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KEY TEACHING POINTS

� Noninvasive electrocardiographic mapping of
ventricular tachycardia (VT) can be performed in a
patient with a HeartMate 3 (Abbott, Chicago, IL)
magnetically levitated left ventricular assist device
(LVAD) using the CardioInsight Vest (Medtronic,
Minneapolis, MN).

� The CardioInsight system applies a standard set
of filters, including the ABCD (assisted bad
channel detection), low-pass, and 60-Hz line
noise filters to process signals for construction of
activation and potential maps. Signal averaging
can be applied to improve signal-to-noise ratio,
although this is rarely necessary for ventricular
signals.
Introduction
Ventricular arrhythmias are common after left ventricular
assist device (LVAD) implantation and have been associ-
ated with increased mortality.1 The burden of ventricular
arrhythmias is high in these patients, with observational
studies suggesting that as many as 20%–50% of patients
experience ventricular arrhythmias after LVAD implanta-
tion.2,3 Mechanisms of arrhythmogenesis include physical
contact between the inflow cannula and myocardium,
myocardial scar, and electrolyte disturbances. Ventricular
tachycardia (VT) can be difficult to manage medically,
and catheter ablation is often necessary.4 Catheter ablation
has previously been shown to be safe and effective in
LVAD patients with drug-refractory VT.5,6 However, the
presence of diffuse endocardial scar and multiple VT mor-
phologies during intracardiac mapping make the diagnosis
of clinical VT difficult.6 Furthermore, invasive electro-
physiological testing and ablation are associated with
� Noninvasive mapping of VT in a patient with a LVAD
may be a reasonable first step prior to performing
an invasive procedure in the electrophysiology lab
in order to better understand the origin of the
arrhythmia.
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significant risks in LVAD patients, including access site
bleeding that could mandate interruption in oral anticoagu-
lation. Therefore, tools that allow noninvasive electrocar-
diographic mapping (ECM) and localization of the
clinically relevant VT prior to attempted ablation could
be particularly helpful. The CardioInsight Vest (Med-
tronic, Minneapolis, MN) has previously been successful
in identifying the focus of VT prior to invasive electro-
physiologic study7,8; however, the application of this tech-
nology in a patient with an LVAD and the associated
electrical interference seen with these devices has not
been previously reported.
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Case report
A 73-year-old male patient with a history of ischemic cardio-
myopathy who underwent placement of a HeartMate 3 (Ab-
bott, Chicago, IL) LVAD (HM3) approximately 20 months
prior to presentation was admitted to our facility in VT storm
after sustaining 15 appropriate implantable cardioverter-
defibrillator (ICD) shocks for monomorphic VT in the setting
of recent gastrointestinal illness and associated hypokalemia.
After repletion of electrolytes, he was started on amiodarone
followed by the addition ofmexiletine due to ongoing episodic
nonsustained VT. Unfortunately, 3 days after hospitalization
he had 2 appropriate ICD shocks for VT despite adherence
with medical therapy. His beta blockade was increased and
he was discharged after 48 hours of observation. Approxi-
mately 1 week later, he presented to the Emergency Depart-
ment with palpitations and LVAD low-flow alarms. He was
found to be in sustained monomorphic VT (Figure 1). VT ep-
isodes had variable cycle length (400–530 ms), although the
morphology was consistent. Given the medically refractory
nature of the VT, associated low-flow alarms, and recurrent
hospitalizations, VT ablation was considered. Based on the
12-lead electrocardiogram, it was thought that the VT likely
originated from the endocardial surface near the site of the api-
cal inflow cannula. However, to further assess the feasibility of
endocardial ablation as well as decrease intracardiac mapping
time, the decision was made to employ noninvasive ECM
prior to VT ablation.

