adverse patient- or device-related events. With standard LGE imaging, 84% of patients
demonstrated some degree of hyperenhancement artifact, which persisted in 22% on wideband
LGE but with much less extent. Wideband LGE imaging resulted in an increase from 48% to 94%
diagnostic-quality slices, with a significant reduction in artifact score, and correlated with EAM in
21 of 27 patients (78%). In conclusion, assessment of standard LGE is markedly limited by artifact
in patients with ICD. The use of wideband LGE significantly improves image quality and can
accurately localize myocardial scar before VT ablation.

Although the use of cardiovascular magnetic resonance (CMR) in patients with non-MR
conditional implantable cardioverter defibrillator (ICD) is primarily an off-label indication,
there is a growing evidence to suggest that, with appropriate precautions, it can be
performed safely.1:2 However, few studies focused on CMR in patients with ICDs,34 nor has
the impact of ICDs on image quality been systematically evaluated. Previous studies aimed
at scar assessment in patients with ICDs demonstrated considerable limitations regarding
device-associated artifact, which may involve >50% of the myocardium.>8 Specifically,
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hyperenhancement artifact related to ICD-induced frequency offset of susceptible
myocardium may mimic late gadolinium enhancement (LGE) obscuring the ability to
determine the extent of scar, or even falsely suggesting scar presence. Recent studies have
tested the feasibility of a wideband (WB) protocol at 1.5 and 3T for standard and 3D LGE
imaging, showing significantly reduced hyperenhancement artifact, thereby offering
potential for accurate scar detection in patients with 1CDs.’~ However, WB LGE has not
been widely implemented in clinical practice, and published literature to date reported WB
imaging in association with a single vendor and remained largely relegated to research
applications. It is important to further investigate the value of the WB protocol, including
validation by independent sites and on different vendor platforms. We aimed to: (1)
determine the baseline burden of artifact on standard LGE images; (2) test the feasibility and
establish the safety of the WB protocol for scar assessment in patients with ICDs; (3) assess
the reduction of artifact with WB LGE imaging; and (4) compare the agreement between
standard and WB LGE assessment of scar localization with invasive electroanatomic
mapping (EAM) as a reference.

We prospectively enrolled 49 patients with clinical ventricular tachycardia (VT) or heart
failure and ICDs, referred for CMR assessment of myocardial scar (February 2016 to April
2018). Inclusion criteria were as follows: (1) age >18 years; (2) glomerular filtration rate
>30 ml/min/1.73 m? to permit administration of gadolinium-based contrast; (3) ability to
tolerate CMR protocol. Exclusion criteria were ongoing unstable ventricular arrhythmia,
gadolinium allergy, ICD implantation within 30 days, and abandoned and/or retained leads
or suspected lead malfunction and/or fracture. The study was approved by the Institutional
Review Board and each patient provided informed consent.

A general safety algorithm was followed for all patients before, during and after CMR
(Figure 1). Specifically, pre- and post-CMR device interrogation was performed to ensure
stability of ICD parameters and inhibit inappropriate tachyarrhythmia therapies during
imaging. Patients were carefully monitored by an advanced cardiac life support certified
nurse and a physician, with continuous electrocardiography and pulse oximetry, and blood
pressure assessments every 5 minutes.

In all patients, the presence of ICD-related artifacts on images obtained with and without
WB was determined and graded for extent of the artifact and compared between these 2
acquisition modes. In a subgroup of 27 patients who were referred for VT ablation, scars
identified on standard LGE and separately WB LGE images were compared against the
reference of invasive EAM.

