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Aims: Left-ventricular-assist-devices (lvad) are an established treatment for
patients with severe heart failure with reduced ejection fraction (HF) and
reduce mortality. However, HF patients have significant substrate for
ventricular tachycardia (VT) and the lvad itself might be pro-arrhythmogenic.
We investigated the mechanism of VT in lvad-patients in relation to the underlying
etiology and provide in silico and ex-vivo data for ablation in these HF patients.

Methods and Results: We retrospectively analyzed invasive electrophysiological
(EP) studies of 17 patients with VT and lvad. The mechanism of VT was determined
using electroanatomical, entrainment and activation time mapping. Ischemic
cardiomyopathy was present in 70% of patients. VT originated from the lvad
region in >30%. 1/6 patients with VT originating from the lvad region had episodes
before lvad implantation, while 7/11 patients with VT originating from other
regions had episodes before implantation. Number and time of radiofrequency
(RF)-ablation lesions were not different between VTs originating from the lvad or
other regions. Long-term freedom from VT was 50% upon ablation in patients with
VT originating from the lvad region and 647% if ablation was conducted in other
regions. To potentially preemptively mitigate lvad related VT in patients
undergoing lvad implantation, we obtained in silico derived data and
performed ex-vivo experiments targeting ventricular myocardium. Of the
tested settings, application of 25 W for 30s was safe and associated with
optimal lesion characteristics.

Conclusion: A significant percentage of patients with lvad undergoing VT ablation
exhibit arrhythmia originating in close vicinity to the device and recurrence rates
are high. Based on in silico and ex-vivo data, we propose individualized RF-
ablation in selected patients at risk for/with lvad related VT.
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1 Introduction

Terminal heart failure with reduced ejection fraction (HF) is
associated with severe morbidity and mortality. Mechanical left
ventricular assist devices (Ivad) are often used to provide these
patients with a last resort destination therapy and as bridge to
transplant. Novel devices use centrifugal continuous flow and have
been associated with improved outcomes in patients with heart
failure and lvad for destination therapy. However, HF patients with
lvad have significant myocardial substrate for ventricular
arrhythmias and the apical inflow canula and the suture line of
the fixation ring of the lvad itself might contribute to pro-
arrhythmogenic substrate (Shi et al., 2022).

A considerable lvad

ischemic

number
heart
cardiomyopathy. These patients often show substantial ad hoc

of patients undergoing

implantation are in failure due to
left ventricular scar that can be related to delayed onset focal or
macro-reentry tachycardia during the course of their disease.
However, lvad implantation itself creates left ventricular scar at
the junction of cannula and left ventricle and a potential mechanical
stimulus for the induction of pro-arrhythmic afterdepolarizations.

A high percentage of patients undergoes invasive endo- and/or
epicardial ablation procedures to reduce VT burden. During these
different
determining the origin of the VT. RF ablation often not only

procedures electrophysiology ~ maneuvers  allow
targets the critical scar related isthmus, but also areas with
substrate that might sustain arrhythmia in close vicinity to the
Ivad cannula. Procedures are long, challenging and often yield
heterogeneous long term results due to the complexity of this set
of patients.

Aim of the current study was to investigate the mechanism of
ventricular arrhythmias in lvad patients and to facilitate
characterization of this special patient cohort. For this purpose
we quantitatively investigated VT in 17 lvad patients that
underwent an electrophysiology study. We further assessed
recurrence rates as well as clinical parameters to ultimately aid in
refining a set of patients potentially benefiting from ablation
strategies aiming at myocardium adjacent to the lvad cannula.

Based on in silico and ex-vivo data we also provide evidence for a
potentially preventive epicardial ablation strategy during surgical
lvad implantation or prospective epicardial ablation after lvad
implantation in selected patients. For this purpose, we first
developed an in silico model to define optimal target regions for
point by point ablation in potential patients with Ivad and VT. We
then employed an ex-vivo pig model to obtain safe RF ablation
settings for our proposed set of ablation lesions in patients with or at
risk for lvad cannula related VT.