The patient was prepped and the CardioInsight Vest was
applied to the torso. He underwent a noncontrast computed to-
mography scan of the chest per protocol to provide anatomic
data for mapping. In the presence of the LVAD, there was
considerable noise acquired by the surface electrodes
(Figure 2). Despite the noise in the signals, potential and activa-
tionmaps (Figure 3AandB,Video1)were successfully created.
Figure 1 Twelve-lead electrocardiogram of clinical ventricular tachycardia in p
Right bundle branch morphology with rightward superior axis and V3/V4 transitio
Following application of the CardioInsight Vest, the patient
subsequently underwent an invasive electrophysiologic study.
Voltage and activation maps were created using the CARTO 3
(Biosense Webster Inc, Irvine, CA) electroanatomic mapping
system and the multielectrode PentaRay catheter (Biosense
Webster Inc, Irvine, CA). Clinical VT was induced with cath-
eter ectopy with tachycardia cycle length of 500 ms. CardioIn-
sight and endocardial activation mapping were both consistent
with exit at the lateral margin of the inferior wall near the site of
the apical inflow cannula (Figure 3). Extensive ablation was
performed along the lateral margin of the scar as well as sub-
strate modification along all sites of local abnormal ventricular
activity. At conclusion of the case, ventricular tachycardia was
noninducible with double and triple extrastimulus testing.
Discussion
Noninvasive ECM with the CardioInsight Vest was able to
successfully localize the origin of VT in a patient with an
HM3 LVAD. Electromagnetic interference from LVADs re-
sulting in pacemaker or ICD malfunction has been well
described in the literature; however, less is known about the
impact of LVAD-associated interference on surface electro-
cardiographic signals and their interpretation.9,10 Moreover,
the use of noninvasive ECM in patients with LVADs in situ
has never been studied. A small single-center study analyzing
the electrocardiographic signals in 3 patients with a HeartWare
(Medtronic, Minneapolis, MN) LVAD found oscillating elec-
trical interference at roughly 40 Hz, with subtle differences
thought to be associated with speed changes.11 The patient
presented in this case had a HM3 LVAD, which similarly to
the HeartWare LVAD is a centrifugal flow pump, but is fully
magnetically levitated12 and likely has a similar range of oscil-
lating electrical interference frequencies.
atient with HeartMate 3 (Abbott, Chicago, IL) left ventricular assist device.
n suspicious for exit site near the apical inflow cannula.



Figure 2 Epicardial potentials recorded by the 252-electrode CardioInsight Vest (Medtronic, Minneapolis, MN) in a patient with a left ventricular assist device.
Note the presence of significant high-frequency noise embedded within each signal. VT 5 ventricular tachycardia.
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The CardioInsight Vest consists of a 252-electrode system
with a 1 kHz sampling frequency applied to the patient’s
torso. A computed tomography scan is acquired in order to
provide anatomic data for mapping purposes. By utilization
of the Laplace equation, epicardial potentials are calculated
based on the relationship between torso potentials and the
Figure 3 CardioInsight-derived (Medtronic, Minneapolis, MN) epicardial potent
vationmap (C) in patient with HeartMate 3 (Abbott, Chicago, IL) left ventricular ass
the inferior wall (*) near the site of the apical inflow cannula (IC, designated in lig
longer inducible with double or triple extrastimulus testing.
thoracic anatomy.13,14 Data are acquired over a single beat
and therefore a sustained arrhythmia is not required for a
complete map. Epicardial potentials, electrograms, repolari-
zation patterns, and activation mapping are displayed on
this anatomic map. Because epicardial potentials are derived
from torso potentials, small errors in torso measurements can
ial (A) and activation maps (B) with corresponding invasive endocardial acti-
ist device. Both systems localize the earliest activation to the lateral margin of
ht blue). After ablation in this region, clinical ventricular tachycardia was no
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be magnified in the computed epicardial potentials.13

Furthermore, the system derives epicardial potentials and
must make several additional assumptions when calculating
endocardial or intramural potentials, although previous
work has shown that the system can relatively accurately pro-
vide information regarding intramural potential and
reentry.15

In order to address noise in the acquired signals, the Car-
dioInsight system utilizes several different filtering strategies
to process the raw data. The ABCD (assisted bad channel
detection) filter detects noisy channels and will flag these
channels for review during the mapping process. Ultimately,
the user is given the option of including or excluding these
data. A low-pass filter is also employed that can be turned
on and off, although the cutoff values for this filter cannot
be adjusted by the user. Lastly, a 60-Hz line noise filter is
applied to all signals (outside the United States this is set to
50 Hz). Signal averaging can also be used to improve
signal-to-noise ratio, although this is not routinely needed
in ventricular mapping owing to the relatively
high-amplitude signals in these cases. During this case, no
specific changes had to be made in order to account for the
electromagnetic noise introduced by the LVAD.

Conclusion
In the case described here, the origin of the exit site of ven-
tricular tachycardia was successfully identified using the Car-
dioInsight system in a patient with an HM3 LVAD. Despite
the electromagnetic interference and noise introduced by the
LVAD, the standard filtering algorithmwas able to generate a
reproducible map of VT adjacent to the inflow cannula that
was concordant with the endocardial activation map obtained
at the time of ablation. Radiofrequency ablation at this site
was successful, with no further inducible VT. To our knowl-
edge this is the first reported case utilizing the CardioInsight
system to noninvasively map VT in a patient with an LVAD.
As the number of patients undergoing LVAD implantations
continues to rise, so will the number of medically refractory
ventricular arrhythmias in this patient population. The
method described in this case may prove to be a safe and use-
ful adjunct to endocardial mapping in this population,
although future analyses including application to different
types of LVADs will be needed to verify these findings.
Appendix
Supplementary data
Supplementary data associated with this article can be found
in the online version at https://doi.org/10.1016/j.hrcr.2020.
03.015.
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