CMR was performed using a 1.5T scanner (Achieva, Philips) with a 5-channel surface coil.
The study protocol initially involved supine position, but was subsequently modified to raise
the arm above the head on the ipsilateral side of the ICD, in an effort to increase the distance
between the pulse generator and the heart (Figure 2) to minimize imaging artifacts.
Immediately following initial survey views, precontrast 4- and 2-chamber scout views were
obtained at 3 frequency shifts: —1500, 0 and +1500 Hz (Figure 3). The frequency shift with
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minimal ICD-related artifact was identified. Next, a gadolinium-based contrast agent was
administered (0.1 to 0.2 mmol/kg, depending on renal function), whereas retrospectively
gated short-axis cine images were obtained spanning the left ventricle from base to apex
(temporal resolution 25 to 40 ms). Ten minutes after contrast administration, standard and
WB LGE images were acquired in the 2-, 3-, and 4-chamber views as well as short-axis
stack. Standard LGE images were acquired using a T1-weighted gradient-echo pulse
sequence with a phase-sensitive inversion recovery reconstruction (typical inversion time
200 to 300 ms, voxel size 2 x 2 x 10 mm, SENSE factor 1-2). WB LGE images were
acquired with the optimal frequency shift. The WB protocol modified the standard inversion
pulse bandwidth from 1.5 to 3.8 kHz, based on previously published work.® Heart rate,
electrocardiography, pulse oximetry, and blood pressure were monitored throughout the
duration of the study.

The presence of artifact was determined by a level 3 trained CMR expert per short-axis slice
for both standard LGE and WB LGE images. Patients were given an artifact score (number
of slices with artifact divided by the total number of short-axis slices).

Clinical data including demographics, ICD vendor and/or type and history of previous VT
ablation were obtained from the medical records. For patients who proceeded to invasive VT
ablation, EAM (assorted vendors) was performed to delineate low-voltage regions or
fractionated signals suggestive of scar. These data were used as a reference for comparisons
to CMR-based scar localization by both standard and WB LGE. Endocardial approach was
the procedural default, unless CMR data suggested an epicardial or mid-myocardial focus or
intraprocedural data demonstrated a failed endocardial approach.

Continuous variables are reported as means + standard deviations. Significance of
differences was determined using paired ¢ Tests. Categorical variables were expressed as
numbers or proportions and the differences were tested using chi-square statistics.

The clinical data of the study patients are shown in Table 1. The overall prevalence of LGE
was 71% (n = 35). Twenty-seven patients (55%) underwent VT ablation following their
CMR exam. The average duration of the CMR examination, with addition of the WB
protocol, was 54 + 14 minutes, not significantly longer than standard clinical examinations
without WB imaging in the control subjects: 50 + 15 (p = 0.28). The majority of WB
imaging was performed at a frequency offset of +1500 Hz. Although most of the patients
had non-MR conditional devices, there were no adverse events. Pre- and post-CMR ICD
parameters are shown in Table 2. There were no significant changes in parameters and no
tachy-therapies or failure to pace during or immediately after CMR.

On standard LGE images, hyperenhancement artifact of any severity, which could be
mistaken for LGE, was encountered in the majority of patients with ICD (41 of 49 or 84%).

The most common location of artifact was throughout the anterior wall, with the apical
segment most commonly involved followed by the mid and basal anterior segments. The
basal anteroseptum and basal anterolateral segments were also commonly impacted. After
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applying the WB LGE protocol at manually selected frequency shifts, the majority of these
cases (32 of 41 or 79%) demonstrated complete resolution of artifact. With WB LGE
imaging, there was no evidence of LGE in 10 of 41 patients (24%) with baseline
hyperenhancement artifact, thus clarifying the artefactual nature of this finding on standard
LGE images.

In terms of diagnostic quality of the standard LGE images, 278 of 533 short-axis slices
(52%) were deemed as nondiagnostic when the myocardium had any hyper-resonance or
signal void artifact preventing complete visualization of the muscle. With WB LGE imaging,
the number of nondiagnostic slices was considerably lower (32 of 537 or 6%, p < 0.01). In
keeping with this effect of WB LGE imaging, the artifact score was significantly reduced
(Table 3): only 11 of 49 patients demonstrated hyperenhancement artifact of any kind and,
the artifact size was small relative to the heart size.

With standard LGE imaging, the presence and location of LGE was in agreement with at
least one focus of scar on EAM in 10 of 27 cases. In contrast, with WB imaging, the
agreement with EAM was noted in 21 of 27 cases, reflecting considerable improvement in
scar localization. This included absence of LGE, which correlated with no EAM evidence of
left ventricular scar in 2 patients (Figure 4). Two patients had right ventricular endocardial
mapping alone, so agreement could not be assessed for left ventricular scar.