2 Materials and methods
2.1 Clinical human study

We retrospectively analyzed all patients with lvad (Medtronic
HeartWare™ VAD, Medtronic, Dublin, Ireland and Abbott
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HeartMate III"™, Abbott Laboratories, Chicago, United States)
presenting for VT ablation with available high density 3D
electroanatomic substrate maps between 03/2019 and 01/2022 at the
German Heart Center Berlin (n = 17). VT ablation was performed on a
case by case basis with the primary aim of internal defibrillator therapy
mitigation or hemodynamic stabilization.

Procedures were performed either under sedation or in general
anesthesia and all patients were receiving antiarrhythmic therapy as
per electrophysiology/intensive care unit team before and after
ablation. Heparin was administered during all procedures to
achieve an acute clotting time of >300s. Map and ablation
catheters were advanced via femoral access sites either through
venous and trans-septal or trans-aortic sheaths into the left ventricle.
3D electroanatomic high density mapping was performed using
Carto-3 (Biosense Webster, California) and either a Deca-Nav or
Pentaray catheter (Biosense ~Webster, California). The
CARTOUNIVU module of Carto-3 (Cano et al., 2016) was used
for X-ray guided left ventricular mapping and regions <1.5 mV were
considered “low voltage”/scar. In patients presenting in sinus
rhythm, VT was
stimulation. Substrate, entrainment and pace mapping were used

induced with programmed ventricular

in most cases to facilitate detection of the critical isthmus. Moreover,
whenever feasible, fractionated signals or late potentials were
targeted with additional ablation lesions at the operators’
discretion. Ablation lesions were created with irrigated RF with a
power of up to 40 W at 43°C. The procedure endpoint was
termination and non-inducibility of the clinical VT. VT was
defined as having an lvad origin (i.e., lvad associated) if the
critical isthmus involved myocardium visibly adjacent to the lvad
cannula (activation mapping) or entrainment mapping (isthmus
exit in Ivad vicinity) at times combined with pace-mapping. In cases
classified as lvad associated VT, ablation was performed in close
vicinity to the cannula.

Recurrence rates were determined during the 20 + 3 months
follow-up after ablation. Positive recurrence was defined as follows:
VT documented with either 12-lead ECG, CIED documentation or a
death certificate
parameters (i.e., ischemic versus non-ischemic) as well as the

indicating sudden cardiac death. Clinical

occurrence of VT before lvad implantation were obtained from
admission letters/medical reports available at time of presentation
for the electrophysiology examination.

The study was approved by the local ethics committee (EA2/
124/22).

2.2 In-silico simulation

Simulation: We demonstrated the effect of transmural lesion
patterns via in silico simulation. The model was simulated as a time-
discrete finite element system with a finite number of states. The
state vectors for all mesh points (cells) were calculated at »
.ty € I with At =50pus for
the simulated time interval I = [0;500] ms.

equidistant time intervals to,f,t2,..

Geometrical model: A half ellipsoid was used as crude
geometrical approximation of the human ventricle. The ellipsoid
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(A and B). LVAD related VT: Anterior-posterior AP; (A) and left anterior oblique LAO; (B) view of the left ventricle. CARTOUNIVU overlay of 3D
electroanatomic map [local activation time and carto-confidence (white arrows) map] and X-ray image. Mapping was performed during an ongoing focal
VT from the LVAD insertion site. (C). Non-LVAD related VT patient: AP (left) and LAO (right) view of the left ventricle. CARTOUNIVU overlay of 3D
electroanatomic map (bipolar voltage map; red areas <1.5 mV) with marked ablation sites distant from the LVAD cannula. (D). Distribution of LVAD
associated and non-LVAD associated VT in LVAD patients and freedom from VT (top). Time of radiofrequency ablation (RF time) as well as number of
radiofrequency ablation lesions (bottom). Patients had either an LVAD with LVAD-related or non-LVAD related VTs (LVAD-distant).

was stretched in three dimensions to match the average size of a
human left ventricle with height & = 86 mm and diameters d, =
47 mm and d y = 48 mm, respectively (Pravdin et al., 2014).

Lvad insertion is represented by apical sparing with a diameter
of d =40 mm. A FEM mesh with approximately 15000 cells was
generated. Each mesh point represents a “cluster of
cardiomyocytes”, while the mesh edges connect neighboring
clusters and the faces constitute a left-ventricular endocardial
surface as a two-dimensional manifold with edges at apex and base.