Discussion

We sought to assess how the presence of an ICD impacted the image quality and diagnostic
utility of standard-LGE images by comparing the frequency of artifacts and their effects on
scar identification. We additionally sought to determine to what extent the use of a WB-LGE
protocol could improve the clinical utility of LGE-CMR imaging. Our study confirmed that
the presence of an ICD results in standard LGE images that are frequently of nondiagnostic
quality. The use of a WB-LGE imaging protocol was shown to nearly universally mitigate
the artifact. Importantly, the presence and location of scar on WB-LGE images correlated
with scar maps determined by EAM better than standard LGE images. Furthermore, by
adhering to a safety algorithm to ensure appropriate patient selection and monitoring, we
obtained diagnostic quality LGE images in all patients without any adverse events. This was
particularly notable given the spectrum of device manufacturers, and the fact that most
devices in our study were non-MR conditional.

The detection of scar in ischemic and nonischemic cardiomyopathies using CMR provides
valuable prognostic information, and may help guide appropriate patient selection for device
therapies and preprocedural planning for VT ablation.10-12 There is an increasing emphasis
on the use of a substrate-guided approach to eradicate VT, in which the mechanism of
ventricular dysrhythmia is often scar-mediated. Although VT ablation in patients with
cardiomyopathy has not been shown to portend a mortality benefit to date, it offers
substantial reductions in ICD shocks and VT burden, and therefore has important therapeutic
benefits.13 Substrate mapping can effectively exploit scar imaging using techniques such as
LGE-CMR to identify scar foci that can then be targeted during ablation.1* However, routine
CMR imaging of patients with VT is often limited by the presence of ICDs. The advent of
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MR-conditional ICDs and pacemakers has alleviated concerns regarding the safety of CMR
exams in these patients. Nevertheless, they remain a relatively recent addition to the market,

thus many patients seen in everyday clinical practice may not have MR-conditional devices.
15

As the number of patients with ICDs increases, the availability of accurate and safe CMR
imaging techniques may prove increasingly useful.1® This is due to the unique ability of
CMR to provide tissue characterization, with particular emphasis on its ability to detect
LGE. Defining the presence of LGE by CMR s critical for risk stratification, and has been
shown to be an independent predictor of sudden death or ventricular arrhythmias.1’ Location
of LGE correlates with ablation sites in patients with cardiomyopathy, and can therefore
guide identification of arrhythmia substrate for invasive electrophysiology procedures, which
are increasingly utilized for treatment of scar-mediated V/T.10 However, due to safety
concerns and ICD-induced artifacts that can make LGE assessment inaccurate, CMR-based
scar assessment in patients with ICDs has not been well-studied.

The ferromagnetic components of an ICD generator and lead system have variable effects on
the homogeneity of the magnetic field, which can distort cine images with ripple and signal
void artifacts, and impair the uniformity of myocardial nulling that is integral to adequate
assessment of myocardial fibrosis with LGE imaging. Previous studies have demonstrated
up to a 2 to 6 kHz frequency shift in susceptible myocardial regions in the presence of an
ICD.? Itis in these areas where hyperenhancement artifact appears, either mimicking or
obscuring true foci of myocardial fibrosis. Recent studies®18:19 have definitively shown the
advantages of widening the bandwidth of the inversion pulse to 3.8 kHz from the standard 1
to 1.5 kHz used for LGE image sequences, which ameliorates the off-resonance effects of
ICDs. This was successfully demonstrated utilizing a protocol in which WB LGE was
obtained at 3 frequency offsets, resulting in 4 total acquisitions of LGE (standard, and 3 WB
LGE datasets). This also required periodic prolongation of the selected inversion time to
ensure adequate myocardial nulling.

With the help of these important developments in WB sequence, we sought to streamline our
acquisition protocol. In our WB sequence, this entailed the use of a precontrast scout
technique, which allows the determination of an offset frequency that is least likely to
exhibit hyperenhancement artifact. We then performed WB LGE in one acquisition, utilizing
the optimal and previously identified frequency shift. Abbreviating the duration of LGE
imaging also minimized the need for adjustment of TI time. Therefore, a strategy of using
the correctly identified frequency shift with a widened radiofrequency bandwidth inversion
pulse can be harnessed to improve the diagnostic yield of LGE imaging, with a mean scan
time comparable to many clinical CMR protocols. Furthermore, in our study, WB LGE use
was expanded to include a magnetic resonance imaging (MRI) manufacturer different from
all previous publications. In this regard, our study helps pave the way for a more widespread
clinical use.

Interestingly, the subtype and location of the ICD may also play a role in optimizing LGE
techniques. The majority of our patients had left-sided implants, for which we observed the
most common frequency offset, resulting in minimal artifact at +1500 Hz. In one patient
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with a right-sided implant, there was minimal artifact on both standard and WB LGE
images. In 6 patients with subcutaneous ICDs who were imaged during this study but not
included in the analysis, the lateral wall was most affected by artifact, as opposed to the
commonly affected anterior segments, and resolved best with a frequency offset of —1500
Hz. This suggests that the optimal frequency shift to minimize hyperenhancement depends
on patient factors, including the laterality and type of device.

In our study, we were able to eliminate hyperenhancement artifact in 61% of patients, and
when remained, the it was very small relative to the size of the ventricle. In one patient,
hyperenhancement artifact simulated anterior wall LGE, but was completely resolved with
WB imaging (Figure 4) and resulted in deferment of an invasive catheter ablation. In another
patient, concomitant hyperenhancement artifact obscured the presence of true epicardial,
inferolateral scar (Figure 5), that correlated with clinical VT and was the focus of catheter
ablation. In a third patient, large transmural inferolateral and lateral wall infarct correlated
with intraprocedural EAM (Figure 6).

Our results also suggest a supplemental role for CMR scar assessment in patients with
clinical VT considered for invasive ablation. In 78% of patients who underwent VT ablation,
the EAM data correlated in part or fully with CMR-based scar localization. Although
catheter ablation of VT comes with the inherent risks, it is increasingly recognized as an
effective treatment for patients with recurrent VT in both ischemic and nonischemic
cardiomyopathy, although a related mortality benefit is yet to be proven.2%-21 With further
studies of CMR-guided catheter ablation, it may be possible to identify CMR features
associated with better or worse procedural outcomes. Our results provide support to its use
as an adjunctive tool for procedural planning.

A growing body of literature, including recent data from the MagnaSafe registry,22:23 has
challenged the perceived contraindication of performing nonthoracic MRI at 1.5T in patients
with non-MR conditional devices.12 However, this study does not address the totality of
MRI exams in patients with ICDs, as CMR was not evaluated. Furthermore, the majority of
exams were performed in patients with pacemakers and not ICDs, and no subcutaneous
ICDs were included.2 However, there are theoretical risks of alterations in device
programming, as well as arrhythmia events, which necessitate thoughtful patient selection
and close monitoring during CMR imaging. We do not advocate that CMR be routinely used
for all patients with ICDs, but in the correct clinical context, it can reliably and safely
provide important prognostic and diagnostic information through LGE assessment.

As safety data accrues, there is still an unmet need to define how additional CMR
techniques, such as T1- and T2-weighted and phase-encoded velocity imaging, used for
tissue characterization and the evaluation of valvular pathology, can be interpreted in the
setting of ICD associated artifacts. There are efforts underway to develop T1-mapping
sequences using WB pulse sequences, which show promise but they remain within the
exploratory realm.2425 There are many practical applications of CMR, which are susceptible
to ICD related artifacts, but the impact on image quality and subsequent diagnostic
interpretation is not well known and warrants further investigation.

Am J Cardiol. Author manuscript; available in PMC 2021 June 29.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Singh et al.

Funding:

Page 7

One limitation of this methodology is that it may not be reliably applied to patients with
subcutaneous ICDs because of the variant patterns in artifact that occur with imaging at
different frequencies. The main limitation of our study is the small sample size, especially as
it relates to the intertechnique comparisons in the subgroups of patients who underwent
EAM. Furthermore, not every patient underwent endo- and epicardial voltage mapping,
which was performed at the discretion of the physician performing the procedure. Finally,
segmental correlation of scar and EAM findings would require robust coregistration tool,
which was not available in this study; accordingly, our analysis was performed on a per
patient basis.

In conclusion, the utilization of the WB LGE protocol substantially reduces
hyperenhancement artifact in patients with ICDs, in whom assessment of underlying scar is
needed. Using a protocol that is achievable in the same timeframe as many clinical CMR
exams, these patients can be safely imaged with excellent diagnostic yield. In those who
proceed to catheter ablation for VT, there is good agreement between scar location and
extent by CMR and EAM. This is a promising application of CMR for the management of
patients with cardiomyopathy and/or ventricular arrhythmias.