Excitation model: Cell cluster excitation was modeled as a finite
state machine (FSM). Cluster states and state transitions are shown
in Figure 1A. State transitions occur during pacing and after the
respective states’ predefined durations elapse: Cells remain in resting
state for an unlimited duration, in excitation/depolarization state for
20 ms, in absolute refractory period for 180 s, in relative refractory
period for 50 ms.

Conduction model: The propagation of cluster excitation was
modeled by assigning a time delay to every mesh edge according to
the respective length and the desired conduction velocity.
Conduction velocity was set to 4lcm/s - which is lower than in
healthy patients but to be expected for patients with cardiomyopathy
(Aronis et al., 2020). Every cluster in excited state excites all
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neighboring clusters, ie., clusters directly connected via mesh
edges, if the latter are in resting state when the respective mesh
edge time delay has elapsed. Conduction velocity at points
representing transmural RF ablation lesions was set to Oat a
lesion diameter of 7 mm.

Pacing: Pacing is implemented by selecting a time point for
pacing as well as the cells to be paced. If selected cells are in resting
state at the specified time, their state is set to excited.

Lvad induced arrythmia were modelled as premature
excitation at the presumed contact surface of lvad and left
ventricle. We simulated arrythmia by pacing the most apical
cells every 300 ms to mimic VT at 200 bpm. Normal sinus rhythm
was simulated by pacing the most basal cells every 800 ms
(75bpm) not taking into account altered electrical properties
owing to the specific excitation conduction system (i.e., His-
Purkinje network).

Software: OpenSCAD was used to generate the three-
dimensional model of the left ventricle. Gmsh was used to yield
simulation meshes suitable for FEM analysis. Simulation was
developed using OpenMP and OpenCL. Rendering was carried
out using VTK, PyVista and ParaView (software references
available on request).
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TABLE 1 Patient characteristics. *p < 0.05 for non-LVAD-association of VT.

VT: LVAD origin (n = 6)

10.3389/fphys.2023.1086730

VT: Other origin (n = 11)

Age (y) 56 + 4 61 +2
Sex (male) 83% (5) 100% (11)
Time since implant (m) 47 + 13 41+ 7
Time between implant and EP study (m) 27 £ 12 21+7
Follow-up after EP study (m) 20+ 5 19+4
Antiarrhythmics 100% (6) 100% (11)
Underlying disease ischemic 67% (4) 72% (8)
VT before LVAD implantation 17% (1) 64% (7)*
LVEEF prior to LVAD 20 £ 4 15+1
Catecholamine-support during EP study 0% (0) 18% (2)
Cycle length VT (ms) 408 + 30 436 + 40
Death 0% 18% (2)

2.3 Ex-vivo simulation

For the ex-vivo experiments, explanted pig hearts were placed in
a chamber containing physiologic saline solution at room
temperature (n = 3 hearts). RF lesions were generated using a
CELSIUS (Biosense Webster, California) 3.5 mm tip catheter with
a power of 25, 35 or 45 W at 43°C (15 mL/min irrigation). The
ablation catheter was manually directed to slabs of myocardium in a
perpendicular fashion as previously described (Parwani et al., 2020).
After RF delivery, lesion cross-sections were quantified (width,
depth) and the adjacent myocardium was macroscopically
defined as
temperature rises leading to audible myocardial rupture at the

inspected. “Steam pops” were sudden local

ablation site.

2.4 Statistics

All data is presented as mean + standard error mean and analysis
was performed in a blinded-fashion. GraphPad Prism was used for
statistical inference and plotting (GraphPad Software, San Diego,
California United States). To test for differences, ANOVA analysis,
Binomial or Boschloo’s tests were performed. A p < 0.05 indicates
significant statistical difference.

3 Results

We investigated a clinical cohort of 17 lvad patients that
underwent RF ablation for VT to determine the underlying VT
mechanism and the respective lvad association. Baseline clinical
parameters showed no significant difference between lvad patients
with and without VT related to the device. Mean time since Ivad
implantation was 47 + 13 and 40 + 7 months in patients with VT
originating from the Ivad or other VT, respectively (Table 1). The
mechanism  of  arrhythmia  determined