Research support from Philips (ARP, KK, RML). AS was supported by funding from the NIH T32 Training Grant
(#5T32HL7381).
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Figure 1.
Patient safety algorithm. This demonstrates the clinical decision-making that determined

patient eligibility for CMR with acceptable safety, and device and patient monitoring
performed before, during and after the CMR exam. CMR = cardiovascular magnetic
resonance.
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Figure2.
Optimal patient positioning. This example demonstrates a significant 4 cm displacement of

ripple artifact from the ICD generator, due to a maneuver in which the ipsilateral arm of the
ICD generator was raised above the head for the duration of the CMR exam. ICD =
implantable cardioverter defibrillator.
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Figure 3.
Selection of optimal frequency shift. 4-chamber view (fop row) and 2-chamber (bottom row)

views at three pre-selected frequency shifts (1500 Hz, 0 Hz and +1500 Hz, respectively)
were utilized before contrast administration. Optimal frequency shift was identified by the
image with the least prominent hyperenhancement artifact. Asterisk (*) represents the
artifact from the ICD generator itself or its effects on the extracardiac and orange arrows
represents how this artifact affects the myocardium. In this example, artifact is least
prominent at +1500 Hz and was selected as the appropriate frequency shift for the wide band
late gadolinium enhancement images.
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Epicardial Voltage Map

'

Standard LGE

Figure 4.
Example: Hyperenhancement artifact simulated anterior wall LGE (middle) but was

completely resolved with WB imaging (righf). This correlated with epicardial voltage
mapping (/ef?}) showing normal voltage patterns and no electroanatomic evidence of scar
(purple denotes normal myocardium, whereas scar area would be depicted by gray, which is
absent in this image; see examples in Figures 5 and 6). LGE = late gadolinium enhancement;
WB = wideband.
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Wideband LGE

Standard LGE

Epicardial

Figure5.
Example: The presence of concomitant hyperenhancement artifact (ye/low arrows) can

obscure true scar, as evidenced in this patient for whom there was underlying severe basal to
mid lateral wall scar (orange arrows) made more evident by WB imaging. This correlated
with clinical VT and focus of catheter ablation findings (right, gray region indicating scar in
the epicardial/endocardial basal lateral walls). VT = ventricular tachycardia.
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Figure 6.
Example: Severe and transmural inferolateral and anterolateral wall infarct (right panels)

was well-correlated with voltage mapping of scar (/eft, gray region indicating scar in the
epicardial/endocardial basal lateral walls).
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Table 1

Clinical characteristics of patients and CMR findings

Age (year)
Men
Etiology of cardiomyopathy

Ischemic

Nonischemic

Other
Side of implantable cardioverter defibrillators (left-sided)
Average number of leads
Age of implantable cardioverter defibrillator (year)
Distance from device generator to left ventricle (cm)
Average duration of cardiac MRI including wideband (minutes)
Late gadolinium enhancement present

Ventricular tachycardia ablation post cardiac MRI

60+ 11
84%

22%
76%

2%

98%
21+0.7
39+34
91+23
54+ 14
71%
55%
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Table 2

Page 17

Device parameters by interrogation precardiac MRI and the difference between pre- and postcardiac MRI

Precardiac MRI value

Postcardiac MRI minus precardiac MRI

Sensing threshold (mV)

Right atrium 35+19
Right ventricle 11.7+54
Left ventricle -

Pacing threshold (V)
Right atrium 0.8+0.3
Right ventricle 09+03
Left ventricle 1£04

Impedance (Ohm)

Right atrium 501 +178
Right ventricle 500+ 171
Left ventricle 607 + 230

High-voltage lead impedance (Ohm)
Right ventricle 60+ 14

-0.09+1.2
-0.08+24

0.04+0.2
0.01+0.2
0+0.1

14 + 80
11+70
-0.01+0.07
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Table 3
Comparison of standard LGE with WB LGE for diagnostic interpretation

Standard late gadolinium enhancement  Sideband late gadolinium enhancement

Diagnostic short-axis slices (n (%)) 255 (48) 505 (94) *

Avrtifact score 0.51+0.31 0.06 +0.13%
*

p Value <0.05.
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