main during
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electrophysiological examination was not lvad associated in
11 out of 17 patients. In our study cohort, six out auf 17 cases of
VT were directly lvad associated (i.e., focal, adjacent to the lvad
insertion or macro-reentry, around the Ivad cannula; Figure 1). VT
induction in lvad associated cases was either achieved using
programmed ventricular stimulation (S3 in two cases),
spontaneous induction (n = 2) or ongoing at presentation (n =
2). VT was induced in not LVAD associated cases as follows: S2 or
S3 in five cases, spontaneous induction in two cases and ongoing at
presentation in one case. A mere substrate map indicated a critical
isthmus in three not LVAD associated cases. All but two patients
with VT originating from the cannula presented with ischemic
with
cardiomyopathy and VT from the vicinity of the lvad-cannula

cardiomyopathy. All but one patient ischemic
had received some form of coronary intervention or coronary
bypass graft addressing the left anterior descending artery. One
patient with ischemic cardiomyopathy and Ivad associated
arrhythmia had reported episodes of VT before lvad implantation
(1/6 patients), whereas seven out of 11 patients with lvad distant VT
had reported episodes even before lvad implantation. Upon further
investigation of our study collective, most patients showed
underlying ischemic cardiomyopathy in both Ivad associated and
not lvad associated groups (Figures 2A,B). However, patients
without lvad associated VT were significantly more likely to
show VT before lvad implantation (Figure 2C). Moreover, lvad
association of VT significantly correlated with the individual pre
lvad VT status, i.e., patients with VT before lvad implantation (n = 8)
were significantly more likely to show VT not originating from the
Ivad (n = 7) during the invasive electrophysiology study. Vice-versa,
patients without prior VT (n = 9) were 11% more likely to develop
lvad associated rather than lvad distant VT and 83% of the patients
with Ivad associated ventricular arrhythmia had no prior
documented VT.

Within the study cohort, freedom from VT was 50% upon
ablation in patients with VT originating from the lvad region and
64% if ablation was conducted in non-lvad regions (Figure 1).
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(A). Underlying disease in patients with VT (VT) that was determined to be LVAD associated ("LVAD") or not LVAD associated ("LVAD-distant"). (B). VT
mechanism, i.e., ischemic, non-ischemic dilatative cardiomyopathy (DCM) or other in relation to the respective VT - LVAD association. C and (D).
Percentage of patients with VT preceding LVAD implantation in relation to their respective VT-LVAD association (C) or underlying disease entity (D). (E).
Histogram of time since LVAD implantation for all patients at end of follow-up. Time-points of EP cases with LVAD associated VT as indicated (black

arrow). *p < 0.05 for non-LVAD-association of VT.

Number of RF ablation lesions (34 + 3 and 26 + 3 lesions in lvad
associated and not Ivad associated, respectively) and RF time (27 +
3 and 22 # 3 in Ivad-associated and not Ivad associated, respectively)
were not significantly different between the groups. Two patients
with VT originating not from the lvad and none of the VT cases
originating from the lvad died during follow-up.

Most patients with Ivad associated VT presented with ischemic
cardiomyopathy and substrate was identified in vicinity to the
cannula in all patients.

We therefore developed a simple two-dimensional in silico
model of the left ventricle to determine the optimal ablation site
in the clinical scenario of VT involving the apex, i.e., originating
from a potential lvad cannulation site, of the left ventricle for
lvad
prospective epicardial ablation after lvad

preemptive surgical transmural RF ablation during
implantation or
implantation. Electrical propagation from the basis towards the
apex mimicking sinus rhythm without taking into account the

specific cardiac conduction system is shown in Figure 3B to
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illustrate the models capabilities. Potential RF ablation lesions
were introduced into the simulation with and without continuity/
transmurality 20 mm above the envisioned apical lvad insertion.
Lesion width was set to 7 mm, resembling the mean lesion width
obtained in-vivo (see below). As shown in Figure 3D, the distinctive
epicardial substrate modification with apical “encirclement” was
able to mitigate electrical propagation towards the ventricular basis
during VT in silico.

Last, we performed ex-vivo experiments (Figure 4) in pig hearts
to determine optimal epicardial RF ablation settings to potentially
target myocardium adjacent to the lvad cannula for preemptive
surgical radiofrequency Ivad
implantation or prospective epicardial ablation after Ivad
implantation. Using the CELSIUS catheter, RF application with
25 W for 20 s yielded a mean lesion width of 6.8 + 0.2 mm. Lesion
width was unchanged when energy was delivered for 30s (6.3 +

transmural ablation  during

0.3 mm). However, lesion depth significantly increased upon
application of 25 W for 30 s to 57 + 0.3mm (from 4.0 +
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complete, i.e., continuous set of ablation lesions. (D). Simulation of VT (cycle length 300 ms) originating from the apical LVAD insertion site without (top),
with incomplete (center) or with complete (bottom) sets of ablation lesions.

0.1 mm at 25 W for 20s). Lesion width and depth significantly
increased further with 35 and 45 W for 10 or 20 s Respectively.
Epicardial ablation was safe (i.e., no steam-pop) for up to 49 + 5s
with 25 W, for up to 20 + 3 s with 35 W and for up to 21 + 3 s with
45 W. However, the earliest steam pops occurred after 14, 10 and 9 s
with 25, 35 and 45 W, respectively.

4 Discussion

The study investigated VT mechanisms in lvad patients in
relation to the underlying etiology and preexisting VT and
provides in silico and ex vivo data to determine potential ablation
parameters in selected patients with Ivad and VT or lvad and at risk
for VT.

In the present study, the lvad cannula was determined to be a
relevant contributor to the observed VT in more than 30% of all Ivad
cases that underwent ablation. Previous work found the LVAD
cannula as VT “culprit” in 9% (Sacher et al., 2015) and 14%
(Cantillon et al., 2012) of cases, respectively. Others reported an
incidence of post-lvad implantation VT anywhere between 18% and
43% in cohorts of up to 100 patients as well as a 4.5 higher likelihood
for VT onset upon lvad implantation, while a recent meta-analysis
with a total of 110 patients reported cannula-related VT in 19.3%
(Ziv et al., 2005; Anderson et al., 2019).

Frontiers in Physiology

The variable results in different studies might potentially be owing
to different time-points and heterogenous patient populations. In
addition, most patients in the present study were in ischemic
cardiomyopathy and the likelihood of a scar related critical VT
isthmus in close vicinity to the lvad insertion is high. In our
particular study cohort, the majority of patients with ischemic
cardiomyopathy had received some form of coronary intervention
or coronary bypass graft surgery addressing perfusion-demand
imbalances in the left anterior descending artery prior to lvad
implantation. This underscores that apical scars in the territory of
the coronary arteries are present in a high percentage of patients
irrespective of assist device related scar formation or other
potentially assist device related VT culprits (Yokokawa et al.,, 2009).
The sampling density of substrate mapping and its correlation to
anatomical structures can be poor (Zhong et al, 2007)—an
additional factor that might lead to an overestimation of VT cases
associated with lvad, even though traditional entrainment mapping
usually helps identifying the critical isthmus in clinical practice.

On the other hand however, in the present study, most patients
with Ivad associated arrhythmias had no reported VT episodes
before lvad implantation. In line with this observation, patients
with arrhythmias originating from other regions than the Ivad where
significantly more likely to have reported VT episodes even before
lvad implantation and baseline VT rates in patients with end-stage
HF are high (Connolly et al., 2000).
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Lesion characteristics ex-vivo (pig). (A). Example for “steam pop” related myocardial injury after epicardial ablation. (B). Encirclement using RF-
ablation (Celsius catheter®) of the prospective LVAD implantation site/cannulation site. (C). Cross-section of the left ventricle with continuous set of RF
lesions. (D). Continuity of RF-lesions (manualinter-lesion distance 5 mm). (E). Time without “steam pop” i.e., safe ablation time with 25, 35 and 45 W using
the Celsius 3.5 mm tip catheter at 43°C and 15 mL/min irrigation (top left). Lesion depth and widths using the RF settings as indicated (center,

bottom).

The apical inflow cannula and the suture line of the fixation ring
of the Ivad might contribute to pro-arrhythmogenic substrate and a
mechanistic VT involvement in some patients is likely. However,
ventricular arrhythmias in lvad patients are potentially also
mechanically induced through contact between the inflow
cannula and the left ventricular wall. Others have attributed
mechanical irritation to a mismatch between the Ivad inflow and
outflow leading to left ventricular unloading and direct contact of
the between cannula and myocardium, an issue that can be readily
fixed by echocardiography guided fluid resuscitation and reduction
of lvad flow (Vollkron et al., 2007; Cantillon et al., 2012). This
positional VT should however be observable rather early or at least
at a fixed time-point (Ahmed et al., 2019) after Ivad implantation. As
shown in Figure 2E, lvad associated VT leading to the invasive EP
study occurred throughout the after-lvad implantation period. Only
one EP study was performed within 4 weeks after Ivad implantation
making positional VT a potential contributor. Yet the exact impact
of positional VT remains elusive due to the regularly concomitant
presence of pro-arrhythmogenic electrical substrate in our patient
cohort.

Frontiers in Physiology

The present work also provides in silico and ex-vivo data to
determine optimal parameters for (preventive) epicardial ablation
during or after surgical Ivad implantation in selected patients. To
visualize the in silico effect of circular transmural RF-ablation on the
propagation of VT from the ventricular apex to base, we used a
simplified model of cardiac electrophysiology and excitation
propagation. Similar models have been employed successfully in
the past and allow simulation without extensive computational
necessities (Pagani and Manzoni, 2021). More
simulation models incorporate representations of the ventricular

complex

tissue structure and simulate a multitude of electrophysiological
parameters or mechanical actuation (Kummer et al., 2022; O’Hara
etal,, 2011) potentially allowing to even analyze ablation effects on a
cellular level. However, qualitative visualization of the mere electric
propagation allows studying the effect of transmural, continuous
sets of RF lesions on triggered activity (but not macro-reentry). At
the same time, a finite state machine allows to set the conduction
velocity to a desired value, a necessity considering the regularly
observed slowing of conduction in patients with preexisting left
ventricular disease. A similar approach utilizing a finite state
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machine to model voltage dependent Ca** dynamics was, e.g., used
by Sathar et al. (Sathar et al., 2014). The present approach provides
evidence for the importance of transmural, continuous lesions to
mitigate focal and reentrant (albeit only those types of reentry
involving the Ivad cannula) VT propagation towards areas
without VT generating substrate.

In addition, we obtained RF ablation parameters to deliver first
data for a potential future transfer of our observational and in silico
results into individual patient care: We have previously established
an ex-vivo model to study lesion characteristics in pig myocardium
(Parwani et al., 2020). We used this model to generate epicardial RF
lesions with an irrigated ablation catheter readily available in the
surgical operation theatre. Lesion characteristics using 25 W for 30 s
showed a mean width and depth of 6.3 £ 0.3 and 5.7 + 0.3 mm,
resp. MRI studies have determined the mean ventricular myocardial
thickness at the mid-cavity level at 5.3 £ 0.9 mm and 6.3 + 1.1 mm
for women and men, respectively (Kawel et al., 2012). Others found
slightly higher values potentially owing to the progressive thickening
from apex to base. However, mean myocardial thickness with
ischemic cardiomyopathy tends to decrease further and show
increased heterogeneity (Katikireddy and Acharya, 2019). The
proposed RF settings of 25 W for 30 s led to a lesion depth ex-
vivo of 5.7 £ 0.3 mm. This would allow to create transmural lesions
in an epicardial approach during a combined invasive
electrophysiology/surgical procedure for lvad cannula insertion.

Using these ablation settings no-steam pops occurred for up to
49.2 £5.1 s. Our earliest steam pop occurred after 14, 10 and 9 s with
25, 35 and 45 W, respectively. Of note, these potentially safety
relevant incidences were regularly associated with small (ex-vivo
i.e., non-perfused) coronary vessels in close vicinity to the ablation
site. For preemptive ablation in selected Ivad patients potential side-
effects of this treatment have to be considered: Local non-
transmurality might have unwanted pro-arrhythmic effects and
impaired blood supply upon ablation might negatively affect
tissue healing adjacent to the Ivad cannula implantation side. It
would therefore be paramount to generate transmural lesions and a
future study of the long-term effects of this intervention is
warranted.

In summary, a significant percentage of patients with Ivad
exhibit VT originating from the lvad region and overall
recurrence rates are high. VT propagation towards the basis of
the heart is mitigated in silico upon distinctive substrate
modification. Based on the presented ex-vivo data we propose
epicardial RF-ablation with 25 W for 30 s per ablation point with
a cooled catheter in selected patients. Using these parameters
epicardial RF ablation during or after lvad implantation might be
an option for selected patients at risk for or with lvad
associated VT.
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